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Abstract

Nitric oxide synthase activity was studied by means of NADPH-diaphorase activity and nitric oxide synthase immunoreactivity in the
main and accessory olfactory bulbs of the frog Rana perezi and the newt Triturus marmoratus. In both species, NADPH-diaphorase
staining was observed in all olfactory fibers. Vomeronasal fibers were NADPH-diaphorase-positive in Triturus but they were
NADPH-diaphorase-negative in Rana. Nitric oxide synthase immunoreactivity was not observed in the primary afferents in any case.
Granule cells were NADPH-diaphorase-positive and nitric oxide synthase-immunopositive in the main and accessory olfactory bulb of
Rana, and in the main olfactory bulb of Triturus. The homogeneous NADPH-diaphorase staining of olfactory fibers is similar to what has
been reported in teleosts, and it contrasts with the spatial segregation of NADPH-diaphorase-positive and -negative olfactory projections
in rodents. These results confirm the interspecies variability of the NADPH-diaphorase/nitric oxide synthase distribution in the olfactory
system of vertebrates.
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1. Introduction
The NADPH-diaphorase (ND) histochemical reaction
produces a Golgi-like labeling of specific neuronal populations containing nitric oxide synthase (NOS) in all major
areas of the mammalian brain [7,19]. In the olfactory bulb
(OB), a total coincidence in lhe distribution of ND-activity
and NOS-immunoreactivity has been described in specific
subpopulations of interneurons, but no evidence of NOSimmunoreactivity was found in the primary afferents, despite their strong ND-activity [22].
ND and NOS labeling has been described in the OB of
mammals: rat [12], hamster [12], mouse [22], and hedgehog
[2]. Important differences in the N D / N O S staining pattern
have been observed in these species [2,12], suggesting
differences in the modulatory mechanisms in which this
enzyme is involved.
Previous studies on the distribution of ND activity and
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NOS immunoreactivity in non-mammalian vertebrates reported that the ND staining in the OB of teleost fish [5,18]
was substantially different to what has been observed in
mammals. ND activity has been also investigated in the
Japanese quail OB [27] and it was found to be completely
negative. ND activity has been reported in the OB of the
salamander [33], but no comprehensive study of the distribution of this enzyme in the amphibian OB using both ND
histochemistry and NOS immunoreactivity has been cartied out.
Amphibians have an olfactory system with both primitive and advanced characters. As an ancestral character,
amphibian mitral cells do not appear in a monolayer and
posses several branched glomerular dendrites [29], as in
fish [4] and birds [6]. By contrast, a unique dendrite makes
synapses with olfactory receptor cell axons in mammalian
mitral cells [4], indicating a higher degree of convergence
of olfactory inputs. Furthermore, the axons of the mitral
cells of amphibians project through two segregated fiber
tracts with different targets [30]. Two independent olfactory tracts are also present in the teleost olfactory system
[6], whereas only the lateral olfactory tract is present in
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mammals [1]. Otherwise, the amphibian OB presents some
advanced features. Thus, amphibians are the first vertebrate group during evolution with a separate accessory
olfactory system [1]. Periglomerular cells [1] and tufted
cells [4,29] are characterized as neuronal types in the
amphibian OB circuitry, and amphibian mitral cells have
two types of dendrites with different morphology and
synaptic connections [4,29]. The above cited characteristics
make the amphibian OB an adequate system for attempting
to understand the interspecies variability in the N D / N O S
staining.
In this report we studied the distribution of ND activity
and NOS immunoreactivity in the main olfactory bulb
(MOB) and accessory olfactory bulb (AOB) of the frog
R a n a p e r e z i (Anura) and the newt T r i t u r u s m a r m o r a t u s
(Urodela). The analysis of the possible similarities a n d / o r
differences with the staining observed in other classes of
vertebrates may provide valuable information on the evolution of N D / N O S system in the vertebrate olfactory pathway.
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2. M a t e r i a l s a n d m e t h o d s

G

Six adult frogs ( R a n a p e r e z i ) weighing 4 0 - 6 0 g, and
six adult newts ( T r i t u r u s m a r m o r a t u s ) , weighing 3 0 - 5 0 g,
of either sex, were captured in the wild and used for this
study. After deep anesthesia with 0.03% tricaine
methanosulfonate (MS-222, Sandoz) in water, the animals
were perfused through the conus arteriosus with 25 ml
heparinized saline solution followed by 150 ml of a fixative containing 4% paraformaldehyde and 15% saturated
picric acid in 0.1 M phosphate buffer, pH 7.4 (PB). After
removal from the skull and immersion for 4 h in perfusate,
the olfactory bulbs and telencephalic hemispheres were
dissected out and stored overnight in 30% ( v / v ) sucrose
for cryoprotection. The tissue was quickly frozen with
liquid nitrogen and 30 /zm horizontal sections were cut on
a cryostat (Bright) at - 2 1 ° C . The sections were washed in
PB and processed for ND histochemistry during 9 0 - 1 2 0
min at 37°C as described elsewhere [3]. The incubation
medium was made up of 1 m M /3-NADPH (Sigma), 0.3
m M nitro blue tetrazolium (Sigma) and 0.1% Triton X-100
in 0.1 M PB, pH 7.6. The course of the reaction was
controlled under the microscope, and it was stopped with
several rinses in cold (4°C) PB.
After the histochemical reaction, some ND-stained sec-
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Fig. 1. Schematic drawing of ND- and NOS-labeled elements in the main
and accessory olfactory bulb of newt, frog, and rat. AOB, accessory
olfactory bulb; DSA, deep short-axon cell: EPL, external plexiform layer;
GC, granule cell; GCL, granule cell layer; GL, glomerular layer; HZ,
horizontal cell; IPL, internal plexiform layer; MCL, mitral cell layer;
MOB, main olfactory bulb; PG, periglomerular cell; SSA, superficial
short-axon cell.

tions were processed for NOS immunocytochemistry. Sections were successively incubated in (a) primary antibody
(K205 sheep anti-rat neuronal NOS antibody [11]) diluted
1:20000 in PB during 3 days at 4°C, and (b) fluoresceinlabeled anti-sheep serum (Vector) diluted 1:50 in PB during 1 h at room temperature.
The K205 neuronal NOS antibody has been fully characterized. Specificity of the antibody was assessed using

Fig. 2. ND activity in the amphibian olfactory bulb. AOB, accessory olfactory bulb; MOB, main olfactory bulb. a: intense ND staining in the olfactory
fibers and glomernli of the frog Rana perezi. Note the absence of staining in the vomeronasal fibers and glomeruli and the homogeneus labeling in the
granule cell layer of the AOB. Horizontal section, b: horizontal section of the olfactory bulb of the newt Triturus marmoratus. Both olfactory and
vomeronasal fibers were ND-active. c: ND staining in the superficial layers of the MOB of Rana perezi. Intensely stained glomeruli (G) and centrifugal
fibers (arrows) can be seen. d: NOS-immunofluorescent granule cell in the MOB of Rana perezi, e: ND labeling in the same field as in d. ND activity
colocalizes with NOS immunoreactivity in the same cell. f: granule cell layer of the AOB of Rana perezi. ND-labeled somata and fibers can be observed.
V, ventricle, g: NOS-immunofluorescentgranule cell in the MOB of Triturus marmoratus, h: ND labeling in the same field as in g. ND activity colocalizes
with NOS immunoreactivity in the same cell. Scale bars in a. b = 500 /zm; in c-h = 50 #m.
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Western blot analysis and liquid phase pre-adsorption experiments with purified recombinant neuronal NOS [16].
Controls of the specificity for both the histochemical
and immunocytochemical procedures were carried out as
previously described [2,3]. No residual reaction was observed.
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The sections were mounted on gelatinized glass slides,
dehydrated in a graded ethanol series, cleared with xylene
and coverslipped with Entellan (Merck). Labelled cells
were identified in a Zeiss III photomicroscope equipped
with epifluorescence and appropriate filter sets. Cell sizes
were measured using a Zeiss ocular micrometer.
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3. Results

Both Rana perezi and Triturus marmoratus have welldeveloped paired OB at the rostral pole of the telencephalon. In Rana perezi, left and right MOB are fused on
their medial side (Fig. 2a), whereas in Triturus marmoratus, they are separated (Fig. 2b). In both species, the AOB
is located lateral and caudal to the MOB. After the histochemical reaction, ND activity was observed as a pale to
dark blue formazan filling in specific neurons a n d / o r
fibers in the MOB and AOB of both species. Fig. 1 shows
the distribution of ND-labeled elements in the MOB and
AOB of both amphibian species. In order to allow the
comparison with the ND staining present in the OB of
higher vertebrates, a scheme of the ND labeling in the rat
OB is provided in the same figure.
After double labeling with ND histochemistry and NOS
immunocytochemistry, a total colocalization of both markers was found in positive interneurons, but only strong
ND-activity was observed in the stained primary afferents
that were NOS-immunonegative.
In the MOB of Rana perezi, all olfactory fibers and
glomeruli were ND-active. The strongly ND-stained olfactory nerves were observed penetrating separately into the
OB (Fig. 2a). They diverged in small bundles that arborize
in row-shaped glomeruli (Fig. 2c) arranged in several
rows, forming a wide glomerular layer. The staining intensity was quite homogeneous in all fibers and glomeruli,
and no ND-negative olfactory fibers or glomeruli could be
seen.
Rarely, N D / N O S stained varicose fibers were observed
coursing from the granule cell layer to the external plexiform layer (Fig. 2c). These thin processes were identified
as centrifugal afferents to the glomerular layer of the
MOB. In addition, scattered ND-active and NOS-immunoreactive neurons were observed in the granule cell layer
(Fig. 2d, e). These cells were slightly stained, small (7 to
10 /xm in diameter), spherical or piriform in shape. In
some occasions, one or two slightly stained processes
could be seen. According to these morphological characteristics, these small neurons were identified as granule cells.
In the AOB of Rana perezi, no staining appeared in the
vomeronasal fibers and glomeruli (Fig. 2a). By contrast,
abundant granule cells were ND-positive and NOS-immunoreactive, and their stained dendrites could be followed along the granule cell and external plexiform layers
of the AOB (Fig. 2f).
In Triturus marmoratus, all olfactory fibers were NDpositive and NOS-immunonegative. The olfactory fibers
arborized in glomeruli of larger size (60 to 80 /xm in
diameter) than the olfactory glomeruli observed in Rana
perezi (diameters ranging 35,50 /xm). The ND staining
intensity was strong, and no negative fiber bundles or
glomeruli were observed (Fig. 2b). In the granule cell
layer, very scarce ND-positive and NOS immunoreactive
cells appeared (Fig. 2g, h). These cells had similar shape

but they were larger (about 10-15 /xm in diameter) than
those observed in Rana perezi, and stained dendrites were
less evident. Contrary to what was observed in Rana
perezi, vomeronasal fibers and glomeruli were ND-positive (Fig. 2b), whereas the granule cells of the AOB of
Triturus marmoratus were always ND- and NOS-negative.

4. Discussion

Both similarities and differences in the distribution of
ND-active and NOS-immunoreactive elements can be observed between both species of amphibians studied. The
labeling was similar in the MOB, but it showed interspecies differences in the AOB. Whereas the ND-labeled
elements in the AOB of Triturus marmoratus were
vomeronasal afferents, the N D / N O S positive elements in
the AOB of Rana perezi were intrinsic neurons, identified
as granule cells. Both vomeronasal fibers and granule cells
make synaptic contacts with the AOB mitral cells [10],
constituting the main modulation circuit of the chemosensory response in this brain area. The differential ND and
NOS staining observed in Rana perezi and Triturus marmoratus suggests that different nitroergic modulatory
mechanisms are present in the AOB of either anurans or
urodeles.
Comparing our data in the amphibian MOB with previous studies of the ND distribution in the OB of other
groups of vertebrates [2,5,12,18,22,27], important interspecies differences can be noted. In all mammalian species
hitherto studied only those olfactory fibers and glomeruli
located in the dorsomedial surface of the MOB demonstrated ND labeling, whereas ventrolateral glomeruli were
ND-negative [2,12,22]. By contrast, in birds, all olfactory
fibers were negative [27] whereas in teleosts, all of them
demonstrated ND staining [5,18]. In our material, all olfactory fibers of both Rana perezi and Triturus marmoratus
displayed ND-activity. By contrast, a heterogeneous NDlabeling in the olfactory glomeruli of Salamandra has
been previously reported [33].
Periglomerular cells have been identified as ND-active
and NOS-immunoreactive in the OB of mammals [2,12,22].
Periglomerular cells do exist in the OB of both anurans
and urodeles [4], being observed after immunocytochemistry against catecholamines and somatostatin [20], and
y-aminobutyric acid [14], but they were ND/NOS-negative in the OB of both Rana perezi and Triturus marmoratus.

Scarce ND/NOS-stained granule cells were observed in
the OB of both Rana perezi and Triturus marmoratus.
Granule cells are the most numerous neurons in the OB of
all classes of vertebrates [1]. Subpopulations of granule
cells have been observed in the OB of mammals after ND
histochemistry and NOS immunocytochemistry, with interspecies differences in their relative density [2,12]. In all
species of mammals studied, ND/NOS-positive granule
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cells outnumbered those observed in the amphibian OB.
By contrast, ND/NOS-positive granule cells were not
observed in both the tench (Tinca tinca) [5] and the
Atlantic salmon (Salmo salar) [18]. With respect to microsomatic vertebrates, N D / N O S activity was observed in
neither olfactory fibers nor intrinsic interneurons in the OB
of the Japanese quail [27].
ND activity or NOS-immunoreactive labeling has been
described in the AOB of rat [12,28], mouse [22], hamster
[12] and hedgehog [2]. Only partial coincidences exist with
the labeling observed in the amphibian AOB. Vomeronasal
afferents were ND-positive in mammals and in Triturus
marmoratus. Otherwise, abundant granule cells were NDpositive in Rana perezi and in the mammalian AOB.
Scarce ND/NOS-positive periglomerular cells have been
observed in the rat [28] and hedgehog [2] AOB, whereas
this cellular type was always ND-negative in the AOB of
both amphibian species.
Along the phylogenetic scale, amphibians showed intermediate N D / N O S staining between the simple labeling
observed in teleosts and the variety of positive elements in
the OB of macrosomatic mammals, whereas the staining
disappears in the secondary simplified avian OB. Although
the general structure of the OB is common in all vertebrates [1], the nitroergic pattern seems to be more complex
in vertebrate groups with a higher degree of organization
of their olfactory system and more important significance
of olfaction in their physiology.
Studies on the functional organization of the projections
from the olfactory receptor cells to the MOB of amphibians have been carried out by means of tract-tracing methods [13], immunocytochemical markers [21] and selective
lectin-binding [17]. All these works revealed the existence
of a spatial-specific projection from subsets of neurochemically heterogeneous olfactory receptor cells to the MOB.
In mammals, subclasses of olfactory receptor cells and
their projections to the MOB have been selectively labeled
with monoclonal antibodies against superficial carbohydrate epitopes [26,31]. It has been proposed that the
selective ND staining of olfactory fibers and glomeruli
observed in the MOB of mammals correlates with the
functional significance of specific groups of receptors [9].
In this sense, some of the immunocytochemically-defined
subgroups of receptors project in a similar [31] or complementary [26] spatial pattern to the location of ND labeling
in the glomerular layer of the MOB. However, our data in
the amphibian OB do not support this hypothesis. Different
functional subclasses of olfactory receptors with spatial
specificity in their connections have been previously described in amphibians [17]. In spite of this, olfactory
receptors seemed to be homogeneous with respect to their
ND staining, and no topographical organization of ND
staining was observed in the olfactory projection of Triturus marmoratus and Rana perezi.
The absence of total coincidence of ND with NOS has
been previously reported in amphibians, at least in the
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retina [24]. In this sense, we have observed a total colocalization of both activities in granule cells of Rana perezi
and Triturus marmoratus, but not in the primary afferents
that were ND-positive and NOS-immunonegative. These
results are in agreement with Kishimoto et al. [22], who
observed in the mouse OB that ND and NOS were coincident in intrinsic interneurons, but they did not find NOS
immunoreactivity or NOS mRNA signal in olfactory or
vomeronasal glomeruli, despite their strong ND activity.
Similar results have been obtained in the OB of the
Atlantic salmon, Salmo salar [18], where ND-positive
labeling was observed in the olfactory fibers but they were
NOS-immunonegative.
These results indicate that ND is not equivalent to NOS
in the olfactory and vomeronasal projections. A role for
nitric oxide has been postulated in the olfactory cilia [25]
and terminals [9] of olfactory receptor cells, a hypothesis
that requires the presence of a NOS in the region of
transduction of the odour stimuli. NOS immunoreactivity
has been observed in perivascular nerve fibers [15,23],
suggesting that NO may modulate olfactory sensory transduction through perireceptor events. The enzyme responsible of the ND-activity displayed by the amphibian olfactory and vomeronasal axons may be cytochrome P-450
reductase, as is the case in mammals. This enzyme has
been immunocytochemically demonstrated in the olfactory
and vomeronasal receptor cells [22,32] and demonstrates a
close homology with NOS [8].
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