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Topographic projections are important for coding sensory 
information in the visual, auditory, and somatosensory sys- 
tems but are of uncertain importance in the coding of olfac- 
tory information. We searched for topographic projections 
between olfactory receptor cells and the olfactory bulb of 
the rainbow trout Oncorhynchus mykiss. Anterograde axonal 
tracing with HRP revealed that the olfactory axons arising 
from discrete regions of the olfactory epithelium travel to- 
gether within the olfactory nerve. The abrupt resorting and 
redistribution of these axons at the interface between the 
olfactory nerve and olfactory bulb imply that local cues con- 
trol and organize axonal projections. The sites of termination 
of HRP-labeled axons in the glomerular layer could not be 
predicted from the location of their cell bodies in the pe- 
riphery. Retrograde tracing with fluorescently labeled latex 
beads, injected into glomerular subregions as small as 1% 
of the total glomerular volume, labeled receptor cells dis- 
persed throughout the olfactory epithelium. The distributions 
of labeled receptor cells were uncorrelated with the bulbar 
injection sites. Double-labeling experiments revealed that 
even widely separated sites in the glomerular layer receive 
axons from comingled populations of receptor cells. Hence, 
the evidence indicates that the spatial arrangement of ol- 
factory receptor cells in the epithelium is not preserved in 
the termination of their axons in the olfactory bulb. We con- 
clude that the primary olfactory in trout lacks point-to-point 
or regionally topographic organization and that the entire 
extent of the olfactory epithelium contributes axons to each 
region of the glomerular layer. 

In many sensory systems, the axons of neurons that are close 
together in the periphery terminate near each other in the central 
target. Such topographic projections map the skin’s surface in 
somatosensory systems, the visual field in the visual system, 
and tonal frequency in the auditory system (e.g., Rose, 1960; 
Wall and Dubner, 1972; Lynn, 1975; Aitkin et al., 1984; Udin 
and Fawcett, 1988). Thus, the coding of important features of 
cutaneous, visual, and auditory stimuli depends upon the spatial 
pattern of projections of peripheral receptors to their central 
target. A similar understanding of the organization of olfactory 
receptors and their connections to the brain is critical for un- 
derstanding how the olfactory system analyzes odor stimuli. 
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Several investigators have searched for topographic maps in 
the olfactory system of mammals and amphibians. These studies 
have demonstrated that small clusters of olfactory receptor cells 
send their axons to widely divergent regions of the olfactory 
bulb. Primary olfactory projections also incorporate significant 
convergence, since a small region of the olfactory bulb can re- 
ceive input from much of the olfactory epithelium. Despite the 
lack of the point-to-point precision characteristic of other sen- 
sory systems, several meticulous studies of rodents and rabbit 
have demonstrated consistent regional topography (Land et al., 
1970; Land, 1973; Land and Shepherd, 1974; Costanzo and 
O’Connell, 1978; Astic and Saucier, 1986, 1988; Saucier and 
Astic, 1986; Astic et al., 1987). Somewhat contrasting results 
have indicated that in amphibians the olfactory epithelium maps 
to the olfactory bulb only along a single axis that differs across 
species (discussed in Duncan et al., 1990). The axons from the 
dorsal and ventral epithelial surfaces, respectively, map to the 
medial and lateral regions of the olfactory bulb of the frog Rana 
pipiens (Duncan et al., 1990), but the dorsal and ventral surfaces 
map along the rostrocaudal axis of the olfactory bulb of the newt 
Triturus cristatus and completely overlap in their projections to 
the bulb of the salamander Ambystoma punctatus (Dubois-Dau- 
phin et al., 1981; MacKay-Sim and Nathan, 1984). In Ambys- 
toma, the rostrocaudal axis of the olfactory epithelium maps to 
the ventrodorsal axis of the olfactory bulb (MacKay-Sim and 
Nathan, 1984). Thus, studies of urodeles and anurans reveal 
traces of regional topographic projections that vary across spe- 
cies (Costanzo and Mozell, 1976; Dubois-Dauphin et al., 1980, 
198 1; Mackay-Sim and Nathan, 1984; Kauer, 1987; Duncan et 
al., 1990). 

We have investigated the organization of the projections of 
primary olfactory axons in an aquatic vertebrate, the rainbow 
trout (Oncorhynchus mykiss). If regional topography is a fun- 
damental organizing principle of vertebrate olfactory systems, 
then it is likely to be present in salmonids, whose life histories 
are crucially dependent upon refined olfactory capabilities. The 
central importance of olfactory-mediated migration in salmonid 
reproductive strategies suggests an evolutionary history that has 
optimized the performance of this sensory system (Wisby and 
Hasler, 1954; Groves et al., 1968; Hara, 1970, 1973; Selset and 
Doving, 1980). Further, the orderly and consistent structure of 
the olfactory mucosa and the ready accessibility of the olfactory 
structures in salmonids facilitate mapping studies (Fig. 1). The 
olfactory mucosa in trout comprises a dozen or more petal-like 
lamellae radiating from the base of each of the bilaterally paired 
olfactory rosettes (Pfeiffer, 1963; Hall, 1965; Kleerkoper, 1969). 
The axons of the olfactory receptor neurons in each rosette 
converge to form a single olfactory nerve that may exceed 1 cm 
in length in a 30 cm trout. 
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In this investigation, we used anterograde axonal tracing with 
HRP to map the central projections of small regions of the 
olfactory mucosa, and retrograde tracing with fluorescent latex 
beads to determine the peripheral location of olfactory receptor 
neurons that project to small areas in the olfactory bulb. The 
results reveal such wide divergence and convergence in the pri- 
mary olfactory projection in trout that the site of termination 
of olfactory axons in the olfactory bulb cannot be predicted from 
the location of their somata in the mucosa. 

Materials and Methods 
Twenty-two rainbow trout (Uncorhynchus mykiss), 15-30 cm in length, 
were obtained from the Spring Valley Trout Farm (Dexter, MI) and 
maintained for 1-16 weeks at 14-17°C in 75 gallon aquaria. Thirteen 
trout were used for anterograde axonal tracing studies and nine for 
retrograde tracing studies. 

Anterograde labeling of olfactory receptor neurons nerve 
Following anesthesia by immersion in water containing tricaine meth- 
ane sulfonate (MS-222; 100 mg/liter), trout were wrapped in a wet towel, 
packed in ice, and immobilized in a polystyrene fish holder. Cold aquar- 
ium water containing MS-222 (80 mg/liter) flowed across the gills during 
the surgical nrocedure. For focal application of HRP to small regions 
of the rosette, the nasal septum was removed bilaterally in 11 fish to 
expose the olfactory rosette at the base of each nasal pit. The nasal pit 
was dried with a cotton pledget, and one or two lamellae of the olfactory 
rosette were segregated from the adjacent lamellae by a small piece of 
Parafilm. Crystals of HRP (type VI, Sigma) were placed on the isolated 
lamellae. After allowing 15 min for the receptor cells to take up HRP, 
the nasal pit was rinsed well with home aquarium water. On each rosette, 
lamellae were labeled in one of three regions: anterior lateral, lateral, 
or posterior medial. The right and left rosettes were labeled symmet- 
rically in five fish and asymmetrically in six. In two other anesthetized 
fish, most of one olfactory mucosa was labeled with HRP. With the 
nasal septum intact, a small pledget of Gelfoam soaked in 5% HRP was 
inserted through the anterior naris and placed against the olfactory 
rosette. The anterior and posterior nares were covered with a small piece 
of Parafilm and sealed with cyanoacrylate glue. All fish were revived 
from anesthesia by irrigating the gills with home aquarium water until 
vigorous opercular movements returned. 

Figure 1. The primary olfactory system in trout. This composite of 
camera lucida drawings illustrates the primary olfactory system and 
forebrain of the rainbow trout. Patches of olfactory epithelium are lo- 
cated on the approximately 12-l 6 lamellae that radiate from the base 
of each olfactory rosette. A single olfactory nerve extends from the 
posterior ventral base of each rosette to the ipsilateral olfactory bulb. 
The slightly oval olfactory bulbs adjoin the telencephalon. For antero- 
grade tracing, two to four adjacent lamellae were labeled with HRP 
(shaded areas). For retrograde tracing, a focal injection of fluorescent 
beads was placed in the olfactory bulb (e.g., at *). 

After a 3 week survival period, each fish was reanesthetized with MS- 
222 and perfused transcardially with cold, heparinized, physiological 
saline followed by approximately 400 ml of buffered II paraformal- 
dehyde and 1.25% gluteraldehyde flowing for 30 min. The fixative was 
followed by an equal volume of 10% sucrose. The olfactory rosettes, 
olfactory nerves, and telencephalon with attached olfactory bulbs were 
removed, rinsed for several hours in 20°h sucrose, and refrigerated over- 
night in 30% sucrose. Serial 20 or 30 pm sections were cut on a cryostat 

Olfactory bulb 

Telencephalon 

2mm 

and thaw mounted onto gelatin-subbed slides. 
Mounted sections of the olfactory mucosae, nerves, and bulbs from 

all fish were reacted for HRP using tetramethyl benzidine (TMB; Me- 
sulam, 1982). Alternate sections of the olfactory mucosae were reacted 
with metal intensified diaminobenzidine (DAB, Adams, 198 1). Because 
of its higher sensitivity, the TMB procedure was used to determine the 
extent of HRP labelina in the olfactorv rosette and to visualize labeled 
axons in the olfactory nerve and bulb. In the olfactory mucosa, the TMB 
procedure produced large crystals of reaction product that obscured 
much of the morphology of labeled cells. The DAB procedure produced 
a denser reaction product that permitted examination of the morpho- 
logical detail of labeled cells. 

Data analysis. One fish was excluded from the analysis of projection 
nattems because of extensive dispersion of HRP across most lamellae 
on each rosette. The remaining 20 olfactory bulbs from 10 fish were 
divided into three groups based upon the location of labeled lamellae 
in the ipsilateral olfactory rosette: anterior lateral (N = 5), lateral (N = 
8), or posterior (N = 7). 

HRP-labeled fibers were traced by camera lucida under dark-field 
illumination. To decrease the number of drawings required to represent 
each olfactory bulb, we traced all of the HRP-filled axons in each con- 
secutive set of three serial sections onto an outline drawing of the center 
section of each set. Thus, the patterns of labeled fibers in any two 

olfactory bulbs could be compared subjectively by examining position- 
matched drawings. 

An alternative method of comparison provided a more objective 
analysis. The serial horizontal sections comprising each olfactory bulb 
were divided into 10 sets, representing 10% increments along the dorsal- 
ventral axis of the olfactorv bulb. All of the labeled fibers in each set 
of histological sections were then traced onto the outline of the center 
section in the set. The most dorsal and most ventral of the 10 drawings 
were excluded from analysis because it was difficult to identify termi- 
nating fibers in those regions. To quantitate the distribution of labeled 
fibers, each of the remaining eight drawings was subdivided into four 
quadrants: anterior medial, anterior lateral, posterior medial, and pos- 
terior lateral. Thus, each olfactory bulb was divided into 8 x 4 = 32 
spatial domains, each of which was scored for the presence or absence 
of HRP-labeled fibers in the glomerular layer. To evaluate the similarity 
of labeling in olfactory bulbs, we compared each of the 32 domains in 
one olfactory bulb with its corresponding domain in another bulb and 
calculated the total number of equivalent domains (i.e., those corre- 
sponding domains that were either both HRP positive or both HRP 
negative). 0 equaled the observed number of equivalent domains. E 
equaled the number of equivalent domains expected by chance and was 
calculated from L, the number of labeled domains in each olfactory 
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Figure 2. Representative epithelial 
cells labeled by HRP applied to the ol- 
factory rosette (metal-intensified DAB). 
Two distinct morphological types of 
HRP-filled cells are evident: cells with 
narrow dendrites that end in olfactory 
knobs (arrowheads) and those with 
broad apices that terminate flush with 
the epithelial surface (arrows). An axon 
(larger arrowhead in inset) extends from 
the soma of one such flat-headed cell. 
Scale bars, 30 pm and 15 pm (inset). 

bulb, a and b, according to the formula: E = [(La x Lb) + (32 - L, x 
32 - L&]/32. Three sets of x2 analyses were performed. First, olfactory 
bulbs from different fish labeled at the same mucosal site were paired 
at random, and 0 and E were determined and evaluated by a x2 test. 
Second, 0 and E were compared for random pairings of olfactory bulbs 
from different fish with dfirent mucosal sites labeled. Finally, 0 and 
E were determined for the two olfactory bulbs within each fish, and x2 
values calculated for the 5 fish with symmetrical labeling (same mucosal 
site in the left and right rosette), for the 5 fish with asymmetrical mucosal 
labeling, and for all 10 fish. 

Retrograde labeling of olfactory receptor neurons 
For retrograde axonal tracing, the trout were prepared for surgery as 
described above. The skull was exposed by a middorsal incision and a 
small hole was drilled at the midline at the level of the posterior margin 
of the orbit. After the hole was enlarged with fine rongeurs, each olfactory 
bulb was injected with fluorescently labeled latex microspheres (Lu- 
mafluor) using micropipettes with tip diameters of approximately 20 
pm. In seven fish, each olfactory bulb was double labeled, rhodamine- 
conjugated and fluorescein isothiocyanate (FITC)-conjugated micro- 
spheres were injected into separate sites. In two other fish, a single 
injection of rhodamine beads was placed in each olfactory bulb. Injec- 
tions were placed in one of four regions of the dorsal aspect of the 
olfactory bulb: anterior medial, anterior lateral, lateral, or posterior 
lateral. The hole in the skull was then filled with Gelfoam, and the skin 
was closed with nylon sutures (Ethilon). 

Ten days after labeling, the fish were reanesthetized and perfused as 
in the anterograde tracing experiments, except the concentration of para- 
formaldehyde in the fixative was raised to 4% and the gluteraldehyde 
was omitted. The telencephalon and olfactory bulbs, olfactory nerves, 
and olfactory rosettes were removed and frozen in OCT embedding 
medium on dry ice. Serial 20 pm cryostat sections were cut, thaw mount- 
ed on gelatin-subbed slides, dried overnight, and coverslipped with DPX 
mounting medium. Sections were examined with a Zeiss epifluorescence 
microscope. The location and extent of the injection sites were deter- 
mined from serial sections ofeach olfactory bulb. All rhodamine-labeled 
and FITC-labeled receptor neurons on each lamella were counted in 
serial sections of the olfactory rosettes. Counts of labeled cells were 
limited to every third section ofthree rosettes in which more than 20,000 
cells were labeled. No correction was made for double-counted cells 
since the section thickness (20 pm) was much greater than the average 
diameter of the labeled cells (2-4 pm). 

Data analysis. The olfactory rosettes were cut in the horizontal plane 
to provide serial cross sections of the lamellae from their distal tips to 
their proximal attachment at the base of the olfactory rosette. The 
numbers of rhodamine- and FITC-labeled receptor neurons on each 
lamella were recorded for every section of the olfactory rosette, pro- 
ducing a numerical matrix in which each entry specified the number of 
labeled olfactory receptor neurons (rhodamine or FITC) in a single 
section through one lamella of the olfactory rosette (one “lamellar sec- 
tion”). Thus, each matrix represented the spatial distribution of all 
receptor dendrites labeled by an injection of fluorescent beads into the 
olfactory bulb. 

Figure 3. HRP labeling of olfactory axons. A, A longitudinal section of the olfactory nerve contains numerous peroxidase-labeled axons after 
application of HRP to the four anterior lateral lamellae of the olfactory rosette. The labeled axons remain in a discrete bundle (arrows) without 
further dispersion over the length of the nerve. B, Horizontal section of the posterior portion of the olfactory nerve (ON and the olfactory bulb 
(OB) 3 weeks after widespread application of HRP to much of the ipsilateral rosette. HRP-filled axons diverge through the olfactory nerve layer 
to terminate throughout the anterior (arrow) and lateral (arrowhead) glomerular layer. C, In this horizontal section of the olfactory nerve&factory 
bulb interface, it is clear that the HRP-labeled axons, originating in three contiguous lamellae, diverge widely as they enter the olfactory bulb. The 
close neighbor relationships evident in the nerve (A) were not maintained as the axons enter the olfactory bulb, in some cases axons crossed the 
width of the olfactory nerve to enter the glomerular layer on the opposite side of the olfactory bulb (arrows). D, Axons labeled by focal application 
of HRP often terminated in groups of a few axons, forming roughly spherical basket endings. Note that the axons that terminate in this basket 
ending (arrowhead) approach by two different routes; some enter the glomerular layer (CL) directly from the anterior olfactory nerve layer (ONL) 
(wide arrow), while others arc through the lateral nerve layer (large arrow) before leaving to enter the glomerular layer (small vertical arrow). Scale 
bars: A and C, 100 pm; B, 250 km; D, 50 pm. 
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Figure 4. Patterns of labeled projec- 
tions. HRP-filled axons in two olfactory 
bulbs are shown on compressed series 
of camera lucida drawings. Note that 
the axons could often be traced for ex- 
tended distances; however, only the ter- 
minal portions were considered in the 
analysis of projection patterns (see Dis- 
cussion). Each drawing represents a 
composite of three 30 pm sections (see 
Materials and Methods); the series 
progress from dorsal (top) to ventral 
(bottom). A, Columns I and 2 contain 
corresponding drawings from the olfac- 
tory bulbs of two different fish in which 
the anterior lateral region of the ipsi- 
lateral olfactory rosette was labeled. 
Note that the patterns of labeled fibers 
in the two olfactory bulbs differ, par- 
titularly in the lateral (arrows) and nos- 
terior iateral (arrot&eads j regions, 
which are heavilv labeled in column 1 
but not in columh 2. B, Olfactory bulb 
in column I is the same as in A, while 
column 2 is the contralateral olfactory 
bulb from the same fish. The two ol- 
factory rosettes in this fish were labeled 
asymmetrically, one anterior laterally 
and the other posterior medially. Note 
that the patterns of labeled projections 
in B are more similar than in A, even 
though disparate regions of the olfac- 
tory rosettes were labeled. 

To evaluate the allocation of labeled cells among the lamellae of each 
rosette, we determined the percentage of labeled cells in the rosette that 
were located on each lamella. The consistent structure of the olfactory 
rosette permitted calculation of group data-that is, the mean per- 
centage of all labeled cells found on corresponding lamellae in each of 
the four bulbar injection groups: anterior medial, anterior lateral, lateral, 
and posterior lateral. - - 

To evaluate the distribution of labeled cells along the length of the 
lamellae, the sections comprising each lamella were divided into ten 
sets, each representing a 1096 increment along the proximal-distal axis. 
For each lamella, we determined the percentage of labeled cells located 
in each 10% increment. The labeled cells on each rosette were similarly 
distributed along all lamellae; thus, we could sum the cell counts in 
corresponding 10% segments of all lamellae and calculate the percentage 
of labeled cells located in each 10% increment along the proximal-distal 
axis of each rosette. Mean values were calculated and compared for 
each of the four bulbar injection groups. 

lmm 
1 

Anterograde labeling 
The apical extension of many HRP-labeled cells ended in a 
distinct ciliated knob l-2 Km in diameter that extended slightly 
above the surface of the epithelium (arrowheads in Fig. 2). A 
second class of labeled cells had a wider apex, up to 4 pm in 
diameter, that ended flush with the epithelial surface (arrows in 
Fig. 2). Both cell types had a narrow, basally directed axon and 
a broader apical dendrite. Cells of each class were often im- 
mediate neighbors (Fig. 2). Retrograde labeling with fluorescent 
beads provided independent verification that both classes of 
cells were olfactory receptor cells (see below). 

HRP-labeled dendrites were restricted to two to four contig- 
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uous lamellae after focal application of HRP to the rosette. 
Fascicles of HRP-labeled axons coursed along the core of the 
lamellae into the base of the rosette, where they joined unlabeled 
axons and entered the olfactory nerve. The HRP-filled axons 
remained in large, relatively cohesive bundles throughout the 
length of the olfactory nerve (Fig. 3A), with only modest dis- 
persion as the axons progressed toward the olfactory bulb. When 
the nerve reached the olfactory bulb (Fig. 3B), the organization 
of the labeled axons changed dramatically; many axons abruptly 
altered their trajectories (Fig. 3c). Some axons traversed the 
width of the olfactory nerve, entering the olfactory nerve layer 
and glomerular layer on the opposite side of the olfactory bulb. 
Thus, the cohesiveness exhibited by labeled fibers in the olfac- 
tory nerve was disrupted by a realignment of axons into new 
fascicles that dispersed widely in the olfactory nerve layer. No 
HRP-filled fibers were evident in the contralateral olfactory bulb 
after extensive unilateral mucosal labeling in two fish. 

From the medial, anterior, and lateral portions of the super- 
ficial nerve layer, labeled fibers could be seen penetrating into 
the deeper glomerular layer where they ended in roughly spher- 
ical terminal baskets approximately 20-40 pm in diameter (Fig. 
30). Terminal baskets typically contained several axons, which 
could arrive from different directions (Fig. 30). Most labeled 
axons terminated in the olfactory bulb, but some projected 
through the ventral olfactory bulb into the ventral medial tel- 
encephalon. 

Spatial organization of primary aflerent projections to the ol- 
factory bulb. Axons labeled by focal application of HRP to the 
olfactory mucosa were always widely distributed throughout the 
glomerular layer; labeled axons were never restricted to a sub- 
region of the glomerular layer (Fig. 4). The labeled projections 
were diffuse and apparently pattemless, regardless of the loca- 
tion of HRP application in the mucosa. The most similar pro- 
jection patterns were seen in the right and left olfactory bulbs 
of individual fish. Even when the comparison within an indi- 
vidual involved asymmetrical mucosal labeling, the projection 
patterns were more similar (Fig. 4B) than those between two 
fish with symmetrical labeling (Fig. 4A). Within individual fish, 
labeling homologous lamellae of the left and right rosettes did 
not increase the similarity of the bulbar projection patterns. 

The quantitative analysis of the distribution of labeled fibers 
provided a more objective evaluation of projection patterns and 
clearly demonstrated the diffuse nature of the projections. In 18 
of 20 olfactory bulbs, more than half of the 32 domains into 
which the glomerular layer was divided contained HRP-labeled 
terminals (mean + 1 SD = 24 +- 2; range = 17-28 domains). 
(The other two olfactory bulbs had labeled axons in the glo- 
merular layer in 10 and 11 of the 32 domains, respectively.) 
The similarity of bulbar projection patterns, as assessed by la- 
beling of corresponding domains in the olfactory bulbs of dif- 
ferent individuals, was no greater with symmetrical mucosal 
labeling than with asymmetrical mucosal labeling (x2, p < 0.3 
vs p < 0.2). The indication from the composite drawings that 
the projection patterns were more similar in the two olfactory 
bulbs of fish in which the rosette: were asymmetrically labeled 
was confirmed by statistical analysis (x2, p < 0.05). 

Retrograde labeling 

Each injection site in the olfactory bulb appeared as a region of 
bright fluorescence surrounded by a halo of dimmer fluorescence 
(Fig. 54). The injection sites, including the halo, ranged in di- 
ameter from 100 to 400 pm and in depth from 200 to 600 pm. 

Figure 5. Retrograde labeling of olfactory receptor cells. A, Horizontal 
section throuah one olfactorv bulb 10 d after iniection of FITC- (arrow) 
and rhodamine-conjugated (browhead) latex &ads (photographed with 
the RTC filter set). The complete extent of the FITC injection site is 
apparent, as is the pathway of heads transported anteriorly by axons in 
the olfactory nerve layer at the left margin of the olfactory bulb. The 
intensely fluorescent center of the rhodamine injection site bleeds through 
the FITC filters (arrowhead). The dim background fluorescence per- 
mitted us to determine that the injections were beneath the olfactory 
nerve layer and centered in the glomerular layer. B, Retrogradely labeled 
cells in the olfactory mucosa. The cells are identified as olfactory receptor 
neurons by their heavily labeled dendrites (arrows), the somal position 
(large arrowheads), and the basally directed axons (smal/ arrowheads). 
Scale bars: A, 500 pm; B, 10 pm. 

Twenty-nine of the 32 injections were accurately placed in the 
glomerular layer. The glomerular layer injections were limited 
to the anterior medial, anterior lateral, lateral, or posterior lat- 
eral region of the dorsal half of the olfactory bulb. We estimate 
that the largest injections involved less than 10% of the glo- 
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Figure 6. Distributions of labeled cells 
among lamellae. The mean (? 1 SEM) 
percentages of all labeled receptor cells 
that were located on each lamella are 
shown for focal injections offluorescent 
beads into the posterior lateral (PL), 
lateral (Lat), anterior lateral (AL), or 
anterior medial (AM) olfactory bulb. 
The lamellae are designated by the side 
of the rosette, medial (M) or lateral (L), 
and by their position along the raphe 
from most posterior (I) to most ante- 
rior (6). In each group, there are more 
labeled cells on the posterior lamellae 
(l-3) than on the anterior lamellae (4- 
6). There were no significant differences 
between any of the groups in the av- 
erage percentage of labeled cells found 
on any of the lamellae (Student’s t tests, 
two-tailed, all p > 0.1). 

merular layer and the smallest less than 1%. (The largest injec- 
tion involved no more than one-fifth of the glomerular layer in 
any single section and appeared in fewer than one-half of the 
serial sections.) Rhodamine and FITC injection sites were com- 
pletely separate in dually injected olfactory bulbs, except in a 
single instance in which the two sites overlapped slightly in the 
anterior olfactory bulb. Three of the 32 injections did not in- 
volve the glomerular layer; two were in deeper laminae, and the 
third was superficial. In addition to each glomerular injection 
site, fluorescently labeled cells were evident in the ependymal 
layer of the olfactory bulb in many of the sections in which the 
injection site appeared. A radial pathway of weak fluorescence 
extended from the glomerular layer to the unidentified labeled 
cells in the ependymal layer. 

Brightly fluorescent puncta were widely scattered throughout 
cross sections of the olfactory nerves following injections of 
beads into the olfactory bulb. No puncta were evident in the 
olfactory nerve of normal (uninjected) fish. The puncta appeared 
to be of uniform size, suggesting they were individual beads or 
single labeled fibers. Because of the wide dispersion of label in 
the nerve, and the lack of accumulation of beads within the 
axons, we could not follow individual axons through sequential 
cross sections. 

Retrogradely labeled receptor cells in the olfactory epithelium 
were identified by the accumulation of fluorescent beads in the 
dendrites (Fig. 5B). Some labeled cells had narrow dendrites 
approximately 1 Km in diameter, while others had wider den- 
drites approximately 4 pm in diameter. The axon and cell body 
of the most heavily labeled cells were also visible. Cells that 
were heavily labeled with rhodamine beads were visible through 
the FITC filter set but were easily distinguished from FITC- 
labeled cells by their orange-red color. Receptor cells containing 
both rhodamine and FITC beads were evident only in the single 
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fish in which the rhodamine and FITC injection sites over- 
lapped. 

Twenty-seven of the 32 injections labeled receptor cells in the 
olfactory mucosa. The number of cells retrogradely labeled by 
a single injection ranged from fewer than 100 to 24,000. Of the 
27 successful injections, three labeled fewer than 100 cells, two 
between 100 and 1000, nine between 1000 and 5000, three 
between 5000 and 10,000, four between 10,000 and 20,000 and 
six labeled more than 20,000 cells. Larger injections labeled 
more cells, but the number of labeled cells was not systematically 
related to the injection site. No labeled receptor cells were seen 
when the beads were limited to the meninges surrounding the 
olfactory bulb or when the injection site in the olfactory bulb 
was deep to the glomerular layer. 

Spatial distribution of retrogradely labeled cells. Labeled re- 
ceptor neurons were widely dispersed in the olfactory rosette 
after every successful injection. Twenty-six of the 27 successful 
injections labeled receptor neurons on every lamella of the ol- 
factory rosette. In the remaining instance, 13 of 14 lamellae bore 
labeled cells, although only 46 receptor cells were labeled in the 
entire olfactory rosette. The larger posterior lamellae generally 
contained more labeled receptor cells than the smaller anterior 
lamellae, but the mean percentage of labeled receptor neurons 
located on each lamella of the olfactory rosette was not signif- 
icantly different among injection groups (Student’s t tests, all p 
> 0.1; Fig. 6). The variation in distribution over the rosette was 
as great for injections in the same part of the olfactory bulb 
(within a group) as for injections in different parts of the bulb 
(between groups). 

The distribution of labeled receptor cells within each lamella 
was also analyzed. For the three smallest injections (fewer than 
100 cells labeled), the labeled cells were widely scattered-82% 
of the lamellar sections that contained labeled cells had only 
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one such cell- but were more abundant in the distal regions of 
each lamella. In the remaining 24 rosettes, the labeled cells were 
widely distributed on each lamella from the distal tip to the 
proximal region near the core of the olfactory rosette (Fig. 7). 
There was often moderate clustering of labeled receptor cells at 
proximal, central, or distal sites along the proximal-distal la- 
mellar axis, but the distribution of labeled cells along that axis 
did not change systematically with changes in the bulbar injec- 
tion site. Since labeled cells were generally concentrated at sim- 
ilar levels along the proximal-distal axis of each lamella in a 
given rosette, the distribution of labeled cells along the proxi- 
mal-distal axis of the rosette was determined (see Materials and 
Methods). There were no significant differences among groups 
in the mean percentage of labeled cells located in any of the 10 
regions along the proximal-distal axis of the rosette (Student’s 
t tests, all p > 0.1; Fig. 8). As with the distribution of labeled 
cells among a rosette’s lamellae, the variation within each bulbar 
injection group was as great as the variation between injection 
groups. For each injection site, on average, labeled cells were 
rather evenly distributed along the proximal-distal axis of the 
lamellae, except in the most proximal and most distal 10% 
where the area of the sensory epithelium is decreased (D. R. 
Riddle and B. Oakley, unpublished observations). 

Figure 7. Camera lucida drawings of 
every fifth section of a representative 
lamella of the olfactory rosette, after fo- 
cal injection of fluorescent beads into 
the anterior lateral region of the ipsi- 
lateral olfactory bulb. The position of 
each fluorescently labeled cell is indi- 
cated by a dot. Note that labeled cells 
are widely distributed on the lamella 
from the distal tip (drawing at upper 
left) to the proximal base (drawing at 
lower rinht). Labeled cells were simi- 
My widely distributed on all lamellae. 
Scale bar, 500 pm. 

Nonoverlapping bulbar injections of rhodamine and FITC 
beads produced highly intermingled populations of labeled re- 
ceptor cells in the olfactory mucosa. The distributions of rho- 
damine-labeled and FITC-labeled receptor cells among the var- 
ious lamellae of the rosette, as well as the distribution along the 
proximal-distal axis of the rosette, overlapped so substantially 
that it was impossible to determine from the distribution of 
beads in the rosette and individual lamellae whether the two 
injection sites had been close to each other (Fig. 9B) or widely 
separated in the olfactory bulb (Fig. 9A). 

Discussion 
The goal of these studies was to establish the spatial relationship 
between the locations of olfactory receptor neurons in the epi- 
thelium and of their terminals in the olfactory bulb. It was 
therefore important in the anterograde tracing studies to include 
in the analysis only the terminal portions of axons, excluding 
HRP-labeled fibers coursing in the olfactory nerve layer. In- 
cluding such fibers of passage would have spuriously increased 
the apparent dispersion of receptor axons. Fortunately, termi- 
nating axons were easily identified by their depth beneath the 
surface of the olfactory bulb. The border between the olfactory 
nerve layer and the glomerular layer was easily distinguished 
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Figure 8. Distributions of labeled cells 
within lamellae. The mean (+ 1 SEM) 
percentage of all labeled receptor cells 
located in successive intervals equiva- 
lent to 10% of the distance along the 
proximal-distal axis of the lamellae (see 
Materials and Methods) for four iniec- 
tion groups: posterior lateral (PI?.), iat- 
era1 (Lat), anterior lateral (AL), and 
anterior medial (AM). The mean per- 
centage of labeled cells is similar at all 
levels along the proximal-distal axis ex- 
cept in the most distal and the most 
proximal 10%. Pairwise comparisons 
between groups of the mean percentage 
of labeled cells located in each 10% of 
the lamellae revealed no sianificant dif- 
ferences (Student’s t test, two-tailed, all 
p > 0.1). 

q AL 

t 

0 AM 

20 tzi PL 

T I Lat 

15 

10 

5 

0 
10 20 30 40 50 60 70 80 90 100 

with phase-contrast illumination. It was clear that olfactory ax- 
ons followed a largely radial trajectory from the olfactory nerve 
layer into the glomerular layer and terminated locally with little 
tangential displacement. 

Since we labeled both rosettes in each fish, we considered the 
possibility that contralateral projections exaggerated the amount 
of axon dispersion in the olfactory bulb. Although limited con- 
tralateral projections have been reported in the olfactory bulb 
of Xenopus and Rana (Ebbesson et al., 1986; Duncan et al., 
1990), HRP-labeled axons in the trout were restricted to the 
ipsilateral olfactory bulb after HRP had been extensively applied 
to one olfactory rosette in each of two fish. Evidently, the dis- 
persed bulbar projections revealed by focal applications of HRP 
were strictly ipsilateral. 

These experiments demonstrate that the organization of the 
primary olfactory system in trout is similar in some respects to 
that in other vertebrates. Our observation that axons from clus- 
tered receptor cells remained together within the olfactory nerve 
is consistent with reports of the organization of amphibian ol- 
factory axons. Daston et al. (1990) followed small groups of 
HRP-labeled fibers through sequential cross sections of Rana 
olfactory nerve and found that axons that were neighbors in one 
cross section remained within the same fascicle over extended 
lengths of the nerve. Studies of the olfactory nerve in Ambys- 
toma have shown that the axons in each small fascicle of the 
olfactory nerve arise from a restricted region of the olfactory 
mucosa yet have widespread terminations in the olfactory bulb 
(Ratter, 198 1). We observed similar organization in the olfactory 
system of the trout, where the axons from small regions of the 
mucosa diverged to terminate throughout the glomerular layer. 
To judge from the abrupt changes in the trajectories of HRP- 
labeled axons when they reach the interface of the olfactory 

% Proximal-Distal Axis 

nerve and bulb, and from the wide dispersion within the olfac- 
tory nerve of axons fluorescently labeled by focal bulbar injec- 
tion, olfactory axons in the trout appear to be rearranged over 
a very short distance in the nerve-bulb plexus. This abrupt 
rearrangement of axons implies that a new ordering principle 
is imposed in that region, whereby axons that were arranged in 
the nerve according to the location of their somata in the mucosa 
are redistributed in the bulb on the basis of other properties. 

The redistribution of axons as they enter the olfactory bulb 
of the trout produces divergent-convergent connections that are 
qualitatively similar to those described in amphibians, though 
somewhat broader in scope (Costanzo and Mozell, 1976; Du- 
bois-Dauphin et al., 1980, 198 1; Mackay-Sim and Nathan, 1984; 
Ratter, 1987; Duncan et al., 1990). The functional significance 
of such organization, recently discussed by Kauer (199 l), re- 
mains unclear. It is tempting to speculate, however, that scat- 
tered olfactory axons from receptor cells with similar response 
properties converge and terminate in functional foci in the glo- 
merular layer, perhaps within individual glomeruli or small sub- 
regions. While there is as yet no direct evidence in fish for 
functional segregation at the level of the glomerulus, electro- 
physiological studies of salmonids have suggested significant 
functional segregation of axons in the olfactory bulb, where the 
lateral and medial regions respond differentially to amino acid 
and bile salt odors, respectively (Thommesen, 1978). 

If regional topography like that described in amphibians and 
mammals is critical for information processing in the vertebrate 
olfactory system, it might be expected to be present in fish with 
a well-developed olfactory sense. Particularly, if the olfactory 
system in trout was topographically organized, one would expect 
that labeling homologous regions in two olfactory bulbs or mu- 
cosae would produce relatively similar patterns of labeled re- 
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ceptor cells or axonal terminals, respectively, while labeling dis- 
parate regions would produce disimilar patterns. That was not 
the case. Focal application of HRP to homologous sites in two 
olfactory rosettes produced projection patterns in the corre- 
sponding olfactory bulbs that were neither more similar than 
expected by chance nor more similar than projections from 
disparate, nonhomologous regions of the mucosae. Correspond- 
ingly, the retrograde tracing experiments showed that the dis- 
tributions of labeled cells, both among the lamellae (Fig. 6) and 
along the proximal-distal axis of lamellae (Fig. S), were no more 
similar among individuals injected at homologous bulbar sites 
than among those injected at disparate sites. Moreover, after 
rhodamine- and FITC-conjugated beads were injected into the 
same olfactory bulb, rhodamine- and FlTC-labeled receptor 
neurons were thoroughly intermingled and equally widely dis- 
tributed whether the injection sites were close together or far 
apart (Fig. 9). Thus, the series of experiments supports the con- 
clusion that little, if any, of the spatial organization of the re- 
ceptor neurons in the olfactory mucosa of trout is maintained 
in the projections to the olfactory bulb. The scope of the di- 
vergent and convergent projections observed in this study re- 
veals no evidence for even minimal regional topography; in- 
stead, the entire epithelium contributes axons to each region of 
the glomerular layer. 

The present study raises new questions about the functional 
significance of the regional topography in mammalian olfactory 
projections. Saucier and Astic (1986) suggested that the topog- 
raphy in the mammalian system does not reflect a functional 

Figure 9. The distributions of labeled 
cells following dual injections of FITC- 
labeled and rhodamine-labeled beads 
into two olfactory bulbs. The percent- 
ages of labeled cells found on each la- 
mella of the olfactory rosettes (A and 
B) and in each 10% interval along the 
proximal-distal axis of the rosettes (C 
and D) are shown. It appears to make 
little difference whether the two injec- 
tion sites were far apart (posterior lat- 
eral and anterior medial, A and C) or 
close together (anterior lateral and an- 
terior medial. B and D). For both sets 
of injections,’ the distributions of rho- 

imperative, but rather that developing rat olfactory axons ter- 
minate in the nearest vacant region of the glomerular layer, and 
that the close spatial relationship between the olfactory mucosa 
and bulb and temporal factors in the ontogenesis of those struc- 
tures are responsible for topography. 

We have considered the possibility that small clusters of re- 
ceptor cells might project to glomerular patches in a mosaic of 
such fine grain that even the smallest injections of fluorescent 
beads encroached upon several terminal regions. While difficult 
to reject completely, the extremely wide dispersion of fluores- 
cently labeled receptor cells after every injection argues against 
such a hypothesis. The wide dispersion was best illustrated by 
the smallest bulbar injections, those least likely to involve mul- 
tiple terminal regions. Three injections labeled regions no larger 
than a few glomeruli. The 40-100 receptor cells that were flu- 
orescently labeled were so widely scattered that some were pres- 
ent on each lamella and virtually no lamellar section contained 
more than one labeled cell. The pattern of termination of an- 
terogradely labeled fibers in the HRP study also argues against 
the concept of projections from aggregates of receptor cells to 
glomerular patches. As a rule, only a few axons in any individual 
glomerulus were labeled by focal application of HRP to small 
sites in the mucosa; the remaining axons in these partially la- 
beled glomeruli presumably arose from other disparate (unla- 
beled) cells in the mucosa. Thus each glomerulus, perhaps the 
smallest region within the olfactory bulb that is clearly recog- 
nizable as a unit of organization, is innervated by widely dis- 
persed, not locally clustered, receptor cells. 
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This investigation has demonstrated that many, probably most, 
olfactory receptors in the trout make nontopographic projec- 
tions to the olfactory bulb. Numerous axons project divergently 
from each small region of the olfactory mucosa to widespread 
areas of the olfactory bulb. Each small region within the glo- 
merular layer receives convergent input from receptor neurons 
distributed throughout the olfactory mucosa. There appear to 
be local forces acting at the interface between the olfactory nerve 
and bulb that control the reassortment and redistribution of 
olfactory axons. Thus, while the olfactory system in trout ap- 
pears to lack the point-to-point topographic arrangement that 
is preeminent in other sensory systems, the absence of such 
organization does not imply chaotic or primitive connections. 
It suggests that there are alternative organizational principles 
based upon properties of the olfactory receptor neurons that are 
unrelated to position. Further investigation to reveal the nature 
of the organization of connections between olfactory receptors 
and the brain may help to clarify how olfactory systems dis- 
criminate odor quality and intensity. 
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