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Our previous studies have demonstrated that the primary
olfactory projection in rainbow trout is organized nontopo-
graphically; the pattern of termination of olfactory axons in
the olfactory bulb is unrelated to the distribution of their cell
bodies in the olfactory mucosa. In the present research we
have further characterized the organization of this projection
by examining the lectin-binding properties of olfactory re-
ceptor neurons. The results indicate that in trout, as in mam-
mals, populations of olfactory receptor neurons differ sig-
nificantly from one another in their carbohydrate “signatures.”
We have identified subsets of olfactory receptor neurons,
specified by unique lectin-binding properties, that are widely
distributed and intermingled with the other receptor neurons
in the olfactory mucosa and nerve, but that segregate as
they enter the olfactory bulb and project to restricted regions
of the glomerular layer. This pattern of terminations is bi-
laterally symmetrical, is remarkably consistent across indi-
viduals, and reappears when the primary olfactory projection
is reconstituted following transection of the olfactory nerve.
As revealed by the carbohydrates on subpopulations of re-
ceptor neurons, there is substantial order in the nontopo-
graphic projection of olfactory receptor neurons to the ol-
factory bulb. The functional significance of this organization
and the means by which it develops and is maintained remain
under investigation.

[Key words: olfactory bulb, odor, sensory coding, topog-
raphy, axonal projections, teleosts]

A fundamental objective in the study of any sensory system is
to elucidate the organization and connections of the neural regions
subserving that sensory modality. In the most extensively stud-
ied sensory systems, point-to-point topographic projections cre-
ate maps of the sensory space (in the visual and somatosensory
systems) or maps of some dimension of the stimulus energy
(tonotopic mapping in the auditory system). Compared to these
sensory modalities the organization of the olfactory system re-
mains poorly understood, but it does not appear that the or-
ganization is strictly topographic. Morphological studies of am-
phibians and mammals have indicated (1) that each olfactory
receptor axon makes a single discrete termination in the olfac-
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tory bulb, (2) that axons arising from neighboring olfactory re-
ceptor neurons may diverge in the olfactory bulb, and (3) that
a given site in the bulb receives axons that converge from re-
ceptors from multiple sites in the olfactory epithelium. The
organization of the primary olfactory system in mammals and
amphibians is not random; the divergence and convergence of
olfactory receptor axons has led to the characterization of the
projections as regionally topographic rather than point to point
(discussed in Kauer, 1981, 1987; Kauer et al., 1991; Shepherd,
1991; see also Discussion). A recent investigation suggests that
olfactory projections in the rainbow trout may be organized by
completely nontopographic rules (Riddle and Oakley, 1991).
Small epithelial regions make divergent projections throughout
the glomerular layer of the trout olfactory bulb, while any given
point in the bulb is innervated by receptor neurons scattered
throughout the entire olfactory epithelium. In trout, the diver-
gence and convergence of primary olfactory axons is too exten-
sive for the organization to be characterized as even regionally
topographic.

Even in species in which the primary olfactory projection is
regionally topographic, it is not evident how such organization
would be useful to map the odor space or to localize the envi-
ronmental source of an odorant. Odorants that emanate from
a release site form turbulent, time-variant molecular streams in
space. The entry of odor streams into the nasal passages creates
further turbulence and molecular scattering. Consequently, it is
difficult to imagine how a changing spatial distribution of odor-
ant molecules adhering to the olfactory epithelium could encode
the location of the environmental release site. Further, odor
gradients are often flat relative to the small dimensions of the
receptor organ. Unlike spatial localization in vision and touch,
the localization of odorants appears to require more than a single
stimulus sample; comparisons among successive samples are
necessary (Kleerkoper, 1982; Dgving, 1990).

It seems likely that neural maps in olfactory systems are based
upon odor quality and other functional considerations rather
than spatial localization (see Kauer, 1987; Kauer et al., 1991;
Shepherd, 1991). Electrophysiological recording in amphibians
and mammals provides support for the view that individual
odorants preferentially excite subregions of the olfactory epi-
thelium (Mustaparta, 1971; Thommeson and Deving, 1977;
Mackay-Sim et al., 1982; Edwards et al., 1988) and olfactory
bulb (Mustaparta, 1971; Thommesen, 1976, 1978; Deoving et
al., 1980; Kauer et al., 1987; Mori et al., 1990). Similarly, maps
of metabolic activity in the olfactory bulb suggest that a given
odorant increases activity in a subset of glomeruli (Sharp et al.,
1973; Skeen, 1977; Stewart et al., 1979; Jourdan et al., 1980;
Jourdan, 1982; Royet et al., 1987). The search for functionally



based projection patterns has been enlivened by recent success
in cloning genes for a family of putative olfactory receptor pro-
teins (Buck and Axel, 1991). Subpopulations of sensory neurons
expressing a subset of putative olfactory receptor proteins may
be distributed uniformly throughout the olfactory epithelium
(Cunningham et al., 1992), or may have more restricted distri-
butions (L. Buck, personal communication).

The mapping of primary olfactory projections may be ap-
proached by using antibodies or lectins to identify subsets of
olfactory receptor neurons. Several such markers have been used
to demonstrate subsets of olfactory receptor cell axons that arise
from a subregion of the epithelium and terminate in a subregion
of the olfactory bulb (Allen and Akeson, 1985a,b; Fujita et al.,
1985; Hempstead and Morgan, 1985a,b; Mori et al., 1985; Key
and Giorgi, 1986a,b; Schwob and Gottlieb, 1986; Akeson, 1988;
Morgan, 1988; Barber, 1989). The labeling pattern with some
antibodies indicates that receptor cells widely scattered in the
epithelium can converge to a subregion of the olfactory bulb
(Mori, 1987; Shinoda et al., 1989; Mori et al., 1990). These
antibody studies, and the activity mapping experiments cited
above, are consistent with the hypothesis that functional subsets
of olfactory receptor cells, which may be scattered peripherally,
make convergent projections to the olfactory bulb.

In the present research we sought evidence for orderly con-
vergent olfactory projections in a vertebrate that lacks a topo-
graphic primary olfactory projection. Lectin binding revealed
subsets of olfactory receptor neurons that were intermingled and
widely scattered in the olfactory epithelium and nerve, yet had
highly segregated projections to restricted regions of the olfac-
tory bulb. This suggests that the pattern of projections in the
primary olfactory system in rainbow trout is not related to the
spatial relationship between the epithelium and the olfactory
bulb, but rather to demonstrable biochemical differences in the
receptor neurons.

Materials and Methods

Rainbow trout (Oncorhynchus mykiss), 14-30 cm long, were obtained
from Spring Valley Trout Farm (Dexter, MI) and maintained in 75
gallon aquaria at 14-16°C. Ten normal trout were anesthetized by im-
mersion in tricaine methane sulfonate (MS-222; 100 mg/liter aquarium
water) and perfused with heparinized physiological saline solution fol-
lowed by fixative (6% HgCl,, 1% sodium acetate, 0.1% glutaraldehyde).
Additional trout were anesthetized and decapitated; the olfactory system
and brain were removed and fixed by immersion in the same fixative.
Other fixatives tested included phosphate-buffered 4% paraformalde-
hyde, 2.5% paraformaldehyde/0.2% glutaraldehyde, and 70% ethanol/
10% acetic acid. The tissue was embedded in paraffin according to
standard histological procedures and 6-10 um sections were cut and
mounted on gelatin-subbed slides. Parallel series of alternate sections
from the olfactory rosette, nerves, and bulbs were prepared so that
adjacent or nearly adjacent sections could be stained with different
reagents (see below).

In addition to the normal tissue, sections of the olfactory mucosa,
nerve, and bulb from trout in which the olfactory system had been
lesioned (see Riddle and Oakley, 1992) were also investigated with
lectins. In most of these animals the primary olfactory system was
lesioned unilaterally by extirpating the olfactory mucosa, transecting
the olfactory nerve, or resecting the olfactory bulb. In six trout the
olfactory bulbs were removed bilaterally; in two of the six glass plates
were placed anterior to the telencephalon to block regeneration of ol-
factory receptor neurons into the brain. The trout were allowed to sur-
vive for 2-14 weeks after surgery, after which they were anesthetized
and perfused as described above.

Lectin labeling. A panel of eight biotinylated lectins (Table 1) was
tested on sections of the olfactory rosette, olfactory nerve, and forebrain.
The binding of pokeweed agglutinin (PWA) was investigated most ex-
tensively. All lectins were obtained from Sigma Chemical Co.
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Table 1. The eight lectins tested in the present study are listed with
their reported carbohydrate specificities (Sharon and Lis, 1989) and
the concentrations at which they were used

Sugar specificity Lectin(s) Concentration (%)
Mannose ConA 0.001
Galactose PNA 0.002
N-acetylgalactosamine SBA 0.001-0.01
DBA 0.001-0.01
N-acetylglucosamine PWA 0.0001-0.01
WGA 0.001
L-Fucose UEA 1 0.001-0.01
N-acetylneuraminic acid WGA 0.001
Oligosaccharides PHA 0.001

Tissue fixed with HgCl, was hydrated and treated with alcoholic io-
dine followed by 5% sodium thiosulfate to remove residual mercury.
All sections were incubated in 0.3% H,O, to block endogenous perox-
1dase reactivity, exposed to the lectin (0.0001-0.01% in phosphate-
buffered saline) for 60 min at room temperature, and then incubated in
avidin-biotin-peroxidase complex (ABC, Vector Labs) followed by 0.5%
diaminobenzidine (DAB) with 0.3% H,0,. All incubations were sepa-
rated by several rinses in phosphate buffer. For double staining with
polyclonal antisera (see below), lectin binding was sometimes visualized
with streptavidin-Texas red (Bethesda Research Laboratories) rather
than with ABC and DAB. The carbohydrate specificities of the lectins
were confirmed with appropriate sugars, including N-acetylglucosamine,
N-acetylgalactosamine, galactose, methyl-D-mannopyranoside, L-fu-
cose, and the trisaccharide of acetylglucosamine, triacetylchitotriose
(Sigma). In controls, lectins were preincubated with sugars of appro-
priate or inappropriate specificity (at 0.1 M, unless otherwise indicated)
for 10 min at room temperature prior to exposure to the tissue. Other
controls included replacing the lectin or ABC with buffer.

Immunocytochemistry. Since the first goal of the study was to identify
subclasses of olfactory receptor neurons, it was useful to have a general
marker of these cells with which to compare the patterns of lectin la-
beling. For this purpose we used antisera to keyhole limpet hemocyanin
(anti-KLH; U.S. Biochemicals) to label adjacent sections or to double
label sections reacted with lectins. Anti-KLH reacts with all or nearly
all of the olfactory receptor neurons in trout (Riddle and Oakley, 1992).
The antisera were used at a final dilution of 1:5000 in normal goat
serum; antibody binding was detected with biotinylated goat anti-rabbit
IgG (Sigma) and ABC or with an FITC-conjugated secondary antibody
(Jackson Immunochemical).

For five fish, camera lucida drawings of every fourth section of one
olfactory bulb were prepared from alternate sections labeled with PWA
and anti-KLH. Using a digitizing tablet and microcomputer, the total
area of the olfactory nerve layer and glomerular layer was measured in
cach section labeled with anti-KLH. The areas of the highly PWA-
reactive and moderately PWA-reactive regions (see Results) were mea-
sured in the adjacent sections. For each olfactory bulb the percentages
of the olfactory nerve layer and glomerular layer that were strongly
PWA positive, moderately PWA positive, and PWA negative were de-
termined (Table 2).

Results

The gross anatomy of the primary olfactory system in trout is
similar to that of other salmonid fishes (Pfeiffer, 1963). The
olfactory epithelium is located on the broad surfaces of 12-16
lamellae that radiate from the bases of the bilaterally paired
olfactory rosettes. The pseudostratified columnar olfactory ep-
ithelium is easily distinguished from the non-sensory epithelium
that covers the edge of the lamellae and the secondary folds
separating the strips of sensory epithelium. A single olfactory
nerve, approximately 1 cm long, projects from the ventral pos-
terior region of each olfactory rosette to the ipsilateral olfactory
bulb, which is directly apposed to the telencephalon.
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Figure 1. Lectin labeling of trout olfactory mucosa. A, Phaseolus vulgaris phytohemagglutinin (PHA). Little PHA reactivity is evident in the
olfactory epithelium except in the basal layer (arrows). PHA reactivity is moderately intense in the connective tissue core of the lamella and weaker
in the axonal bundles (arrowheads). B, Ulex europaeus agglutinin I (UEA I). UEA I intensely labels reactive cell processes in the apical region of
the olfactory epithelium (arrow); some elements of the basal layer are also labeled (small arrowheads). Nerve fascicles are weakly labeled (large
arrowhead). The large dark region in the center of the micrograph is a melanocyte, not the result of lectin binding. C, Soybean agglutinin (SBA).
There is intense SBA reactivity in the apical region of the olfactory epithelium. Small groups of cells in the basal layer are also labeled (arrows).
Within the lamellar core discrete puncta of intense SBA reactivity are apparent in some axonal bundles (arrowheads). D, Dolichos biflorus agglutinin
(DBA). Distinct DBA-reactive processes are visible in the apical region of the olfactory epithelium, but the labeled processes occur in scattered
clusters along the epithelium and are unlabeled near the surface of the epithelium (arrowheads). Small groups of cells in the basal layer of the
olfactory epithelium are labeled by DBA (arrows); no DBA reactivity is apparent in the axonal bundles within the core of the lamella. Scale bars,

50 pm.

ities of the lectins are given in Table 1). Preincubation of ConA
with 100 mm methyl mannopyranoside eliminated most ConA
reactivity.

Lectin labeling
Each lectin labeled some part of the olfactory epithelium, ol-

factory nerve, and/or brain. The patterns of reactivity are sum-
marized below.

Wheat germ agglutinin (WGA), concanavalin A (ConAd), and
peanut agglutinin (PNA). WGA and ConA labeling were ubig-
uitous in the olfactory epithelium, olfactory nerve, olfactory
bulb, and telencephalon. Preincubation with § mm triacetyl-
chitotriose, but not 100 mm N-acetylglucosamine, significantly
reduced reactivity to WGA (the nominal carbohydrate specific-

PNA reactivity in the olfactory mucosa was apparent in mu-
cous cells and in light labeling of bundles of olfactory axons.
PNA reactivity was evident throughout the olfactory bulb and
telencephalon, but was less intense in the olfactory nerve layer
and glomerular layer than in other regions of the olfactory bulb.
PNA binding was eliminated by preincubation with 100 mm
lactose.

Phaseolus vulgaris phytohemagglutinin (PHA). PHA labeling



Table 2. The percentage of the combined olfactory nerve layer and
glomerular layer that was highly PWA reactive, moderately PWA
reactive, and nonreactive to PWA is reported for one olfactory bulb
from each of five trout

Highly Moderately
reactive reactive Nonreactive
29Rt 21 43 36
33Lt 16 49 35
34Rt 22 38 40
36Rt 19 40 41
41Lt 25 38 37
Mean + SD 21+ 3 42 + 5 38+3

was moderately intense in the core of the olfactory lamellae and
in the non-sensory epithelium. Within the olfactory epithelium,
PHA reactivity was apparent in the basal layer, where a band
of globular cells adjacent to the basal lamina was labeled (Fig.
14). PHA bound weakly to fascicles of olfactory axons in the
lamellae (Fig. 14), in the olfactory nerve, and in the olfactory
bulb.

Ulex europaeus agglutinin I (UEA I). UEA I reacted with a
few cells in the non-sensory epithelium and with the apical
portions of many cells in the olfactory epithelium. These labeled
processes extended from somata in the middle one-third of the
epithelium and appeared to be evenly distributed (Fig. 1B);
some ended in distinct olfactory knobs in the heavily labeled
mucous layer. Fascicles of axons leaving the basal lamina, in
the core of each lamella (Fig. 1B), and in the olfactory nerve
and bulb were lightly labeled with UEA 1. Reactive fibers were
distributed throughout the glomerular layer in five of seven
trout; in the other two the apparent density of labeled fibers was
markedly decreased laterally. UEA I labeled cells in the granular
layer of the olfactory bulb and periventricular cells throughout
the telencephalon. UEA 1 also recognized secondary olfactory
fibers in the lateral and medial olfactory tracts, as well as a
fascicle of fibers that passed through the ventromedial olfactory
bulb and into the ventromedial telencephalon (the telencephalo-
petal fascicle; Riddle and Oakley, 1992). Preincubation of UEA
I with 100 mm L-fucose eliminated all UEA I reactivity except
the labeling of cells in the granular and periventricular regions.

Soybean agglutinin (SBA). SBA bound to mucous cells and
mucus within the olfactory and non-sensory epithelium and to
scattered groups of cells in the basal layer of the olfactory epi-
thelium. More intense SBA reactivity was evident in regularly
distributed, spindle-shaped processes (approximately 1-2 um

—

Figure 2. Pokeweed agglutinin (PWA) binding in the olfactory epi-
thelium. 4, PWA reacted intensely with the apical portion of scattered
cells in the olfactory epithelium (small arrowheads); numerous other
receptor cells were labeled less intensely. Some basal cells (large arrow-
head) were also reactive. PWA-positive axons were evident in small
bundles near the basal lamina (open arrow) and in larger fascicles run-
ning parallel to the long axis of the lamella (solid arrow). B, At higher
magnification, the ciliated knobs of olfactory receptor cells can be readily
distinguished (arrowheads). In the intensely reactive cells the cell body
and a portion of the axon were also heavily labeled (arrow). C, Differ-
ential interference contrast view (Nomarski) of an intensely PWA-re-
active receptor cell at higher magnification. Note the characteristic ol-
factory knob (arrowhead) and labeled axon (small arrows). Scale bar:
45 um for 4; 10 um for B and C.
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Figure 3. Distribution of PWA-reactive olfactory receptor neurons.
The locations of olfactory receptor neurons extensively labeled by PWA
(similar to Fig. 2C) are indicated by dots on camera lucida drawings of
cross sections through two representative lamellae (4 and B). In each
cross section those portions of the lamella covered by olfactory epithe-
lium are underlined. In portions of two sections (dashed lines), receptor
cells were cut transversely, making it difficult to distinguish extensively
labeled receptor neurons at these sites. The sections are spaced at about
0.1 mm intervals and progress from the tip of each lamella (fop of the
figure) toward the base (botton) where the lamellae attach to the raphe
of the olfactory rosette.

wide) in the apical half of the olfactory epithelium (Fig. 1C).
Punctate SBA reactivity was evident in many, but not all, fas-
cicles of olfactory axons within the lamellar core (Fig. 1C), in
the olfactory nerve, and in the olfactory nerve layer and glo-
merular layer of the olfactory bulb. SBA reactivity was partic-
ularly low in the lateral glomerular layer; in two of six animals
there was no apparent labeling laterally. In contrast to UEA I,
SBA did not label the olfactory tracts (although SBA did label
the telencephalopetal fascicle from the olfactory nerve). Prein-
cubation of SBA with 100 mm N-acetylgalactosamine elimi-
nated reactivity; preincubation with 100 mm galactose reduced
reactivity.

Dolichos bifloris agglutinin (DBA). Compared to that of SBA,
DBA reactivity was less intense at identical dilutions. Further-
more, DBA reacted with fewer cells in the basal layer and the
DBA-positive apical spindles were distributed less regularly;
they occurred every 1-2 um in some regions, but were separated
by tens of micrometers in other areas (Fig. 1.D). The apical 10
um of the olfactory epithelium was unlabeled. Olfactory axons
were generally unlabeled, although the highest concentration
tested (0.01% DBA) yielded faint labeling in the olfactory nerve
layer and glomerular layer of the olfactory bulb. Preincubation
with 100 mm N-acetylgalactosamine eliminated DBA reactivity.

Pokeweed agglutinin (PWA) reactivity in the olfactory epithe-
lium and nerve. PWA labeling was more consistent and robust
than that of the other lectins. PWA reacted moderately with the
apical processes of numerous olfactory epithelial cells (Fig. 24, B).
These evenly distributed processes arose from somata in the
middle one-third of the olfactory epithelium, and often termi-
nated in a distinct knob (Fig. 2B). The olfactory knob and cilia,
dendrite, cell body, and basally directed axon of some receptor
cells were labeled more intensely by PWA (Fig. 2C). The ap-
parent incidence of such well-labeled receptor neurons was sim-
ilar bilaterally; these neurons were always widely distributed
throughout the olfactory epithelium of each lamella of the ol-
factory rosette (Fig. 3). Reactive epithelial cells were separated
by unlabeled cells, probably consisting of supporting cells and
receptor cells that were not recognized by PWA (see Discussion).
In addition to receptor cells, PWA labeled a few cells in the
basal region of the olfactory epithelium (Fig. 24) and scattered
cells in the core of the lamellae.

PWA-reactive axons penetrated the basal lamina and com-
bined into 2-8 um bundles that joined larger fascicles running
through the core of the lamella (Fig. 24). Small puncta of intense
PWA reactivity were scattered among unlabeled or modestly
labeled axons in the fascicles within the core of the olfactory
lamellae (Fig. 24) and in the olfactory nerve (Fig. 44). In lon-
gitudinal sections of the olfactory nerve, notably straight, in-
tensely labeled strands were apparent (Fig. 4B); these dark strands
were similar to the puncta in respect to their prevalence, dis-
tribution, and diameter. A few PWA-positive round cells, 6-8
um in diameter, were evident in the olfactory nerve.

PWA reactivity in the olfactory bulb. In contrast to the wide
dispersion of PWA-reactive elements in both the olfactory ep-
ithelium and the olfactory nerve, PWA-positive axons in the
olfactory bulb converged and terminated in subregions of the
glomerular layer. In PWA-labeled sections of the olfactory bulb,
the glomerular layer was divided into highly reactive, moder-
ately reactive, and unreactive regions (Figs. 5, 6). In some hor-
izontal planes all three levels of reactivity were evident in a
single histological section (Fig. 64). Over much of the dorsal-
ventral extent of the olfactory bulb, the glomerular layer was



intensely labeled ventral medially but unlabeled laterally (Fig.
54). Even when the concentration of the lectin was increased
100-fold over that providing clear labeling in the reactive regions
(from 0.0001% to 0.01%), olfactory axons in the lateral glo-
merular layer failed to bind PWA (Figs. 54, 64). Labeling with
antiserum to KLH revealed an abundance of KLH-reactive ax-
ons terminating in the lateral region (Fig. 5B), indicating that a
lack of olfactory axons could not explain the lack of PWA bind-
ing. Similarly, in areas of the glomerular layer in which highly
PWA-reactive and moderately PWA-reactive regions were ev-
ident (Fig. 5C), anti-KLH labeling demonstrated a rather ho-
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Figure 4. PWA labeling in the olfac-
tory nerve. A, Numerous puncta of re-
action product are evident in this rep-
resentative cross section of one fascicle
of the olfactory nerve, labeled with
PWA.. The darkest puncta (arrowheads)
are scattered within a less reactive ma-
trix of axons. The small bundles of
darkly labeled axons were scattered
throughout this and all other olfactory
nerve fascicles; they were not restricted
to particular portions of the olfactory
nerve. B, Longitudinal sections of the
olfactory nerve contained stretches of
intensely reactive parallel fascicles (ar-
rowheads) that corresponded in size to
the darkly labeled puncta observed in
cross sections (0.5-1.5 um). Scale bar:
10 pm for 4; 15 um for B.

mogeneous distribution of olfactory axons across the regions of
differential lectin binding (Fig. 5D). Thus, variation in PWA
reactivity was not simply due to quantitative differences in the
density of innervation, but rather to variation in the reactivity
of the axons in the different regions of the glomerular layer.
The percentage of the combined olfactory nerve layer and
glomerular layer that was PWA positive was consistent across
individual fish (Table 2). For five animals, 21 + 3% (mean +
1 SD) of the olfactory nerve layer and glomerular layer was
intensely labeled by PWA, 42 + 5% was moderately labeled,
and 38 + 3% was unlabeled. Consistent with the low variance
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Figure 5. PWA labeling in the olfactory bulb: horizontal sections from the center (4 and B) and dorsal (C and D) regions of the olfactory bulb.
A and C were labeled with PWA, B and D with anti-KLH. 4, In the left olfactory bulb no PWA-reactive axons were evident in the lateral olfactory
nerve layer or glomerular layer (the region between the arrows). Blood vessels in this region are lightly labeled. B, Anti-KLH labeling of the adjacent
section demonstrates that numerous primary olfactory axons innervate the lateral region that is not labeled by PWA. C, More dorsally in the
olfactory bulb, PWA reactivity is moderate medially (between arrowheads) and intense laterally (arrow). D, Anti-KLH labeling of the adjacent
section demonstrates similar innervation density in the medial and lateral regions. Hence, a differential abundance of axons does not account for
the differential PWA labeling. Scale bars, 250 um.
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Figure 6. PWA labeling in the olfactory bulb. 4, Horizontal section through the ventral portion of the olfactory bulb, labeled with PWA. Distinctly
separate regions with high (large arrow), intermediate (between small arrows), and no PWA reactivity (between small arrowheads) are apparent.
Note the large labeled fascicle (large arrowhead) that courses around the PWA-negative region in the lateral olfactory bulb to terminate posterior
laterally. B, This fascicle is shown at higher magnification in the posterior lateral region of the olfactory bulb from another specimen. The fascicle
(arrowhead) followed the same trajectory around the lateral glomerular layer (asterisk) and into the posterior lateral glomerular layer in every trout
examined. Note that in this region of the glomerular layer the axons form nonglomerular, brush terminations (arrow), not the more typical glomerular
terminations evident in other terminal fields (see Fig. 5). Scale bars: 4, 250 ym; B, 50 um.

in these percentages, the spatial pattern of differential labeling
by PWA was bilaterally symmetrical and congruent across in-
dividuals. Nine distinct terminal fields were demarcated by dif-
ferential PWA reactivity within the glomerular layer (Fig. 7);
the boundaries of these fields corresponded to those recognized
in anti-KLH preparations (Riddle and Oakley, 1992). PWA
labeling was always most intense in two of the dorsal glomerular
fields, was absent in the lateral glomerular field and in the dorsal
posterior lateral field, and was intermediate in the remaining
five fields (Fig. 7). Each glomerular field appeared homogeneous
in its PWA reactivity. In most PWA-positive regions the axon
bundles ended in familiar glomerular terminations (Figs. 5, 6.4),
but in two regions PWA-positive axons terminated in brush-
like endings (Fig. 6B; see also Riddle and Oakley, 1992).

The contrast between the substantial dispersion of PWA-pos-
itive axons in the olfactory nerve and their aggregated termi-
nations in the glomerular layer suggested that the process of
selective axonal aggregation might occur at the olfactory nerve—
bulb interface. This was demonstrated by examining closely
spaced cross sections of the posterior region of the olfactory
nerve (Fig. 8). Differentially labeled fascicles became apparent
in this region, forming over a longitudinal distance of 100-200
pm. The juxtaposition of differentially reactive fascicles in this

region was also apparent in horizontal sections. Double labeling
with anti-KLH verified that the nonreactive regions between
PWA-reactive fascicles contained numerous olfactory axons,
not an axon-free matrix (Fig. 9). These results support the con-
clusion that the posterior portion of the olfactory nerve is char-
acterized by a process of axon reassortment involving selective
fasciculation into strongly PWA-positive, moderately PWA-
positive, and PWA-negative bundles.

In addition to reacting with a subset of olfactory axons (and
the telencephalopetal fascicle labeled by UEA I and SBA), PWA
bound to a few small, round cells scattered in the meninges and
near the ventricles. These cells were rare in normal fish, but
increased in number after brain surgery, suggesting reactive gli-
osis. The only other PWA reactivity in the trout brain was
restricted to a narrow band of cells located in the roof of the
rostral portion of the third ventricle.

The carbohydrate specificity of PWA binding was investigated
by preabsorption with various sugars. PWA reactivity was un-
affected by preabsorption with 100 mm L-fucose, N-acetylga-
lactosamine, or N-acetylglucosamine, but was eliminated com-
pletely by preincubation with 8 mm triacetylchitotriose. The
sensitivity of PWA binding to tissue fixation was also examined.
PWA binding was reduced in paraformaldehyde-fixed tissue
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Figure 7. PWA labeling of terminal fields. PWA labeling always re-
vealed nine distinct terminal fields in the glomerular layer: dorsal lateral
(DL), dorsal posterior lateral (DPL), dorsal posterior medial (DPM),
anterior medial (4M), lateral (L), posterior lateral (PL), ventral posterior
lateral (VPL), ventral medial (VM), and ventral posterior (VP). The
terminal fields are shown here in a flattened representation projected
onto a single coronal plane (for details, see Riddle and Oakley, 1992).
The two terminal fields intensely labeled by PWA are cross-hatched,
those fields lightly labeled by PWA are indicated by diagonal lines, and
those fields unreactive to PWA are open. Scale bar, 1 mm.

relative to that in tissue fixed in HgCl, or ethanol/acetic acid.
In studies of lectin binding, as in immunocytochemistry, the
choice of fixative is an important consideration. Hempstead and
Morgan (1983a) previously reported that PWA binding was
limited to the luminal surface of rat olfactory epithelium fixed
with paraformaldehyde. We replicated their observations in rats
perfused with paraformaldehyde (data not shown). After HgCl,
or acid/alcohol fixation, however, PWA labeled most rat olfac-
tory receptor cell neurons and axons. Thus, with suitable fixation
PWA binds to non-teleostean olfactory receptor neurons; there
was no evidence PWA recognized a subset of receptor cells in
the rat.

Effects of lesions of the olfactory system on PWA reactivity

We lesioned the olfactory system in several trout to verify that
the PWA-reactive elements in the epithelium were olfactory
receptor neurons and to determine whether the normal distri-
bution of PWA-positive axons in the olfactory bulb would be
reestablished following reconstitution of the primary olfactory
projection. Histological sections of the lesioned olfactory rosette
and nerve of experimental animals were stained simultaneously
with sections from the normal contralateral side so that tissue
could be compared without concern about slight variations in
histological conditions or procedures. Except where indicated,
changes in PWA reactivity were limited to the side of the ex-
perimental lesion. Details of the process of reinnervation of the
olfactory bulb following lesions have been reported elsewhere
(Riddle and Oakley, 1992); here we report only those details

specific to PWA reactivity.
Effects of olfactory nerve transection. Two to three weeks after
transection of one olfactory nerve, PWA reactivity was greatly
iy

Figure 8. PWA-reactive axons aggregate near the olfactory bulb: cross
sections of the posterior olfactory nerve near the nerve-bulb interface,
taken at 80 um intervals. 4, In the most rostral section two dark telen-
cephalopetal fascicles (small arrowheads) are apparent at low magnifi-
cation. These were visible throughout the length of the nerve and con-
tinued through the olfactory bulb into the telencephalon. In some
specimens the telencephalopetal projection was represented in the nerve

by a single bundle. In this section, and all sections more rostral, all
other PWA-reactive axons were widely dispersed in small bundles like
those in Figure 4. The large arrowhead and the arrow indicate the regions
where distinct PWA-positive fascicles form posteriorly. B, Several
prominent fascicles of darkly labeled (arrow and large arrowhead), light-
ly labeled, and unlabeled axons were apparent 80 um closer to the
olfactory bulb. C, Still closer to the olfactory bulb, more and larger
differentially reactive fascicles can be seen (arrow and large arrowhead).
Such fascicles could be followed through the olfactory nerve layer to
their terminations in the glomerular fields. Scale bar, 100 um.



reduced in the ipsilateral olfactory rosette (N = 3 fish; Fig. 10).
No labeled olfactory knobs or extensively labeled receptor cells
remained, although a few lightly reactive processes were evident.
The incidence of PWA-positive cells in the basal layer of the
olfactory epithelium increased in both the ipsilateral and con-
tralateral mucosae. By 4-6 weeks after nerve transection a few
extensively labeled receptor cells were evident in the olfactory
epithelium on the lesioned side; the control rosette appeared
normal (N = 4). The intensity of PWA reactivity in the apical
olfactory epithelium and the incidence of extensively labeled
receptor cells increased substantially with longer survival pe-
riods; by 14 weeks after nerve transection PWA reactivity was
similar in the experimental and control mucosae (N = 2).

Changes in PWA reactivity in the ipsilateral olfactory nerve
paralleled those in the olfactory epithelium. The intensity of
PWA reactivity was greatly reduced throughout the olfactory
nerve at 2, 4, and 6 weeks after transection, and virtually no
darkly labeled axons were present (Fig. 11). The intensity of
PWA reactivity increased by 14 weeks after the lesion.

By 2—4 weeks after nerve transection the PWA-reactive axons
disappeared from the ipsilateral olfactory bulb (Fig. 124), except
for a small group of glomeruli that remained in the ventral
medial bulb. PWA-labeled fibers gradually reappeared in the
olfactory bulb, and were always restricted to those regions of
the olfactory bulb that were PWA positive in the normal olfac-
tory bulb. At 14 weeks after nerve transection the density of
stained axons remained below that in the control olfactory bulb
(Fig. 12B,C), but PWA-positive axons traveled to, and termi-
nated in, their normal loci.

Effects of bulbectomy. The reduction in PWA reactivity in the
olfactory epithelium and nerve after olfactory bulbectomy was
similar to that observed after comparable survival periods fol-
lowing nerve transection. Reactivity was largely absent 2-3 weeks
after bulbectomy (N = 3), but there were extensively labeled
receptor cells in the epithelium and reactive puncta in the ol-
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Figure 9. Double labeling with PWA
and anti-KLH at the nerve-bulb inter-
face. 4, Two distinct fascicles of PWA-
positive axons (arrows) diverge as they
enter the olfactory bulb. The interven-
ing tissue is PWA negative (triangle).
PWA binding was visualized by the
peroxidase-DAB reaction. B, Labeling
the same section with antiserum to KLH
and an FITC-labeled goat anti-rabbit
secondary antibody revealed that the
intervening PWA-negative tissue con-
sisted of numerous olfactory axons
(white triangle). The fact that the PWA-
positive fascicles (arrows) appear un-
labeled in B is a consequence of the
DAB reaction product blocking the flu-
orescence of the FITC label on the
PWA-positive axons. With two fluo-
rescent markers it was evident that all
axons were KLH positive. Scale bar, 40
MIm.

factory nerve by 5 weeks after bulbectomy (N = 2). The regen-
erating olfactory nerve fascicles were PWA positive even after
bilateral bulbectomy (N = 4) and after bulbectomy and insertion
of a glass plate to discourage olfactory nerve regeneration into
the brain (N = 2). These findings suggest that contact with the
olfactory bulb was not required for expression of the PWA bind-
ing site(s).

Effects of olfactory rosette extirpation. Trout were killed 6 (N
= 2) and 12 (N = 1) weeks after extirpation of one olfactory
rosette. In all three fish, PWA reactivity was eliminated from
the ipsilateral olfactory nerve except for a few small reactive
cells; no PWA-reactive fibers were evident in the ipsilateral
olfactory bulb.,

Discussion

Cell surfaces are decorated with a rich assortment of carbohy-
drates (Cook, 1986), which may encode substantial biological
information (Sharon, 1980). There is evidence that cell surface
carbohydrates mediate a variety of cellular interactions and that
functionally significant subsets of sensory neurons can be iden-
tified on the basis of the carbohydrate-containing molecules they
bear (reviewed in Jessell et al., 1990). Since lectins are specific
for particular carbohydrate moieties, they can be used to survey
the distribution of glycoconjugates within tissues. Hence, in the
present study we used lectins to identify subclasses of olfactory
receptor neurons and to evaluate the pattern of their projections
to the olfactory bulb. Lectins can be divided into six major
groups based upon the class of carbohydrate that they bind
(Sharon and Lis, 1989). We tested lectins from each of these
groups: N-acetylgalactosamine (SBA and DBA), galactose (PNA),
mannose/glucose (ConA), r-fucose (UEA I), N-acetylglucos-
amine (PWA and WGA), and N-acetylneuraminic acid (WGA),
as well as one lectin with complex binding specificity (PHA).
The availability of a method (anti-KLH labeling) to visualize
the entire olfactory projection in a manner that was compatible
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Figure 10. Effects of olfactory nerve
transection on PWA reactivity in the
olfactory mucosa: cross sections through
lamellae from the contralateral (4) and
ipsilateral (B) olfactory rosettes 3 weeks
after unilateral olfactory nerve transec-
tion. A4, As in normal animals, PWA S
reactivity is apparent in the apical re-

gion of the olfactory epithelium (OFE)

and in the axonal bundles in the core

of the lamella (farge arrows). There ap- %

pear to be more PW A-positive cells in .
the basal layer of the epithelium (small
arrows) than in normal mucosae. B,
PWA reactivity was substantially re-
duced in the ipsilateral olfactory rosette
after nerve transection. Except for the
many PWA-reactive cells in the basal
layer (small arrows), PWA labeling in .
the olfactory epithelium was eliminated
3 weeks after nerve transection. Label-
ing was also absent from the nerve fas- ¥y
cicles in the lamellar core (large ar- i 6
rows). As in normal mucosae, some

PWA-positive cells are scattered within -
the core of the lamella. Scale bar, 100

pm.

with lectin labeling allowed us to determine easily (1) which
lectins bound to olfactory receptor cells and their axons, (2)
whether all or a subset of receptor cells was recognized, and (3)
how the lectin-positive axons were organized within the primary
olfactory system. The results indicate that populations of olfac-
tory receptor neurons vary significantly in their carbohydrate
“signature” and that biochemically identified subsets of receptor
neurons have distinctive projections to the olfactory bulb.
Three of the eight lectins we tested (ConA, WGA, and PNA)
did not react selectively with cells in the olfactory system. The
pattern of PHA labeling was more interesting; PHA reacted only
modestly with mature olfactory receptor neurons and their pro-

cesses but labeled cells in the basal layer of the olfactory epi-
thelium that may have been neuronal precursors. This pattern
of reactivity suggests the presence of a developmentally regu-
lated binding site for PHA. Several investigators have dem-
onstrated that differentiating neurons in other systems can be
identified on the basis of oligosaccharide expression (Levine et
al., 1984; Yamamoto et al., 1985; Constantine-Paton et al.,
1986; Blum and Barnstable, 1987; Schwarting et al., 1987).
The reaction of the remaining four lectins with subsets of
olfactory receptor cells indicates that olfactory receptor neurons
vary significantly in the carbohydrate-containing molecules that
they bear. Three of the four lectins—UEA I, SBA, and DBA—




were previously demonstrated to react with olfactory receptor
neurons and their axons in other vertebrates (Key and Giorgi,
1986a,b; Plendl and Schmahl, 1988; Barber, 1989).

We found that most or all receptor cells and supporting cells
in the olfactory epithelium bound UEA 1. Consistent with this,
all glomerular fields in five of seven trout had UEA I-reactive
axons, indicating that UEA I bound to all olfactory axons or at
least to a subset that was distributed throughout the glomerular
layer. In two trout, however, there was regional heterogeneity
in UEA I binding, somewhat like that previously described in
the rat (Barber, 1989). The reasons for the inconsistency between
individual trout in the pattern of UEA I labeling remain unclear.

The lectins SBA and DBA have the same nominal carbohy-
drate affinity but produced somewhat different patterns of la-
beling. In the olfactory epithelium there was little DBA reac-
tivity over the apical portion of receptor cell dendrites, an area
intensely labeled by SBA; and DBA-reactive receptor neurons
appeared to be distributed less regularly than those labeled by
SBA. In the olfactory bulb (where little, if any, DBA labeling
was apparent) SBA labeled a subset of olfactory axons that was
similar, but not identical, to the subset recognized by PWA.
Differences included a cluster of axons terminating in the pos-
terior lateral glomerular layer that was highly reactive to PWA
but was not labeled by SBA. In addition, SBA-reactive axons
in the lateral glomerular layer did not bind PWA even at high
concentrations, Within the several other glomerular fields re-
active to both PWA and SBA we could not determine whether
individual axons expressed both binding sites.

PWA most effectively and clearly distinguished subclasses of
olfactory receptor cells and their processes at all levels of the
trout primary olfactory system. In the olfactory epithelium, ex-
tensively PWA-labeled cells (Fig. 2C) were morphologically
identical to ciliated olfactory receptor cells in teleosts as dem-
onstrated by retrograde tracing methods (Muller and Marc, 1984;
Riddle and Oakley, 1991), histochemical staining for phospho-
lipids (Evans and Hara, 1977), and electron microscopy (Rhein
et al., 1981; Zielinski and Hara, 1988). The less extensively
labeled processes in the apical epithelium also belonged to re-
ceptor neurons, since each bore a distinct olfactory knob or
closely resembled the more recently described type Il ciliated
receptor cell (Muller and Marc, 1984; Riddle and Oakley, 1992).
The transient loss of PWA reactivity following olfactory nerve
transection or bulbectomy provided additional evidence that
the labeled elements were olfactory receptor cells. PWA binding
was not, however, present in all olfactory receptor neurons.
Using Nomarski optics, we could resolve receptor cells (iden-
tified by dendritic morphology and the position of the nucleus)
that appeared to be unreactive. Thus, PWA failed to bind to an
indeterminate fraction of olfactory receptor cells in the epithe-
lium. A specific marker for supporting cells in teleosts, like that
described in rats (Hempstead and Morgan, 1983b), would help
to distinguish unreactive supporting cells from unreactive re-
ceptor cells. Anti-KLH was not helpful in this regard since it
reacts with both supporting and receptor cells.

In the olfactory nerve, many intensely PWA-labeled strands
of axons stood out against a background of lightly reactive and/
or unreactive axons. This PWA reactivity was lost transiently
after olfactory nerve transection and permanently after removal
of the olfactory rosette. The olfactory nerve is structurally quite
homogeneous, consisting almost exclusively of approximately
107 thin, unmyelinated axons bound into glial domains of groups
of 50-300 axons (Kreutzberg and Gross, 1977; D. R. Riddle
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Figure 11. Effects of olfactory nerve transection on PWA reactivity in
the olfactory nerve. The effects of olfactory nerve transection are evident
in this cross section from an olfactory nerve that was partially transected
4 weeks earlier. The normal punctate PWA reactivity is apparent in the
intact portion of the nerve (bottom), but the reactivity has been lost
from the lesioned portion of the nerve (fop). Note the sharp boundary
between the intact and lesioned portions of the nerve (arrows). Scale
bar, 50 um.

and B. Oakley, unpublished observations). The PWA-positive
puncta evident in cross sections were much smaller than glial
cell nuclei. The strands of PWA-positive axons in longitudinal
sections of the nerve were also smaller than the glially defined
fascicles. Thus, it appears that within such a fascicle both PWA-
positive and PWA-negative bundles of axons may be found.
The delineation of a receptor neuron subclass by PWA was
most obvious in the olfactory bulb, where the labeled axons
were spatially segregated. Labeling the same or adjacent sections
with PWA and anti-KLH indicated that some regions of the
glomerular layer were innervated by PWA-negative olfactory
axons, some regions by modestly PWA-reactive axons, and some
regions by intensely PWA-reactive axons. The boundaries be-
tween differentially labeled regions appeared to be absolute;
specifically, intensely and moderately PWA-reactive fascicles
were not intermingled in the glomerular fields. It must be noted,
however, that individual unlabeled axons could have been missed
in the PWA-positive regions since the 0.2 um modal diameter
of olfactory axons (Kreutzberg and Gross, 1977; Riddle and
Oakley, unpublished observations) is at the limit of resolution
of light microscopy. Thus, it is technically possible that the
moderately labeled regions resulted from an intimate blend of
strongly PWA-reactive and unreactive axons. It seems more
likely, however, that the intensely reactive and moderately re-
active regions of the glomerular layer reflect differential axon
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Figure 12. Effects of olfactory nerve
degeneration and reconstitution on
PWA reactivity in the olfactory bulb.
A, Horizontal section through the ven-
tral olfactory bulb 4 weeks after unilat-
eral (right) olfactory nerve transection.
PWA reactivity was eliminated from the
right olfactory bulb. B and C, Fourteen
weeks after unilateral (/eff) nerve tran-
section, PWA-reactive axons are ap-
parent in the ipsilateral olfactory bulb.
PWA-reactive axons were found in the
regions of the glomerular layer in which
they are normally located, for example,
posterior medially (large arrowheads in
B), dorsal laterally (long arrows in B),
and dorsal medially (short arrows in B
and C). As in the control bulb, PWA-
reactive axons are absent from the lat-
eral glomerular layer (small arrowheads
in B and C). Scale bars, 250 um.




reactivity corresponding to the intensely and moderately reac-
tive receptor neurons in the olfactory epithelium. Moderately
reactive receptor cells predominated in the olfactory epithelium,
consistent with the observation that the largest fraction of the
glomerular layer was moderately PWA reactive. Given the dif-
ficulty in distinguishing unreactive receptor cells from support-
ing cells, we made no attempt to quantify the absolute fraction
of receptor cells that were intensely reactive, moderately reac-
tive, and unreactive to PWA. While we could not trace un-
reactive and moderately reactive axons from the epithelium to
the olfactory bulb, as we could for the intensely reactive axons,
the appearance of unreactive, moderately reactive, and intensely
reactive fascicles at the interface of the olfactory nerve and bulb
and their continuation into restricted regions of the glomerular
layer support the inference that PWA labeling distinguishes three
distinct classes of olfactory receptor neurons, each with discrete
central projections.

We know little about the mechanisms that result in the ag-
gregation of subsets of olfactory axons; however, conspicuous
aggregation of PWA-positive axons occurred only as the axons
neared the olfactory bulb. This abrupt fasciculation of differ-
entially labeled axons at the nerve-bulb interface suggests the
presence of highly localized signals for aggregation and, perhaps,
also cues that guide fascicles into selected glomerular fields.

In mammals, various lectins and monoclonal antibodies have
delineated restricted projections to the olfactory bulb. For ex-
ample, SBA in rat (Key and Giorgi, 1986a) and the monoclonal
antibodies RB-8 in rat (Schwob and Gottlieb, 1986) and R4B12
in rabbit (Fujita et al., 1985; Mori et al., 1985) reveal dorsal
and ventral projection zones in the olfactory bulb. Such studies
have been important in moving the study of primary olfactory
projections from the analysis of the spatial relationship between
olfactory epithelium and bulb to the study of projections based
on biochemical specificity. Our results with PWA as a molecular
marker for subsets of trout olfactory receptor neurons differ from
these earlier findings in three regards. First, the distribution
pattern of differentially labeled axons in the trout olfactory bulb
was not a simple regional dichotomy. Some PWA-positive glo-
merular fields were separated by PWA-negative fields (Figs. 7,
8). Second, the boundaries between PWA-positive and -negative
regions were absolute; there was no transitional zone similar to
that described for R4B12 and RB-8 staining in the main olfac-
tory bulb of the rabbit and rat (Fujita et al., 1985; Mori et al.,
19835; Schwob and Gottlieb, 1986), nor did we see PWA-positive
glomeruli in PWA-negative glomerular fields. In mammals,
R4B12, RB-8, and SBA stain a few glomeruli in negative zones
and fail to react with other glomeruli in positive zones. Third,
the results with PWA have demonstrated that axons with chem-
ical commonalities can aggregate and project to discrete terminal
fields, even though those axons were scattered widely within the
olfactory epithelium and nerve. Thus, the projection pattern is
not associated with regional topography. Since trout lack to-
pographic projections, other reasons for the segregated projec-
tions may be considered; it is tempting to speculate that the
segregation reflects the convergent projections of axons that re-
spond to related odorants. Such a relationship between selective
expression of carbohydrate-containing molecules and functional
specificity has been demonstrated previously for primary sen-
sory neurons in the rat (Dodd and Jessell, 1985). The discrete
projections of the PWA-reactive neurons in the trout olfactory
bulb will facilitate studies of their response properties.

Comparison of our results regarding the organization of the
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olfactory system in the trout with what is known about the
olfactory system in amphibians and mammals raises the general
issue of whether the teleostean olfactory system is organized in
a manner that is fundamentally different from that in the other
vertebrate classes. There are of course commonalties such as
the segregation of chemically sirnilar axons into discrete regions
of the glomerular layer. The greatest difference appears to be
the apparent absence of topography in the primary olfactory
projection in trout, compared to the regional topography de-
scribed in amphibians and mammals. It is worthwhile to ex-
emplify what is meant by “regionally” topographic. Astic and
colleagues (Astic and Saucier, 1986; Saucier and Astic, 1986;
Astic et al., 1987) analyzed the projections to eight discrete
projection zones, of approximately equal size, in the olfactory
bulb of the rat. They concluded that the dorsal, ventral, medial,
and lateral regions of the epithelium generally project to the
homologous regions of the olfactory bulb, and that the anterior-
posterior axis of the epithelium is mapped predominantly along
the dorsal-ventral axis of the bulb. There was significant overlap
in the projections. For example, our analysis of one of their
published figures (Astic et al., 1987, Fig. 1) indicates that the
portion of the olfactory epithelium projecting to each of the
eight zones ranges from 13% (to the dorsal zone) to over 60%
(62% to the dorsal medial zone and 63% to the medial zone).
Twenty-three percent of the epithelial area projected to no more
than one bulbar zone, while 28% projected to two zones, 40%
to three zones, 6% to four zones, and the remaining 3% to five
of the eight zones. The projection of a given epithelial region
to multiple bulbar zones precludes any strict topographic or-
ganization. The regional topography described in the rat (Astic
and Saucier, 1986; Saucier and Astic, 1986; Astic et al., 1987)
is similar to that reported for other mammals (Le Gros Clark,
1951; Land et al., 1970; Land, 1973; Land and Shepherd, 1974;
Costanzo and O’Connell, 1978; see also Kauer, 1987; Shepherd,
1991). Further understanding of the chemotopic organization
of the vertebrate olfactory bulb should clarify the significance
of regionally topographic projections, and their lack, for coding
odor information.

In summary, lectin binding reveals chemically identifiable
subsets of olfactory receptor neurons in trout that are intermin-
gled and widely distributed peripherally, yet have segregated
terminations in the glomerular layer of the olfactory bulb. Thus,
while it is clear that the primary olfactory projection in trout is
not organized topographically (Riddle and Oakley, 1991), there
is substantial spatial order revealed by the biochemical prop-
erties of the terminating axons. The functional significance of
this projection pattern, as well as the mechanisms responsible
for the development and maintenance of the segregated projec-
tions, should be fruitful areas for future research.
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