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Abstract
The presence of nitric oxide synthase (NOS) in neuronal elements expressing the calcium-binding proteins calretinin (CR) and
parvalbumin (PV) was studied in the rat main olfactory bulb. CR and PV were detected by using immunocytochemistry and the
nitric oxide (NO) -synthesizing cells were identified by means of the reduced nicotinamide adenine dinucleotide phosphate
diaphorase (NADPH-diaphorase) direct histochemical method. The possible coexistence of NADPH-diaphorase and each
calcium-binding protein marker was determined by sequential histochemical-immunohistochemical double-labeling of the same
sections. Specific neuronal populations were positive for these three markers. A subpopulation of olfactory fibers and olfactory
glomeruli were positive for either NADPH-diaphorase or CR. In the most superficial layers, groups of juxtaglomerular cells,
superficial short-axon cells and Van Gehuchten cells demonstrated staining for all three markers. In the deep regions, abundant
granule cells were NADPH-diaphorase- and CR-positive and a few were PV-immunoreactive. Scarce deep short-axon cells
demonstrated either CR-, PV-, or NADPH-diaphorase staining. Among all these labeled elements, no neuron expressing CR or
PV colocalized NADPH-diaphorase staining. The present data contribute to a more detailed classification of the chemically- and
morphologically-defined neuronal types in the rodent olfactory bulb. The neurochemical differences support the existence of
physiologically distinct groups within morphologically homogeneous populations. Each of these groups would be involved in
different modulatory mechanisms of the olfactory information. In addition, the absence of CR and PV in neuronal groups
displaying NADPH-diaphorase, which moreover are calmodulin-negative, indicate that the regulation of NOS activity in
calmodulin-negative neurons of the rat olfactory bulb is not mediated by CR or PV. © 1997 Elsevier Science B.V.
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1. Introduction
Calretinin (CR) and parvalbumin (PV) are members
of a large family of cytoplasmic calcium-binding
proteins that are involved in the regulation of intracellular calcium levels and could buffer calcium transients
resulting from different cellular processes (Van
Brederode et al., 1991). These proteins occur in certain
subpopulations of nerve cells in the central and peripheral nervous systems (Garcı́a-Segura et al., 1984; Celio,
1990; Résibois and Rogers, 1992). Different studies
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using immunocytochemistry have described the CRand PV-positive neuronal types in the rat (Celio, 1990;
Résibois and Rogers, 1992; Kosaka et al., 1994;
Wouterlood and Härtig, 1995), revealing their presence
in neuronal populations of interneuronal nature
throughout the different layers of this structure, as well
as in subpopulations of projecting neurons (Résibois
and Rogers, 1992; Kosaka et al., 1994; Wouterlood and
Härtig, 1995).
Specific neuronal populations can be selectively
stained using a histochemical method based on the
presence of nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-diaphorase), whose distribution is practically coincident with those containing
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nitric oxide synthase (NOS) (Dawson et al., 1991; Hope
et al., 1991; Vincent and Hope, 1992). In fact,
NADPH-diaphorase has been found largely colocalized
with brain NOS (Bredt et al., 1991), therefore making
the detection of NADPH-diaphorase-positive cells an
excellent marker for those expressing NOS. Specifically,
in the olfactory bulb, except for olfactory axons in the
olfactory nerve layer (ONL) and the neuropil of a
subpopulation of glomeruli, the two markers appear to
identify the same neural structures (Kishimoto et al.,
1993; Spessert et al., 1994).
The enzyme NOS generates nitric oxide, which appears to be involved in a variety of important biological
roles including acting as a novel class of neurotransmitter or neuromessenger in the central and peripheral
nervous system (Dawson et al., 1991; Bredt and Snyder,
1992; Nathan and Xie, 1994). The activity of NOS is
regulated by calcium and NADPH (Bredt and Snyder,
1990) producing NO in an NADPH dependent fashion
in response to changes in intracellular calcium concentration (Garthwaite, 1991). Although the requirement
of calcium and a calcium-binding protein such as
calmodulin has been reported for NOS activity (Garthwaite, 1991; Bredt and Snyder, 1992; Nathan and Xie,
1994), calmodulin and NOS do not always coexist,
suggesting the involvement of another calcium-binding
protein in the regulation of NOS activity (Ren and
Ruda, 1994). From the known distribution patterns of
calmodulin and NOS in the rodent olfactory bulb
(Biffo et al., 1992; Kishimoto et al., 1993; Bastianelli
and Pochet, 1995), coexistence of these markers would
be expected in several neuronal groups, whereas some
other cells do not colocalize both markers. Therefore, it
could be interesting to know the relationship between
the NOS-positive neurons and those containing other,
different calcium-binding proteins.
Whereas NADPH-diaphorase-positive and calbindin
D-28k-immunoreactive neurons constitute entirely segregated populations (Alonso et al., 1993, 1995), no
study is available on the relationships between
NADPH-diaphorase-positive elements and those containing other calcium-binding proteins such as CR and
PV, which have a wide distribution in the rodent olfactory bulb, including neuronal types where NADPH-diaphorase-activity is present (Davis, 1991). Therefore,
we investigate the coexistence degree among the CRand PV-containing elements and those expressing NOS,
by combining the NADPH-diaphorase histochemical
method, as a marker for NOS expression, with CR and
PV immunocytochemistry. The results could give some
insights into the relationships between calcium-binding
proteins and NOS expression, as well as additional data
on the biochemical organization of the neuronal types
of the rodent olfactory bulb.

2. Materials and methods

2.1. Animals and tissue preparation
Five female Wistar rats weighing 220–290 g were
used. The animals were deeply anesthetized with ketamine (Ketolar, 50 mg/kg body weight) and transcardially perfused with 100 ml saline followed by 400 ml of
4% paraformaldehyde and 15% saturated picric acid in
0.1 M sodium phosphate buffer, pH 7.3 (PB). The
brains were removed from the skull, the olfactory bulbs
dissected out and immersed in perfusate plus 10%
sucrose for 2 h and then in 30% sucrose until they
sank.
The olfactory bulbs were cut along the coronal or
sagittal planes using a Leica cryostat. The sections (30
mm) were collected in cold (4°C) PB, carefully washed
in several changes of PB and processed free-floating for
NADPH-diaphorase-histochemistry or calcium-binding
proteins-immunocytochemistry as described elsewhere
(Alonso et al., 1993, 1995). The sections were distributed in six series and each series processed for the
following techniques: (1) NADPH-diaphorase histochemistry; (2) CR immunocytochemistry; (3) NADPHdiaphorase-CR double-labeling; (4) PV immunocytochemistry; and (5) NADPH-diaphorase-PV double-labeling. The sixth series from one animal were stained
with 0.25% thionin for the demonstration of cell bodies
and general histological organization and the remaining
sections were used as controls for the specificity of the
histochemical and immunocytochemical labelings.

2.2. NADPH-diaphorase histochemistry
The sections were incubated for 60–90 min at 37°C
in a solution made up of 1 mM b-NADPH (Sigma
cN1630), 0.3 mM nitro blue tetrazolium (Sigma
cN6876) and 0.08% Triton X-100 in 0.1 M Tris–HCl
buffer (pH 8.0). The course of the reaction was followed under the microscope. The following controls of
the histochemical reaction were carried out: (1) incubation without the substrate b-NADPH; (2) incubation
without the chromogen nitro blue tetrazolium, in order
to rule out possible nonspecific formation of reaction
product; (3) heat denaturation of enzyme activity by
heating the tissue at 84°C for 5 min; (4) overfixation of
tissue (2 weeks in 10% formalin); and (5) incubation in
a medium with nicotinamide adenine dinucleotide phosphate (NADP; Sigma cN0505) instead of b-NADPH.
In all cases, no residual reaction was observed.

2.3. Calcium-binding proteins immunocytochemistry
Free-floating sections were processed following the
avidin–biotin-immunoperoxidase method. The sections
were incubated 30 min at room temperature in 0.3%
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Triton X-100 and either 10% normal goat serum or
10% normal horse serum and in PB. After being
washed in PB, they were incubated for 48 h at 4°C in
1:15 000 rabbit anti-CR (Rogers, 1987, 1989), or
1:5 000 mouse anti-PV (Celio et al., 1988), or 1:5 000
rabbit anti-PV (Swant antibodies, Bellinzona, Switzerland), diluted in 0.3% Triton X-100 and either 10%
normal goat serum or 10% normal horse serum in
PB. After washes in PB (3×10 min) they were transferred for 1 h at 20°C to a medium containing biotinylated anti-mouse or anti-rabbit immunogammaglobulin
(Vector, Burlingame, USA) diluted 1:250 in PB. After
several rinses in PB (3 ×10 min) sections were incubated for 1 h at room temperature in Vectastain Elite
ABC reagent (Vector) diluted 1:100 in PB. Tissuebound peroxidase was visualized using 0.03% 3,3%diaminobenzidine tetrahydrochloride (Sigma) and
0.003% hydrogen peroxide in 0.2 M Tris – HCl buffer,
pH 7.6, for 10–15 min, until the desired staining intensity was reached.
The primary antibodies have been fully characterized (CR: Rogers, 1987 and Rogers, 1989; PV: Celio
et al., 1988). Controls of the specificity of the immunostaining as described (Briñón et al., 1992;
Alonso et al., 1993, 1995) were also carried out.

2.4. NADPH-diaphorase calcium-binding protein
double-labeling
When the enzymatic reaction was concluded, the
NADPH-diaphorase-stained sections were washed and
processed free-floating, following the immunostaining
procedure described above. In order to rule out possible interference between the histochemical and the immunocytochemical techniques, half of the sections
were double-labeled beginning with the immunohistochemical staining and the other half beginning with
the histochemical staining. Similar results were observed in both cases.
After staining, all sections were rinsed in PB,
mounted onto gelatin-coated slides and air-dried.
They were dehydrated using ethanol, cleared with
xylene and coverslipped with Entellan (Merck).
In order to avoid that dense formazan reaction
product might mask the CR- or PV-immunolabeling,
the NADPH-diaphorase reaction was stopped in a
group of sections when these cells were weakly
NADPH-diaphorase-stained, followed by either the
CR- or PV-immunocytochemical procedure. In some
other sections, the possible double-labeled cells were
drawn using a camera lucida, photographed and
treated with dimethylformamide as described (Alonso
et al., 1995). The sections were then re-examined and
the cells photographed again. This treatment eliminates the formazan without affecting the CR- or PVreacting product.
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Conversely, in order to eliminate the possibility that
dense immunocytochemical precipitate could mask
weak histochemical reaction product, tissue from one
animal was processed for double labeling methods as
described, with some variations. In one olfactory
bulb, thinner sections (12 mm) were processed for the
double-labeling procedure. In these sections, the immunocytochemical labeling was carefully controlled
(by using more diluted DAB mixture and following
the entire course of the reaction under microscope),
thus allowing the reaction to be stopped when
strongly DAB-labeled neuronal types were moderately
stained. Thus, DAB immunoprecipitate did not mask
any weak histochemical reaction product. Following
this, histochemical labeling was carried out as usual,
demonstrating that no neuron colocalized both stainings.
In addition, we carried out the same double-labeling procedure by combining double histochemical-immunofluorescence
methods.
NADPH-diaphorasestained sections were incubated in the primary antiCR and anti-PV antibodies with increased concentration (1:10 000 rabbit anti-CR, 1:3000 mouse anti-PV,
1:3000 rabbit anti-PV). The biotinylated immunogammaglobulins were substituted by horse anti-mouse
FITC-conjugated or goat anti-rabbit Texas redconjugated immunogammaglobulins, diluted 1:75.
Analysis of the sections on a Zeiss III photomicroscope equipped with epifluorescence and appropriate
filter sets demonstrate that immunofluorescence procedure gave comparable results as those observed
after diaminobenzidine staining. No fluorescent neuron colocalized NADPH-staining in the rat olfactory
bulb.

2.5. Analysis
The general morphology of NADPH-diaphorasestained or calcium-binding protein-immunoreactive
cells was studied using 25× , 40× and 100× oil
immersion planapochromatic objectives, while their distribution was studied with 10× and 16× planapochromatic objectives. Individual labeled cells were
drawn with a camera lucida using the 100× objective
and their cell body diameters were plotted on a digitizer
tablet connected with a semiautomatic image analysis
system (MOP-Videoplan, Kontron). For the measurement of cell sizes, only neurons located in the middle of
the thickness of the section were used. For each neuronal type, 100 cells from all five animals were measured, with the exception of those neuronal types which
were rarely observed. In this case, all observable cells
were measured.
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3. Results

3.2. Glomerular layer (GL)

The localization and morphology of NADPH-diaphorase-positive and CR- and PV-immunoreactive elements (neurons and fibers) have been studied in the
different layers of the rat main olfactory bulb. Most
NADPH-diaphorase-, CR- and PV-positive neurons
were stained in a Golgi-like fashion, with extensive
detail of their processes. These cells had a wide range of
sizes, shapes and dendritic arborization patterns. No
astrocyte, oligodendrocyte, or microglial cells were
stained for either NADPH-diaphorase or calcium-binding proteins.
The CR- and PV-immunostaining consisted of a
dense precipitate dispersed throughout the whole
cell, even in the thin processes. Most of these cells, as
well as those NADPH-diaphorase-positive, were identified as belonging to some of the well-known neuronal types of the mammalian olfactory bulb. The
exceptions to these general staining features were some
groups of CR-immunolabeled cells in the deep half of
the EPL. These cells demonstrated strongly stained cell
bodies, whereas most processes remain practically unstained.
The distribution of positive elements for each single
marker was similar in double- and single-stained sections. The blue formazan product of the histochemical
reaction and the brown diaminobenzidine reaction
product were easily distinguished in double-labeled sections. Similar staining patterns were observed when the
double-labeling procedure was begun with either
NADPH-diaphorase histochemical staining or calciumbinding proteins immunostaining. No neuron displaying NADPH-diaphorase-activity colocalized CR nor
PV and vice-versa.

The weakly CR-stained olfactory fibers entered
scarce individual glomeruli located at the ventral and
lateral sides of this layer, whereas the NADPH-diaphorase-positive fibers were much more abundant and
entered in glomeruli located at rostral levels, in the
dorsal and medial parts of the olfactory bulb. Given
such spatial segregation, no individual glomerulus contained CR- and NADPH-diaphorase-positive fibers.
The glomeruli were identifiable by the presence of
surrounding NADPH-diaphorase-, CR- and PV-positive juxtaglomerular neurons. Most of them, clearly
identified as periglomerular cells, exhibited a round or
piriform small cell body (8–11 mm) which gave rise to
stained intraglomerular dendrites (Fig. 1b and Fig. 2b).
The most frequently observed dendritic pattern consisted of a long primary dendrite that entered and
ramified within a single glomerulus forming a broad
terminal field. All of the dendritic processes exhibited
numerous spines, gemmules and varicosities. More
rarely, two primary dendrites arose from different poles
of the cell body and entered either a single glomerulus
or adjacent glomeruli. A very thin axon arose from the
opposite side of the cell body coursing in the external
plexiform layer (EPL). Most NADPH-diaphorase-positive and CR- and PV-immunoreactive cells were located
at the inner side of the glomeruli, that is, close to the
EPL (Fig. 1 and Fig. 2a). Although the NADPH-diaphorase-histochemical staining of these cells was moderate, it was present even in the most delicate dendritic
branches and in the axon initial segment. Despite the
fact that these biochemically different periglomerular
cells exhibited similar morphological features and location, populations expressing CR or PV were always
NADPH-diaphorase-negative. Also, quantitative differences were detected and whereas the number of
NADPH-diaphorase-positive and PV-immunoreactive
juxtaglomerular cells was relatively low, those CR-immunostained were much more abundant (Fig. 1b and
Fig. 2b)

3.1. Olfactory ner6e layer (ONL)
Most olfactory fibers were devoid of CR-immunoreactivity, although some bundles were weakly labeled. An abundant subpopulation of olfactory fibers
was NADPH-diaphorase-positive and they were easily
followed entering the glomerular layer (GL), where
they arborized within NADPH-diaphorase-positive
olfactory glomeruli (Fig. 1a, c). The remaining olfactory fibers and all other elements in this first stratum were NADPH-diaphorase-negative (Fig. 1b and
Fig. 2a, b). Analyzing single stained sections for
both markers (CR and NADPH-diaphorase), positive fibers exhibited different locations in each case
and thus, no coexpression of CR and NADPH-diaphorase in olfactory fibers was observed. Concerning PV-labeling, no stained olfactory fibers nor other
intrinsic elements were found within this layer (Fig.
2a, b).

3.3. External plexiform layer (EPL)
This layer exhibited the scarcest NADPH-diaphorase-labeling (Fig. 1 and Fig. 2a), moderate CRimmunolabeling (Fig. 1a) and the highest density of
PV-immunopositive neurons (Fig. 2a). The NADPH-diaphorase-staining was restricted to a network of fibers
and scattered neurons. The fibers demonstrated a crisscrossed pattern, with groups running parallel to the
mitral cell layer (MCL), whereas other coursed radially
from the granule cell layer (GCL). These NADPH-diaphorase-positive fibers showed varicosities which
sometimes ended in club-like, enlarged terminations.
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Fig. 1. CR-NADPH-diaphorase double stained coronal sections of the rat olfactory bulb. NADPH-diaphorase-staining, blue; CR-immunostaining, brown. Scale bar =200 mm in (a), 100 mm in (b–f). (a) Overview of the olfactory bulb (OB) showing NADPH-diaphorase-positive and
NADPH-diaphorase-negative glomeruli and abundant CR-stained cells in all bulbar layers (epl, external plexiform layer; gcl, granule cell layer;
gl, glomerular layer; mcl, mitral cell layer); (b) NADPH-diaphorase-negative glomerulus (G) surrounded by NADPH-diaphorase-positive and
CR-immunostained juxtaglomerular neurons; (c) NADPH-diaphorase-positive glomeruli (G) surrounded by NADPH-diaphorase-positive and
CR-immunopositive juxtaglomerular cells and one NADPH-diaphorase-positive neuron identified as a superficial short-axon cell (open arrow).
Note its dendrites coursing around glomeruli without entering them; (d) CR-immunostained Van Gehuchten cells (open arrows) in the superficial
region of the external plexiform layer; (e) NADPH-diaphorase-positive horizontal cell in the internal plexiform layer (open arrow) close to the
weakly CR-stained bodies of mitral cells (arrowheads); (f) CR-immunopositive granule cells in the superficial region of the granule cell layer, (mcl,
mitral cell layer).
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Fig. 2. PV-NADPH-diaphorase double stained coronal sections of the rat olfactory bulb. NADPH-diaphorase-staining, blue; PV-immunostaining,
brown. Scale bar = 200 mm in (a), 100 mm in (b–f). (a) Overview of the OB showing abundant PV-stained cells in the external plexiform layer.
NADPH-diaphorase-positive superficial short-axon cells were scarce. In this field only one of these cells demonstrated this labeling (open arrow).
(epl, external plexiform layer; gcl, granule cell layer; gl, glomerular layer; mcl, mitral cell layer; onfl, olfactory nerve fiber layer); (b)
NADPH-diaphorase-negative glomerulus (G) with NADPH-diaphorase-positive (arrowheads) and PV-immunostained (arrows) juxtaglomerular
neurons; (c) NADPH-diaphorase-negative glomeruli (G) surrounded by NADPH-diaphorase-positive juxtaglomerular cells and one superficial
short-axon cell (open arrow). Same field as shown in (a). The external plexiform layer demonstrates numerous PV-stained cells; (d) Neuronal types
stained for PV in the external plexiform layer. Their structural features are according to those described for multipolar cells (arrow), intermediate
cells of the external plexiform layer (arrowheads), and inner short-axon cells (open arrows); (e) NADPH-diaphorase-positive Van Gehuchten cell
(open arrow) surrounded by PV-immunolabeled profiles in the superficial region of the external plexiform layer; (f) PV-positive inner short-axon
cells in the mitral cell layer among the unstained profiles of mitral cells (arrows).
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The fiber staining for both calcium-binding proteins
studied showed noticeable differences. Regarding the
CR-immunolabeling, the EPL could be divided into
two halves: an external one, from the GL/EPL
boundary to the middle of the EPL and an internal one,
from the middle of the EPL to the MCL border (Fig.
1a). The neuropil of the external half displayed moderate CR-immunostaining which was radially crossed by
labeled fibers (Fig. 1c, d). The internal half of this layer
exhibited stronger neuropil staining and numerous dendritic profiles belonging to the apical dendrites of granule cells coursing outwards from the GCL.
The density of PV-immunolabeled fibers in the EPL
showed an inverse distribution to that described for
CR. The meshwork of PV-immunolabeled processes
was denser in the external half of the EPL than in the
internal region (Fig. 2a). In the external region the
meshwork consisted of numerous stained processes with
variable thickness (Fig. 2c – e), whereas in the internal
half, the majority of PV-immunolabeled processes were
rather thin (Fig. 2f). Since most of these fibers originated from intrinsic neuronal elements of this layer, this
sublaminar difference would be mostly related to the
distribution of the different PV-immunopositive neuronal types within the EPL.
Concerning the neuron staining, close to the
boundary between the GL and the EPL and in the
outer half of the EPL, separate populations of PV- and
NADPH-diaphorase-positive neurons with similar morphological features were observed. They were large
(15 – 20 mm) with ovoid or fusiform cell bodies which
were oriented parallel to the olfactory bulb layering.
The somata gave rise to between two and seven dendritic processes which exhibited occasional spines and
frequent varicosities. The branching patterns of these
dendrites were variable, from simple to highly elaborate, extending around and between the glomeruli but
without entering them. The axons, when stained, could
be followed throughout the GL and superficial EPL, or
coursing inwards, extending in the deep half of the
EPL. According to their size, morphology and dendritic
pattern, they were identified as superficial short-axon
cells (Fig. 1c and Fig. 2a, c).
The only neuronal type of the EPL that demonstrated subpopulations positive for all three markers
was identified as Van Gehuchten cells. They had identical morphological features despite the fact that they
belonged to biochemically different groups and occurred throughout the whole extent of the EPL, although they were most frequent in the external half.
They were 10–12 mm in maximum diameter and had
round or piriform cell bodies. Variable numbers of
processes extended from the cell body and branched in
its vicinity, originating a small dendritic field (Fig. 1
and Fig. 2e). The dendrites branched several times, they
were varicose, bore spines and intermingled compactly,
producing a dense dendritic field.
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No additional neuronal population was found after
NADPH-diaphorase histochemistry in the deep half of
the EPL. The number of CR-labeled neurons in this
region was scarce (Fig. 1e) and only occasional stained
cell bodies with variable shapes and sizes ranging from
9–15 mm were observed. Unfortunately, while the cell
body exhibited a dense immunoprecipitate, only the
initial portion of the dendrites was stained. Therefore,
we were unable to identify these cells with certainty,
although they presumably belonged to the short-axon
cell group. The PV-immunostaining however, revealed
a large variety of structurally different neurons
throughout the whole extent of the EPL (Fig. 2d–f).
These neurons were highly heterogeneous in their morphological features, exhibiting a large variety of cell
body shapes and distinct dendritic branching patterns.
Among them, on the basis of their location within the
EPL, the relative abundance of varicosities and spines
as well as the orientation and extent of their dendritic
trees, several types could be distinguished, including
multipolar cells, inner short-axon cells and intermediate
cells of the external plexiform layer (Fig. 2d, f).

3.4. Mitral cell layer (MCL) and Internal plexiform
layer (IPL)
From the MCL to the white matter (WM) there was
a progressive increase in the number of NADPH-diaphorase-labeled fibers. They formed a network with
fibers parallel to the MCL, whereas others had vertical
trajectories from the GCL towards the EPL. Additionally, abundant CR-stained profiles identified as apical
dendrites of granule cells crossed from the GCL and
the internal plexiform layer (IPL) towards the EPL
between the mitral cells (Fig. 1f). Mitral cells were
NADPH-diaphorase- and PV-negative (Fig. 2f), but
some of them were CR-immunopositive (Fig. 1e). The
CR-immunostained mitral cells occurred at the lateral
side of the olfactory bulb and they exhibited a weak
labeling (Fig. 1e).
Other neuronal groups revealed by each marker in
this region (MCL–IPL) exhibited different morphological types. The CR-immunostaining was only detected in
a few small round cell bodies identified as displaced
granule cells (Fig. 1f). The PV-immunolabeled cell bodies were medium sized (12–16 mm) with round or
piriform neurons located among the mitral cell bodies
or just below them (Fig. 2f). Several long, thin and
smooth dendrites arose for variable regions of the
somata extending in two main orientations: horizontal
throughout the MCL and the IPL, or radially, branching in the deep region of the EPL (Fig. 2f).
The NADPH-diaphorase-positive neurons had
medium sized round cell bodies and were lightly labeled. Two to four dendrites arose from different poles
of the cell body, coursing parallel to the olfactory bulb
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layering among the mitral cell bodies. They had long
trajectories but restricted to the boundaries of the
MCL–IPL (Fig. 1e).

3.5. Granule cell layer (GCL) and white matter (WM)
The number of NADPH-diaphorase-positive fibers in
this stratum was very high and provided it with an
abundant neuropil staining (Fig. 1a and Fig. 2a).
Within this dense background, the presence of stronglystained NADPH-diaphorase-positive fibers was also detected (Fig. 1e and Fig. 2f).
Granule cells demonstrated expression of all three
markers, although, as in the remaining positive elements of the olfactory bulb, neurons containing either
CR or PV did not express NADPH-diaphorase-activity.
The CR-immunopositive granule cells were abundant,
strongly stained and demonstrated an evident apical
dendrite coursing radially towards the EPL (Fig. 1f),
where spine-like appendages were frequently observed.
Similarly shaped neurons were revealed after PV-immunocytochemistry although in this case their number
was scarce and they were weakly stained.
The NADPH-diaphorase-positive granule cells were
comparable in number to those observed after CR-labeling. However, only the perikaryon, as a thin rim of
NADPH-diaphorase-stained cytoplasm surrounding a
negative nucleus, was observed and it was sometimes
difficult to distinguish them from the dense neuropil
staining (Fig. 1e).
Additional neuronal groups were observed in the
deep regions of the GCL and in the WM. These
populations showed morphological features of deep
short-axon cells and they were observed after PV- and
NADPH-diaphorase-staining. Despite the fact that
both groups displayed strong NADPH-diaphorase-labeling, careful analysis of our sections demonstrated
that they belong to entirely independent populations.
The CR- and PV-immunolabeled fibers were scarce
in the deep bulbar layers with highly variable orientations. However, abundant fine NADPH-diaphorasepositive fibers coursed radially in the sagittal sections.
These fibers occasionally formed puncta-like arrangements or small varicosities throughout the layer.

4. Discussion
The main finding of the present study is that CR and
PV are expressed in different neuronal subsets to those
showing NADPH-diaphorase-activity. Both immunocytochemical and histochemical staining detected similar
neuronal types but constituting segregated populations.
Since neurons expressing the same calcium-binding
protein are often engaged in a similar function (Celio,
1990), our results suggest that each of these markers

identify functionally different systems within the olfactory bulb circuitry. Furthermore, these data also point
out that intracellular calcium regulation in NO synthesizing neurons is not performed by either CR or PV.
The characterization of the positive elements to each
of the studied markers confirmed previous observations. Thus, the identification of NADPH-diaphorasepositive and CR- and PV-immunoreactive neuronal
elements is in agreement with earlier works (NADPHdiaphorase: Scott et al., 1987; Davis, 1991; CR: Jacobowitz and Winsky, 1991; Résibois and Rogers,
1992; Wouterlood and Härtig, 1995; PV: Celio, 1990;
Kosaka et al., 1994). However, concerning the
NADPH-diaphorase- and CR-staining, some new data
can be added to previous reports. In the present paper,
we described as either CR- or NADPH-diaphorase-positive, neuronal groups located in the superficial half of
the EPL which were identified as Van Gehuchten cells.
This group displayed particular morphological features,
including a characteristic dendritic arborization pattern
that allowed us to identify them with total certainty.
This neuronal type was first described in the cat olfactory bulb (Van Gehuchten and Martin, 1891), but
subsequent studies have detected their presence in the
olfactory bulb of other mammalian species such as
hamster, hedgehog and rat (Schneider and Macrides,
1978; López-Mascaraque et al., 1990; Briñón et al.,
1992). Therefore, the present results indicate a further
biochemical variability of this interneuronal group in
addition to those revealed after immunocytochemistry
for other neurotransmitters and neuroactive substances
such as neuropeptide Y, vasoactive intestinal polypeptide or calbindin D-28k (Gall et al., 1986; Scott et al.,
1987; Briñón et al., 1992).
Coexpression of calcium-binding proteins (calbindin
D-28k and CR) and NADPH-diaphorase was demonstrated in rat hypothalamus (Alonso et al., 1992;
Arévalo et al., 1993), although the neuronal groups
where colocalization was found represented very limited
neuronal populations and a general coexpression pattern has not been detected. In the rat olfactory bulb,
our results demonstrate the entire segregation of neurons expressing CR- or PV-immunoreactivity and those
which are NADPH-diaphorase-positive. In addition,
previous studies showed the segregated distribution of
populations expressing NADPH-diaphorase and calbindin D-28k in the rat and hedgehog olfactory bulb
(Alonso et al., 1993 and Alonso et al., 1995). Taken
together, these data confirm that the separate expression of these calcium-binding proteins and NADPH-diaphorase in the rat main olfactory bulb appears to be
the rule rather than the exception, arguing for their
involvement in particular physiological roles exerted by
different neuronal groups.
The most common characteristic among the CR-,
PV- or NADPH-diaphorase-positive neuronal groups
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in the olfactory bulb was that they belonged to interneuronal populations as in other parts of the brain
(Davis, 1991; Andressen et al., 1993). In the olfactory
bulb, they were detected in interneuronal cell types
(except in a few CR-positive mitral cells) which influence the activity of principal cells and other interneuronal populations, thus modulating the output of
olfactory sensory information (Halász, 1990). However,
regarding the type of interneuron in which each marker
is expressed, some differences can be noticed. Neurons
expressing CR and NADPH-diaphorase mainly belong,
although not exclusively, to first-order interneuronal
groups, whereas PV is an almost exclusive marker for
secondary interneurons. These selective distributions
suggest that these markers identify independent systems
that could be characterized by particular physiological
roles where these substances would be involved.
Although in the olfactory bulb no CR- or PV-immunoreactive element expressed NADPH-diaphoraseactivity, data on the olfactory fibers are controversial.
Since most olfactory receptors are CR-immunoreactive
in the adult rat (Bastianelli et al., 1995) and a moderate
population displayed NADPH-diaphorase-activity
(Davis, 1991), coexpression of both markers in the
olfactory mucosa would be expected. However, in the
ONL, scarce weakly-labeled CR-positive and abundant
NADPH-diaphorase-positive olfactory fibers were observed and they ramified into glomeruli with evident
segregated distribution. Detailed analysis of CR singlestained sections did not demonstrate CR-staining in
glomeruli other than those observed in double-stained
sections that furthermore were segregated from the
NADPH-diaphorase-positive ones. Thus, we assume
that although coexpression of CR and NADPH-diaphorase in the olfactory receptors should be expected,
there is no evidence for coexpression in the olfactory
terminals, perhaps as a reflection of distinct intracellular distribution of both markers, or a low amount of
CR in the distal axonic region as a consequence of the
uneven distribution of this protein within neurons (Résibois and Rogers, 1992).
Most NADPH-diaphorase-, CR- and PV-positive
juxtaglomerular neurons were consistent with previous
descriptions of size, position and dendritic characteristics of periglomerular cells using conventional light and
electron microscopy and Golgi impregnation methods
(Pinching and Powell, 1971; Schneider and Macrides,
1978). However, it is necessary to be cautious, since a
few stained cells did not show complete staining and
therefore could not be identified with certainty, it being
possible that they belonged to a different neuronal type.
In fact, some PV-immunoreactive cells of this region
could belong to the superficial short-axon type as described (Kosaka et al., 1994). Nevertheless, most
stained elements surrounding the glomeruli were unequivocally identified as periglomerular cells.
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Immunocytochemical studies demonstrated that periglomerular cells constitute a highly biochemically heterogeneous group, with populations positive for
different neurotransmitters and neuroactive substances
including calbindin D-28k, CR, PV, taurine, tyrosine
hydroxylase, vasoactive intestinal polypeptide, cholecystokinin, methionine-enkephalin, somatostatin and gaminobutyric acid (GABA) (Mugnaini et al., 1984a,b;
Halász et al., 1985; Seroogy et al., 1985; Gall et al.,
1987; Sakai et al., 1987; López-Mascaraque et al., 1989;
Halász, 1990; Briñón et al., 1992; Rogers and Résibois,
1992; Kosaka et al., 1994; Wouterlood and Härtig,
1995). Among these biochemical groups, periglomerular
cells containing GABA, CR and calbindin D-28k have
been categorized as the main populations with little
overlapping between them, whereas those expressing
other markers are regarded as their subpopulations
(Kosaka et al., 1995). Since NADPH-diaphorase-positive periglomerular cells are different to those expressing calbindin D-28k (Alonso et al., 1993 and Alonso et
al., 1995) or CR (present results), we suggest either that
NADPH-diaphorase-positive periglomerular cells constitute another population, different to these three main
groups, or they are a subset of the GABAergic periglomerular cells. According to this last hypothesis, in
several brain regions of the rat including the geniculate
nucleus, the cerebral cortex and the hippocampus, most
of NADPH-diaphorase-positive cells colocalized
GABA where they can influence neural activity via
GABA- and NO-mediated mechanisms (Valtschanoff et
al., 1993a,b; Gabbott and Bacon, 1994, 1995).
The main interneuronal cell type of the deep modulatory circuit are the granule cells (Halász, 1990), which
have been divided into several morphological subtypes
(Struble and Walters, 1982; Mori et al., 1983; Orona et
al., 1983; Greer, 1987). Subsequent studies have indicated that although most of them are GABAergic, they
also express enkephalins, substance P and corticotropin-releasing hormone and their distribution patterns are different (Bogan et al., 1982; Davis et al.,
1982; Kosaka et al., 1987; Imaki et al., 1989; Gouda et
al., 1990; Senba et al., 1990). Such biochemical fractionation increases the complexity of excitatory and
inhibitory interactions mediated by granule cells. In
fact, electrophysiological studies showed that these cells
exhibit a large variety of responses ranging from spiking and nonspiking excitation to inhibition (Wellis and
Scott, 1990), that would reflect their distinct connection
patterns within the intrinsic bulbar circuitry and/or
with central afferents from distinct sources (Davis et al.,
1978; Davis and Macrides, 1981; Macrides et al., 1981;
Schoenfeld et al., 1985; Liu and Shipley, 1994). Since
the antibodies against calcium-binding proteins have
been proposed to recognize groups of cells that are
functionally related, rather than by broader morphological or neurochemical criteria (Andressen et al.,
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1993), the existence of entirely segregated populations
of granule cells expressing the investigated calciumbinding proteins and others (those NADPH-diaphorase-positive) which are CR- and PV-negative,
adds biochemical evidence to support the functional
diversity of these cells.
The NOS in neurons may be responsible for
NADPH-diaphorase-staining (Dawson et al., 1991;
Hope et al., 1991) and NADPH-diaphorase has been
found largely colocalized with brain NOS (Bredt et al.,
1991). In the mouse olfactory bulb, all elements expressing NADPH-diaphorase activity colocalized NOS
with the only exception of olfactory fibers (Kishimoto
et al., 1993; Spessert et al., 1994). Therefore, we assume
that all neurons displaying NADPH-diaphorase activity
would also be NOS-positive. The neuronal NOS has
been found to be calmodulin-dependent (Bredt and
Snyder, 1990) and therefore, calmodulin must occur in
NADPH-diaphorase/NOS-positive cells. In fact, the
distribution of calmodulin in the rat olfactory bulb
after in situ hybridization (Biffo et al., 1992) or immunocytochemistry (Bastianelli and Pochet, 1995) suggests possible colocalization with NADPH-diaphorase
positive granule cells. However, the absence of calmodulin expression in other neuronal groups expressing
NADPH-diaphorase activity, such as periglomerular
cells and short-axon cells (Biffo et al., 1992; Bastianelli
and Pochet, 1995) is puzzling as far as the calmodulindependency of neuronal NOS is concerned. It is unlikely that an isoform of calmodulin may exist which
was not detected, since although there are multiple
calmodulin genes and mRNAs, they all encode a
calmodulin molecule with an identical amino acid sequence in rats (Nojima et al., 1987; SenGupta et al.,
1987). Another possibility is that calmodulin strongly
interacts with membranes or proteins which mask its
antigenicity, thus it cannot be detected by means of
immunocytochemistry, as has been reported in photoreceptors from retina (Pochet et al., 1991). However, in
situ hybridization studies confirmed the expression of
calmodulin in the rat olfactory bulb in olfactory axons,
mitral cells, some tufted cells and granule cells, whereas
periglomerular cells and short-axon cells were clearly
negative (Biffo et al., 1992).
In some other regions of the central nervous system
where NOS is widely expressed, whereas calmodulin
expression is lacking, the regulation of NOS activity via
a mechanism similar to that of calmodulin, has been
attributed to other calcium-binding proteins such as
calbindin D-28k, CR and PV (Ren and Ruda, 1994).
Our data from the olfactory bulb do not support this
hypothesis, since although there are neuronal elements
(periglomerular cells and short-axon cells) expressing
NADPH-diaphorase activity but not calmodulin (Biffo
et al., 1992), they do not colocalize CR, PV or calbindin D-28k (Alonso et al., 1993, 1995 and present

study). Since CR, PV and calbindin D-28k have been
categorized simply as calcium-buffers (Ikura, 1996), it is
most likely that a candidate for the NOS-activity modulation is one or some of the calcium-binding proteins
included in the calcium-sensor group. However, at
present, there is no identified calcium-binding protein
whose distribution in the olfactory bulb could support
this role.
It has been proposed that NO and the intracellular
second messenger cyclic 3%, 5%-guanosine monophosphate (cGMP) display important physiological functions related to sensory processing and adaptation to
odorant stimulation (Breer and Shepherd, 1993). Sensory processing in the olfactory bulb is modulated by
intraglomerular interaction between NO-releasing
(NOS-positive/cGMP-negative) elements with adjacent
NO-receptive dendrites (cGMP-positive/NOS-negative)
where NO would cause increases in levels of cGMP.
NO- and cGMP-synthesizing elements in the olfactory
bulb are localized in separate cell groups (Hopkins et
al., 1996), whose dendrites were clearly intermingled in
an anatomical arrangement suited to facilitate dendritic
interactions between NOS-releasing and NOS-receptive
neurons (Hopkins et al., 1996). These results support
the hypothesis of Breer and Shepherd (1993) that intraglomerular dendrites of periglomerular cells release NO
and cause activation of the NO/cGMP system, leading
to a modulation of olfactory sensory processing. Similar interactions between granule cells could also be
expected on the basis of the distribution of NOS-positive and NOS-receptive granule cells (Hopkins et al.,
1996). At present, it remains to be determined to what
extent cGMP is colocalized with other neurochemicals.
Nevertheless, the expression of CR in the same neuronal types of the GL ad the GCL as those expressing
NADPH-diaphorase, but in segregated populations, argues for its consideration as a marker for NOS-receptive neurons. Although additional studies are clearly
needed to demonstrate this hypothesis, the presence of
a definite calcium-binding protein in these neuronal
groups could contribute, by means of its calcium-handling abilities, to governing the activity of key enzymes
in the activation of the NO/cGMP system. Nevertheless, the identification of biochemically distinguishable
groups provides a strategy for the delimitation of subsets within morphological, topological and homologically characterized neuronal populations, thus
constituting a useful tool for studying the differential
affectation degrees of these populations after distinct
experimental conditions.
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