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ABSTRACT 
The hedgehog, a macrosomatic insectivore with an extraordinary development of the 

olfactory structures, has a crucial value for any phylogenetic or comparative study in mammals. 
The distribution pattern and morphology of NADPH-diaphorase-active and calbindin D-28k- 
immunoreactive neurons were studied in the main and accessory olfactory bulbs of the 
hedgehog. NADPH-diaphorase (ND) staining was carried out by a direct histochemical method, 
and the calbindin D-28k (CaBP) immunoreaction by using a monoclonal antibody and the 
avidin-biotin-immunoperoxidase method. The possible coexistence of both markers was 
determined by sequential histochemical-immunohistochemical double labeling of the same 
sections. Specific neuronal populations were positive for both ND and CaBP markers. No cell 
colocalized both stains in the hedgehog olfactory bulb. A subpopulation of olfactory fibers, and a 
subpopulation of olfactory glomeruli, located on the medial side, were positive for ND. 
Surrounding both the ND-positive and ND-negative glomeruli, there were ND- and CaBP- 
positive periglomerular cells, the latter group being much more abundant. A subpopulation of 
superficial short-axon cells was CaBP positive but, contrary to what is observed in rodents, this 
neuronal type was always ND negative. In addition, three neuronal types were observed in the 
GL-EPL border after CaBP immunostaining. These neuronal types have not been previously 
described either in the hedgehog or in the rodent olfactory bulb. Horizontal cells and vertical 
cells of Cajal were also observed after both ND and CaBP labeling. Distinct groups of ND- and 
CaBP-positive cells, differing in size, shape, dendritic branching pattern, and staining intensity, 
were distinguished in the granule cell layer and in the white matter. The large and 
medium-sized cells were identified as a very heterogeneous population of deep short-axon cells, 
whereas a subpopulation of granule cells was ND positive. The accessory olfactory bulb showed 
ND staining in all vomeronasal fibers and glomeruli, and in subpopulations of periglomerular 
cells, granule cells, and deep short-axon cells. The CaBP immunolabeling was more restricted 
and located in subpopulations of periglomerular cells and in deep short-axon cells. These results 
indicate different and more complex ND and CaBP staining patterns in the hedgehog olfactory 
bulb than those previously described in rodents, including the presence of specific, chemically 
and morphologically defined new neuronal types. D 1995 Wiley-Liss, Inc. 

Indexing terms: calcium-binding protein, insectivorous, nitric oxide synthase, olfaction, specific cell 
marker 

Nicotinamide adenine dinucleotide phosphate (NADPH) 
diaphorase is an oxidative enzyme that can be detected in a 
histochemical reaction incubating fixed brain sections in a 
buffered solution containing p-NADPH as substrate and a 
tetrazolium salt as chromogen (Pearse, 1972; Kiernan, 

cal marker for distinct neuronal populations in the periph- 

era1 (Aimi et al., 1991; Grozdanovic et al., 1992) and central 
nervous systems (Scott et d., 1987; Mizukawa et al., 1989; 
Villalba et a1.9 1988, 1989; Davis, 1991; Alonso et al., 
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1992a,b, 1993; Valtschanoff et al., 1992; Vincent and 
Kimura, 1992; Breer and Shepherd, 1993; Kishimoto et al., 
1993, among others). ND has been identified as a nitric 
oxide synthase (Hope et al., 19911, but in a few locations, 
including the adrenal gland (Afework et al., 1992), the 
olfactory epithelium, and the vomeronasal organ (Kishi- 
mot0 et al., 19931, no evidence of nitric oxide synthase 
immunoreactivity was found, despite the strong ND histo- 
chemical labeling. Nitric oxide synthase converts L- 
arginine to citrulline and nitric oxide in a NADPH- 
diaphorase-dependent reaction. Nitric oxide, the 
endothelium-derived relaxing factor, seems to be the first of 
a new group of unusual intercellular neuronal messenger 
molecules, and it has been proposed as a presumable or 
tested effector in long-term potentiation and depression 
(Bohme et al., 1991; Schuman and Madison, 1991; Shibuki 
and Okada, 1991; Bon et al., 1992) and in retrograde 
transmission (Bredt and Snyder, 1992). 

Calbindin D-28k (CaBP) is a member of the “EF-hand” 
calcium-binding protein family, which includes, among 
others, troponin C, parvalbumin and oncomodulin, S- 100 
proteins, and other recently characterized proteins (Krets- 
inger et al., 1991). This calcium-sequestering molecule can 
be found in specific neuronal populations of the peripheral 
(Resibois et al., 1988) and central nervous systems (Celio, 
1990). Both CaBP and ND are interesting neuroanatomical 
tools, since positive neurons are frequently stained not only 
in their cell bodies but also in the most delicate axonal and 
dendritic processes, providing a Golgi-like image that en- 
ables the labeled cells to be morphologically characterized. 

The western European hedgehog (Erinaceus europaeus), 
a macrosmatic mammal, belongs to the order Insectivora, 
which, according to Simpson (19451, shares many character- 
istics with the protoinsectivora, the most direct progenitors 
of all recent mammalian orders. Therefore, the distribution 
of any neuroactive substance, such as ND or CaBP, in the 
hedgehog brain could be used as a reference point in 
comparative studies. 

The olfactory bulb (OBI of the hedgehog is highly devel- 
oped and has been the object of different studies (Sanides 
and Sanides, 1974; Lopez-Mascaraque et al., 1986, 1989, 
1990; Antonopoulos et al., 1987; De Carlos et al., 1989; 
Valverde and Lopez-Mascaraque, 1991). Quantitative stud- 
ies have shown that the OB accounts for 17.6% of the 
volume of the telencephalon in basal insectivores such as 
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Abbreviations 

accessory granule cell layer 
accessory glomerular layer 
accessory olfactory bulb 
calbindin D-28k 
3,3’ diaminobenzidine 
external plexiform layer 
glomerulus 
y-aminobutyric acid 
granule cell layer 
glomerular layer 
internal plexiform layer 
mitral cell layer 
main olfactory bulb 
nicotinamide adenine dinucleotide phosphate 
NADPH-diaphorase 
olfactory bulb 
olfactory nerve layer 
phosphate buffer 
plexiform and mitral cell layer 
vasoactive intestinal polypeptide 
vomeronasal nerve fiber layer 
white matter 

the hedgehog, whereas this ratio is reduced to 2.9% in 
prosimians and 0.2% in simians (Stephan and Andy, 1970). 
Allometric studies demonstrate that the size of OB does 
diminish in parallel with the decrease in the functional 
significance of the olfactory system. Although this brain 
center shows a cytoarchitecture similar to that of other 
mammals (Lopez-Mascaraque et al., 19861, there are signifi- 
cant differences in the neuronal morphology (L6pez- 
Mascaraque et al., 1986, 19901, immunoreactivity (Lopez- 
Mascaraque et al., 1989), and connectivity (De Carlos et al., 
1989) of the hedgehog OB. 

The distribution of ND activity in the mammalian OB 
has been only studied in the mouse (Kishimoto et al., 1993), 
rat (Scott et al., 1987; Villalba et al., 1988, 1989; Davis, 
1991; Vincent and Kimura, 1992; Alonso et al., 19931, and 
hamster (Davis, 1991). Important interspecies differences 
have been observed between these two latter species (Davis, 
1991). The distribution and morphological characteristics 
of CaBP-positive elements have been studied in the OB of 
rodents (Jande et al., 1981; Baimbridge and Miller, 1982; 
Garcia-Segura et al., 1984; Halasz et al., 1985; Enderlin et 
al., 1987; Sequier et al., 1988, 1990; Seroogy et al., 1989; 
Celio, 1990; Brihon et al., 1992; Alonso et al., 1993) and 
humans (Ohm et al., 1991) by immunocytochemistry and 
mRNA in situ hybridization. There is no study available on 
the distribution of any of these markers in the OB of 
insectivores. 

The aims of this study are to 1) identify the neuronal 
populations positive for CaBP and ND in the main and 
accessory olfactory bulbs of the hedgehog, 2) compare the 
distribution patterns of both markers with previous data on 
the olfactory bulb of other groups of mammals, and 3) 
determine whether the differences in volume and func- 
tional significance of the olfactory bulb between insecti- 
vores and other group of mammals are correlated with 
variations in their neuronal typology and organization. 

MATERIALS AND METHODS 
Animals and tissue preparation 

Five male hedgehogs (Ermaceus europaeus) weighing 
430-590 g were used. After deep anesthesia with ketamine 
(Ketolar, 50 mg/kg body weight), the animals were per- 
fused through the ascending aorta with 100 ml saline 
followed by 600 ml of a fixative mixture containing 4% 
paraformaldehyde and 15% saturated picric acid in 0.1 M 
sodium phosphate buffer (PB), pH 7.3. The brains were 
removed from the skull and immersed 2 hours in perfusate 
plus 10% sucrose. Thereafter, the olfactory bulbs were 
dissected out and immersed in 30% (viv) sucrose for 
cryoprotection. 

Thirty micron sagittal and coronal sections of cryopro- 
tected olfactory bulbs were cut on a Bright cryostat. The 
slices were collected in cold (4°C) PB, carefully washed in 
several changes of PB, and processed free-floating as de- 
scribed previously (Alonso et al., 1992a,b, 1993). Four 
series of sections were obtained from each olfactory bulb. 
One series was used for NADPH-diaphorase histochemis- 
try, a second for calbindin D-28k immunocytochemistry, 
and a third for NADPH-diaphorase-calbindin D-28k double 
labeling. The fourth series of one animal was stained with 
0.25% thionin for the demonstration of cell bodies, and the 
remaining series were used for controls of the specificity of 
the histochemical and immunocytochemical labelings. 
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NADPH-diaphorase histochemistry 
The slices were incubated for 60-90 minutes at 37°C in a 

solution made up of 1 mM P-NADPH (Sigma #N1630), 0.8 
mM nitro blue tetrazolium (Sigma #N6876), and 0.08% 
Triton X-100 in 0.1 M Tris-HC1 buffer (pH 8.0). The course 
of the reaction was followed under the microscope. The 
following controls of the histochemical reaction were car- 
ried out: 1) incubation without the substrate p-NADPH; 2) 
incubation without the chromogen nitro blue tetrazolium 
in order to rule out possible nonspecific formation of 
reaction product; 3) heat denaturation of the enzyme 
activity by heating the tissue at 84°C for 5 minutes; 4) 
overfixation of tissue (2 weeks in 10% formalin); and 5 )  
incubation in a medium with nicotinamide adenine dinucleo- 
tide phosphate (NADP; Sigma #N0505) instead of 
p-NADPH. In all cases, no residual reaction was observed. 

Calbindin D-28k immunocytochemistry 
The free-floating sections were processed following the 

avidin-biotin-immunoperoxidase method. The sections were 
sequentially incubated in (a) 0.01% Triton X-100 in PB for 
2 hours at  room temperature; (b) primary antibody (McAB 
300 anti-calbindin D-28k) diluted 1:2,000 in PB containing 
10% normal horse serum and 0.03% Triton X-100 for 48 
hours at  4°C; (c) biotinylated anti-mouse immuno-gamma- 
globulin (Vector Labs., Burlingame, CA, USA; 1:250 in PB; 
3 hours at  20°C); (d) Vectastain ABC reagent (Vector Labs.; 
1:250 in PB; 90 minutes a t  20°C); and (e) 0.07% 3,3' 
diaminobenzidine (DAB) and 0.003% hydrogen peroxide in 
0.1 M Tris-HC1 buffer (pH 7.6). 

The primary antibody against CaBP has been fully 
characterized (Celio et al., 1990). Controls of the specificity 
of the immunostaining as described (Brinon et al., 1992; 
Alonso et al., 1993) were also carried out. 

NADPH-Diaphorase-calbindin D-28k 
double labeling 

When the enzymatic reaction was concluded, the ND- 
stained sections were washed and processed free-floating 
following the immunostaining procedure described above. 
In order to rule out a possible interference of the ND 
histochemical reaction in the CaBP immunostaining, some 
sections were double labeled beginning with the immunohis- 
tochemical staining. Similar results were observed in both 
cases. 

When the histochemical and/or immunocytochemical 
reaction was concluded, the sections were rinsed in PB, 
mounted onto gelatin-coated slides, and air-dried. They 
were dehydrated in a graded ethanol series, cleared with 
xylene, and coverslipped with Entellan. 

Analysis 
The general morphology of ND-stained or CaBP-immuno- 

reactive cells was studied using 2 5 ~ ,    OX, and lOOx oil 
immersion planapochromatic objectives, while their distri- 
bution was studied with l o x  and 16x planapochromatic 
objectives. Individual labeled cells were drawn with a 
camera lucida using the 1 0 0 ~  objective, and their cell body 
diameters were plotted on a digitizer tablet connected to a 
semiautomatic image analysis system (MOP-Videoplan, 
Kontron). For the measurement of cell sizes, only neurons 
where the nucleus was clearly visible were used. In the 
neuronal types where the dense reaction product masked 
the nucleus, the chosen neurons were those located in the 
middle of the thickness of the section and showing at least 

TABLE 1. ND-Active and CaBP-Immunoreactive Neuronal Types in the 
Hedgehog Main Olfadow Bulb 

Cell t w e  
Size pm Fre- 

Staining (mean s.e.m.1 Location quency' 
~~ 

Periglomerular cell 
Bipolar cellz 
Horizontal cell 
Vertical cell of Cajal 
Deep short-axon cell 
Granule cell 
Periglomerular cell 
Superficial short-axon cell3 
Inverted monopolar cell2 
Perinidal cell2 
EPL cellsz 
Horizontal cell 
Vertical cell of Cajal 
Deep short-axon cells 

ND type 11 
ND type 111 
ND type 1 
ND type 1 
ND type 1 
ND type 111 
CaBP 
CaBP 
CaBP 
CaBP 
CaBP 
CaBP 
CaBP 
CaBP 

9.45 2 0.39 
9.34 2 0.54 

16.86 ? 0.53 
17.30 50.78 
19.60 t 0.86 
8.23 t 0.58 

10.06 ? 0.43 
18.25 t 0.66 
10.11 5 0.20 
9.74 2 0.36 

11.68 0.85 
17.17 ? 0.66 
18.04 5 0.93 
19.87 * 1.43 

GL 
EPL 
1PL 
1PL 
GCLIWM 
GCLiWM 
GL 
GL 
GL 
EPL 
EPL 
1PL 
1PL 
GCLiWM 

+++ 
+ 
+ 
+ 

++ 
+++ 
+++  

+ 
+ 

++ 
++  
++ 
++  

+++ 
'Frequency: + + +, more than 20 cells per section; + + , 1-20 cells per section; +, less than 
1 cell per section. 
2Neuronal types that have not been observed in the rodent olfactory bulb. 
3Neuronal types showing variations in their staining characteristics between rodents and 
insectivores 

two primary dendrites. For each neuronal type, 100 cells 
from all five animals were measured, with the exception of 
those neuronal types that were rarely observed (+ in Table 
1). In this case, all observable cells, always over 20 neurons, 
were measured. 

RESULTS 
General aspects and technical considerations 
The localization and morphology of ND-active and CaBP- 

immunoreactive elements (neurons and fibers) have been 
studied in the different layers of the main (MOB) and 
accessory (AOB) olfactory bulbs of the hedgehog. Most ND- 
and CaBP-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 patterns 
(Table 1). 

The ND-active neurons can be classified, as in other 
locations (Mizukawa et al., 1989), into three groups accord- 
ing to their morphology and staining intensity: Type I 
neurons were large to intermediate in size (16-24 pm) and 
were very strongly stained in their cell bodies and dendritic 
and axonal processes. It was not possible to distinguish the 
nucleus in the cell body, due to the dense formazan reaction 
product. Type I1 neurons were intermediate or small neu- 
rons (8-18 km), with moderate staining, which allows the 
visualization of the cell nucleus, as well as the whole or 
considerable portions of the dendrites and the axon initial 
segment. Type I11 cells had medium or small cell bodies 
(6-18 pm) with weak labeling restricted to the perikarya 
and, at most, the proximal dendrites. 

CaBP immunostaining was normally a dense precipitate 
dispersed throughout the whole cell, even in thin processes. 
However, scattered weakly labeled neurons were observed, 
especially located in the inner strata: the inner plexiform 
layer (IPL), granule cell layer (GCL), and white matter 
(WM). 

Most ND- and CaBP-positive elements were easily identi- 
fied as belonging to some of the well-known neuronal types 
of the mammalian olfactory bulb (OB). However, the 
detailed morphological information provided by both mark- 
ers allowed us to describe some neuronal types that have 
not been previously identified in the hedgehog and appar- 
ently do not have counterpart neuronal types in the rodent 
OB. No astrocyte, oligodendrocyte, or microglial cells ap- 
peared stained for either ND or CaBP. 
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The distributions of positive elements for each single 
marker were similar in double- and single-stained sections. 
The blue formazan formed in the histochemical reaction 
and the brown DAB reaction product were easily distin- 
guished in double-labeled sections. Similar staining pat- 
terns were observed when the double-labeling procedure 
was begun with either ND histochemical staining or CaBP 
immunostaining. Contrary to what we observed in similarly 
processed sections from other brain regions of the same 
animals (e.g., in the hypothalamic supraoptic nucleus or in 
the inferior colliculus) (Fig. lOh), no neuron colocalizing 
both markers was observed in the hedgehog OB. However, 
it is necessary to be cautious with the interpretation of type 
I cells, since the dense formazan reaction product might 
mask CaBP immunolabeling. 

Main olfactory bulb (MOB) 
Olfactory nerve layer (ONL). A subpopulation of olfac- 

tory fibers was positive for ND. These positive fibers were 
easily followed towards the glomerular layer, where they 
arborized within ND-positive olfactory glomeruli (Figs. 4a, 
10a). The rest of the olfactory fibers and all other elements 
in this first stratum were ND negative (Figs. 4b, lob). We did 
not find CaBP-positive olfactory fibers in the hedgehog OB. 

This stratum has a complex 
architecture in the hedgehog since, unlike in rodents, the 
glomeruli are arranged in several rows. ND-stained glo- 
meruli appeared in rostral, dorsal, and medial parts of the 
olfactory bulb (Figs. 4a, lOa), whereas those located in the 
caudal, ventral, and lateral parts were ND negative (Figs. 
4b, lob). These negative glomeruli were easily identifiable 
by the presence of surrounding ND- or CaBP-positive 
periglomerular cells, which gave rise to stained intraglo- 
merular dendrites (Figs. 4b,c, 7a, lob). The ND-positive 
and ND-negative olfactory glomeruli showed a clear-cut 
spatial segregation. No ND-positive glomerulus was ob- 
served among the ND-negative ones and vice versa. No 
mixed glomerulus, that is, containing ND-positive and 
ND-negative olfactory fibers, was observed. 

In addition to the olfactory fibers, abundant ND- and 
CaBP-positive neurons were observed. Most of them showed 
the typical small size (8-1 1 km) and morphological charac- 
teristics ofperiglomerular cells, although with some variabil- 
ity, including monodendritic and bidendritic cells, as well as 
monoglomerular and biglomerular ones (Figs. 2a-f, 3a-g, 
4a-q 7a). The morphological characteristics of both ND- 
and CaBP-stained periglomerular cells were similar, al- 
though the latter population was much more abundant 
(Fig. 10a,b). 

The most frequently observed dendritic pattern of these 
cells consisted of a long primary dendrite that entered and 
ramified within a single glomerulus, forming a broad 
terminal field (Figs. 3d, 4a,b, 7a). Neurons with this 
primary dendrite ramifying close to the soma were also 
observed (Figs. 2e, 3e,f). More rarely, two primary den- 
drites arose from different poles of the cell body and entered 
either a single glomerulus (Fig. 3a) or adjacent glomeruli 
(Figs. 3b, 4c). A very thin axon, arising from the cell body on 
the side opposite to the primary dendrite and directed 
towards the external plexiform layer (EPL), was frequently 
observed, as well as its abundant ramifications. Most 
ND-active and CaBP-immunoreactive periglomerular cells 
were located on the inner side of the glomeruli, that is, close 
to the EPL (Fig. 10a,b). Although the ND-histochemical 
staining of these cells was moderate, it was present even in 

Glomerular layer (GL). 

the most delicate dendritic branches and in the axon initial 
segment. According to ND staining, these periglomerular 
cells belonged to type I1 ND-active neurons. No other 
ND-active neuronal type was observed in this stratum. 

In addition to periglomerular cells, three different CaBP- 
positive neuronal populations were observed in the GL- 
EPL border. The first group consisted of small neurons, 
similar in size to periglomerular cells (7-1 1 pm) and located 
close to the glomeruli. These cells had a single dendritic 
trunk, directed inward or parallel to the OB surface, which 
formed a small (about 30-45 pm in diameter) and very 
dense dendritic arborization that seemed to be independent 
of the olfactory glomeruli (Figs. 3j, 7c). In the medial part of 
double-labeled sections, where all olfactory fibers were ND 
stained, no olfactory fiber was observed to contact these 
dendritic arborizations (Fig. 1Oc). This indicated that these 
cells were neither displaced periglomerular cells nor exter- 
nal tufted cells. The axons of these cells arose from the 
opposite pole of the cell body and coursed in the EPL inward 
or parallel to the OB surface (Figs. 3j, 1Oc). We have called 
these cells perinidal neurons and they were ND negative. 

The second population of CaBP-positive cells near the 
GL-EPL border was scarce and consisted of larger (15-20 
pm) neurons located in the periglomerular region (Fig. 3i). 
These cells had fusiform (Fig. 7d) or triangular (Fig. 7e) cell 
bodies that were oriented parallel or perpendicular to 
olfactory glomeruli. They had two or three smooth den- 
drites that arose from opposite poles and passed into the 
periglomerular area, more rarely in the superficial EPL 
(Fig. 3i, 7d). Occasionally, they showed one thicker, longer 
primary dendrite and two to four thinner secondary den- 
drites (Fig. 7e). We did not observe the presence of intraglo- 
merular dendrites or tufts. The axons assumed an internal 
course, running in the EPL. According to their size, mor- 
phology, and dendritic pattern, they were presumably 
identified as superficial short-axon cells. No ND-positive 
cells with these morphological characteristics were found in 
the hedgehog MOB. 

The third CaBP-immunostained population identified in 
the GL-EPL border was formed by small neurons (8-11 
pm) with cell bodies located among the periglomerular cells 
and, as a distinctive characteristic, a single dendrite with a 
straight, mostly unbranched course towards the deep part 
of the EPL (Figs. 3h, 7b). As in both previous cases, this 
neuronal type, which we called an inverted monopolar cell, 
was always ND negative. 

This layer had the 
scarcest ND labeling and few but highly heterogeneous 
CaBP-positive neurons. The ND staining was restricted to a 
network of positive fibers and very few stained neurons. 
The fibers demonstrated a crisscrossed pattern, such that 
most of them ran parallel to the mitral cell layer (MCL), 
whereas a smaller number coursed vertically from the GCL 
and gave rise to small collaterals in the EPL. These 
ND-positive fibers showed varicosities, which sometimes 
ended in club-like, enlarged terminations. 

Rarely, we observed very small ND-positive neurons 
(type I1 cells) located in the outer half of the EPL. These 
cells had fusiform or round cell bodies with two dendrites 
running radially in opposite directions (Fig. 10d). Rarely, 
both dendrites were more superficially or horizontally 
oriented (Fig. 2g). All remaining cell types, including typical 
neuronal elements of this layer, such as the superficial 
short-axon cells and the external tufted cells, were ND 
negative in the hedgehog OB. 

External plexiform layer (EPL). 
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a 

b 

Fig. 1. Nissl-stained sagittal (a) and transverse (b) sections of the hedgehog olfactory bulb. c: 
Transverse section of the rat olfactory bulb at the same magnification. Scale bar = 1 mm. 
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The CaBP-immunostained neurons in the hedgehog EPL 
were very heterogeneous. Some of them were located in the 
middle of the EPL or close to the GL (Figs. 3k, 70.  They had 
small (9-11 km), round, or piriform cell bodies, with one 
long single dendrite, which passed towards the glomeruli 
and arborized in their proximity. Some of these dendritic 
branches were observed close to the perinidal neurons of 
the GL-EPL border (Fig. 70. Occasionally, a thin axon-like 
process was observed arising from the inner part of the cell 
body and coursing towards the MCL. 

A second population of CaBP-positive cells consisted of 
small fusiform cells with two dendrites oriented radially 
towards the external and internal boundaries of the EPL 
(Figs. 3m, 8c). In double-labeled sections, we observed 
ND-active axons that surrounded and seemed to contact the 
cell body or proximal dendrites of some of these bipolar 
CaBP-stained cells. These neurons were clearly smaller 
than the fusiform short-axon cells located at  the same level 
of the EPL (Fig. 8a). 

Another very scarce group of CaBP-immunostained neu- 
rons was located in the middle zone of the stratum and had 
larger piriform or fusiform cell bodies (10-14 pm), one 
dendrite that arborized far from the glomeruli in a small 
dendritic field, and an axon directed towards the MCL 
(Figs. 31,8b). 

All these neurons, which we denominated EPL cells, were 
oriented radially, although rarely we observed some immu- 
nolabeled neurons located in the EPL without this radial 
disposition of their cell bodies and dendrites (Fig. 8d). We 
did not observe the presence of intraglomerular dendrites 
in any of these CaBP-immunostained neuronal types of the 
EPL, suggesting that they take part in the periglomerular 
circuitry. 

In addition to the CaBP-immunostained neurons present 
in this layer, we observed CaBP-positive dendrites that 
extended from the GCL. Their surface was smooth, al- 
though occasionally a spine-like appendage was observed. 
They followed a radial path up to the edge of the GL, where 
they formed a triangular arborization close to the periglo- 
merular somata but did not enter the glomeruli. 

The mitral cells were ND and 
CaBP negative. Only some ND-active or CaBP-stained 
axons and dendrites, crossing from the GCL and the IPL 
towards the EPL between the unstained profiles of mitral 
cells, were observed in this stratum. 

Internal plexiform layer (IPL). From the MCL to the 
white matter, there was a progressive increase in the 
number of ND-labeled fibers. These fibers formed a net- 
work. Most of them ran parallel to the mitral cells in the 
transverse sections, whereas others had vertical trajecto- 
ries from the GCL towards the EPL (Figs. 4e, 10e). Fewer 
ND-active neurons were observed in this thin stratum. 
They were intermediate in size, were strongly labeled, and 

Mitral cell layer (MCL). 
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Fig. 2. Schematic drawing showing the ND-active cells in the 
hedgehog MOB. The outlines of several mitral cells (always ND 
negative) were included in the MCL. a-f: Periglomerular cells. g: Small 
bipolar neuron located in the outer portion of the EPL. h: Vertical cell of 
Cajal of the IPL. i: Horizontal cell of the IPL. j-1: Deep short-axon cells. 
j: Large type I neuron with varicose dendrites disposed horizontal in the 
GCL. k: Large type I11 cell in the GCL and in the WM. 1: Large type I 
neuron in the GCL-WM border. m: Positive granule cells in the inner 
portion of the GCL. n: Stained granule cells in the WM. 0: Deep 
short-axon cell (type I neuron) with varicose dendrites located in the 
WM. p-q: Type I1 and type 111 neurons in the WM. Scale bar = 100 pm. 

showed two different morphologies: Some of them were 
vertically oriented, with round cell bodies giving rise to two 
to four dendrites (Figs. 2h, 4d). At least one of them could 
be traced between the mitral cells into the EPL, whereas 
the deeper dendrites were directed towards the GCL. These 
neurons were identified as vertical cells of Cajal. The second 
neuronal population, the horizontal cells, had fusiform cell 
bodies, and their dendrites and axons were disposed parallel 
to the mitral cell bodies, with long trajectories, which 
mostly remained within the IPL boundaries (Figs. 2i, 4e). 
The axons of these neurons can be followed into the dense 
plexus of positive fibers of the GCL. 

In contrast, the CaBP-immunoreactive neurons were 
relatively abundant. Both vertical cells of Cajal (Fig. 80 and 
horizontal cells (Fig. 8e) were observed after CaBP immuno- 
staining. The labeled vertical cells of Cajal had round, 
piriform, or triangular cell bodies with one thick dendrite 
coursing between the mitral cells into the EPL and two or 
more thinner dendrites located in the IPL and GCL (Fig. 
8f). Occasionally, cells with more than one peripheral 
dendrite were observed (Fig. 30). Horizontal cells were 
more abundant, and they were situated close to the MCL- 
IPL border. These CaBP-immunostained cells were interme- 
diate in size, with oval, round, or piriform cell bodies. They 
had abundant dendrites; some extended parallel to the 
MCL, whereas another group coursed more irregularly, 
entering the GCL (Fig. 3n). Although both cell bodies and 
dendrites were crossed by ND-positive axons (Fig. 10e), we 
have not observed terminal specializations. In addition to 
the vertical cells of Cajal and horizontal neurons, some 
smaller, weakly labeled CaBP-positive somata were ob- 
served. 

The number of ND-positive 
fibers in this stratum was very high and provided it with 
strong neuropil staining, especially in the deep half of the 
layer. Within this dense background, the presence of stron- 
ger ND-reactive fibers was detected (Fig. 5a). In addition, 
abundant ND-active cells were distinguished. The most 
striking ND-stained elements were large multipolar neu- 
rons (type I cells), with triangular, fusiform, piriform, or 
stellate cell bodies, and varicose dendrites (Figs. Zj, 5d). 
Their axons were directed towards the WM. Some morpho- 
logical variability was observed in these neurons. Neurons 
with radially (Fig. 5a) or horizontally oriented (Figs. 21,5b) 
dendrites were observed. Other ND-active neurons were 
somewhat smaller, with round or piriform cell bodies that 
showed a weaker staining intensity (type I1 cells) (Fig. 2k). 
These ND-active neurons were identified as a heteroge- 
neous population of deep short-axon cells. 

Although it was difficult to differentiate them because of 
the dense neuropil staining, abundant, small, weakly la- 
beled neurons identified as granule cells were also found 
(Fig. 2m, 5c). Only the perikaryon, as a thin rim of 
ND-stained cytoplasm surrounding a negative nucleus, was 
observed (type I11 cells). These neurons seemed to comprise 
only a subpopulation and were unevenly distributed, since 
they were not observed in the external part of the GCL but 
were abundant on the internal part of this layer and in the 
WM (Figs. 2m,n, 5e,0. 

CaBP-immunopositive cells were especially abundant in 
the GCL. The most abundant stained neurons were radially 
oriented with fusiform cell bodies and bitufted dendrites 
(Figs. 3p, 9b). In fewer neurons we observed dendritic 
spines, but many other cells showed smooth dendrites, or it 

Granule cell layer (GCL). 
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was unclear despite the strong immunostaining. The den- 
drites of these cells extended to the IPL, but they never 
passed into the MCL. Their axons formed extense plexuses 
in the GCL, although a very reduced number crossed 
between the mitral cells into the EPL. In the double-labeled 
sections, ND-active axons outlined some cell bodies and 
dendrites of these cells; however, terminal specializations 
were not evident. Another group of CaBP-immunopositive 
neurons showed one thick dendrite with an internal course 
and abundant smaller dendrites arising from the superficial 
pole of the cell body (Figs. 3q, 9d). Other vertical cells were 
monopolar with one branched dendrite extending until the 
IPL or MCL, and one ramified axon forming an extense 
plexus in the GCL (Fig. 31-1. 

After CaBP immunostaining, fusiform cells with one very 
long dendrite that could be followed to the proximity of the 
glomeruli were also observed (Figs. 3s, 9a). In the internal 
part of the GCL, some neurons with horizontally oriented 
dendritic trees were found (Figs. 3v, 9c). The negative 
profiles of the mitral cells marked a strict boundary for the 
CaBP-positive axons of these cells. The CaBP-immunoreac- 
tive axons were therefore limited to the inner strata of the 
hedgehog OB. Smaller and weakly labeled cells were ob- 
served in a lower number (Figs. 3t,u, 9a-c), as well as 
abundant CaBP-stained fibers forming a network in the 
neuropil surrounding the clusters of CaBP-immunonega- 
tive granule cells. 

We consider these CaBP-immunostained neurons of the 
GCL, according to their similar sizes, shapes, and positions, 
as morphological variants of the same neuronal type, deep 
short-axon cells. 

This stratum was larger in the 
hedgehog, as was the ventricle, in comparison with those of 
rodents (Fig. 1). The neuropil staining was drastically 
reduced compared to the adjacent GCL. However, abun- 
dant fine ND-positive fibers coursing radially in the sagittal 
sections were observed (Fig. 5e). These fibers occasionally 
formed puncta-like arrangements or small varicosities 
throughout the layer, The somal ND-staining pattern was 
very similar to that described in the deeper portion of the 
GCL. In fact, similar ND-active neurons were observed in 
both layers and in the border zone between them, including 
ND-active granule cells (Figs. 2n, 5e,0 and deep short-axon 
cells (Figs. 20-q, 5e,f). 

Scattered medium-sized (14-22 km) CaBP-immunoposi- 
tive cells were observed in the WM. Some neurons had 

White matter (WM). 
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fusiform cell bodies and oriented, occasionally varicose, 
dendrites (Figs. 3x, 9e), whereas another cell population 
was formed by multipolar, round or stellate cell bodies with 
smooth dendrites (Fig. 90. Frequently, these cells had a 
thick dendritic trunk and other thinner dendrites, which 
extended for long distances in the WM and also entered into 
the GCL (Fig. 100. In the double-labeled sections, we 
observed neurons with similar size, shape, position, and 
dendritic branching pattern with either ND or CaBP stain- 
ing, but no cell colocalized both markers, suggesting that 
there were two chemically defined subpopulations of the 
same neuronal type. It was not possible to follow the axons 
of these cells for any long distance in the CaBP-immuno- 
stained material. Morphologically similar cells, but with a 
weaker immunostaining restricted to the cell bodies, were 
also observed (Fig. 3x,y). CaBP-immunoreactive fibers were 
found, frequently oriented parallel to the ND-active axons. 

Accessory olfactory bulb (AOB) 
In contrast to the large MOB, the AOB of the hedgehog is 

relatively small. The distribution of reactivity for both 
markers (ND and CaBP) was much more restricted than in 
the MOB, and the positive neurons were scarcer, and 
frequently, more weakly labeled. 

Vomeronasal nerve fiber layer (vnfl) and accessory 
glomerular layer (agl). The entire vomeronasal fibers and 
glomeruli appeared ND stained (Fig. 6a), but to obtain a 
staining intensity similar to that observed in the MOB 
ND-positive glomeruli, it was necessary to incubate the 
sections for longer periods. Scattered small (8-10 pm) ND- 
and CaBP-labeled cells surrounded the glomeruli (Fig. 6b). 
As in the MOB, the CaBP-positive neurons were more 
abundant than the ND-active ones. However, contrary to 
the MOB labeling, in most of them (either CaBP or ND 
stained) only the cell body was labeled, and only occasion- 
ally one dendrite branching within the glomerulus was 
observed. Therefore, although we identified these neurons 
as periglomerular cells, we could not be absolutely certain 
in all cases. No other CaBP- or ND-positive element was 
observed in this stratum or in the border with the inner 
layer. 

We denomi- 
nated this stratum as such since the principal neurons of 
the AOB did not form a narrow stratum, so it was not 
possible to differentiate between MCL, EPL, and IPL. The 
pmcl showed a dense ND-active background and some 
strongly stained varicose fibers coursing in the pmcl, as well 
as in the inner strata of the AOB. These fibers had irregular 
trajectories but they did not surpass the agl-pmcl border, 
coursing the most external ones parallel to this boundary. 
Some ND-active fibers could be followed into the adjacent 
anterior olfactory nucleus. The ND-unlabeled fascicles of 
the lateral olfactory tract were observed in the inner side of 
the pmcl (Figs. 6c,f, log). In the external border of these 
fascicles, we found some scattered CaBP-immunostained 
neurons (Fig. log). Both strongly and weakly labeled 
neurons were observed. Most of them were monopolar, had 
intermediate sizes (15-20 pm), and round or piriform cell 
bodies. Their dendrites assumed directions parallel to the 
AOB surface, some of them entering between the lateral 
olfactory tract fascicles. Other neurons had round cell 
bodies and three to five long dendrites extending in all 
directions, inside the pmcl and entering into the agcl, and 
even integrating within the abundant CaBP-positive cells 
and processes of the AOB limit. Medium-size, weakly 

Plexiform and mitral cell layer (pmcl). 

Fig. 3. Schematic drawing showing the CaBP-immunopositive neu- 
ronal types in the hedgehog MOB (similar scale and layering as in Fig. 
2). a-g: Periglomerular cells. Monodendritic (c-e,g) and bidendritic 
(a,b,fl neurons, as well as monoglomerular (a,c-e,g) and biglomerular 
(b,fl neurons can be observed. h: Inverted monopolar neuron with its 
cell body located among the periglomerular cells and one long single 
dendrite coursing inwards. i: Superficial short-axon cell located in the 
GL-EPL border with its dendrites extending parallel to the glomeruli. j: 
Perinidal neuron. k: Monopolar EPL neuron. 1: Piriform EPL cell with 
a dendritic field located far from the glomeruli. m: Bidendritic fusiform 
EPL cell. n: Horizontal cell of the IPL. 0: Vertical cell of Cajal of the 
IPL. p-: Bitufted neurons in the GCL. r: Piriform neuron with one 
single dendritic tree and similar morphology as the bitufted cells. s: 
Large fusiform cell with one extremely long dendrite and other smaller, 
thinner, secondary dendrites. t-u: Small weakly labeled cells located in 
the GCL and in the GCL-WM boundary. v: Horizontal or stellate 
multipolar neuron located in the inner part of the GCL or in the WM. w: 
Oriented fusiform neuron with its dendrites extending parallel to the 
wall of the ventricle. x-y: Slightly labeled, medium-size cells in the WM. 
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labeled somata were also found. No ND-stained cell was 
observed in this stratum. 

Accessory granule cell layer (agcl). After ND histochem- 
istry, we observed in this stratum a strong background 
staining and a dense network of fibers without a clear 
orientation, some of them being clearly varicose. Numerous 
small and weakly stained neurons, identified as granule 
cells, were observed to form dense clusters (Fig. 6d). These 
cells were more intensely stained than the MOB ND-active 
granule cells. Located among them, some larger, more 
intensely stained cells (type I neurons) were found (Fig. 
6c,e). The dendrites were smooth or slightly varicose and 
coursed in the same layer. The axons could be traced for 
long distances in the AOB, with some collaterals extending 
into the agcl (Fig. 6c). These ND-active neurons were 
identified as deep short-axon cells. Neurons with similar 
staining and morphological characteristics were observed 
in the dorsal border of the anterior limb of the anterior 
commissure, out of the AOB. Some of them sent their 
dendrites into the agcl (Fig. 60. 

A plexus of ramified CaBP-immunostained fibers with 
irregular trajectories was observed in this layer, predomi- 
nantly on its internal part. Larger CaBP-immunopositive 
neurons (18-24 p,m) were observed in the most internal 
portion of the agcl and externally surrounding the AOB 
surface. These neurons had fusiform, triangular, or stellate 
cell bodies and relatively thin dendrites, most of which 
extended parallel to the agcl border. 

DISCUSSION 
This paper describes the location and morphological 

characteristics of ND- and CaBP-positive elements in the 
hedgehog MOB and AOB. The main result of our work is 
the demonstration of abundant differences between our 
observations in the hedgehog OB and previous results in 
rodents. These differences were observed for both markers 
and include variations in the neuronal typology for both 
staining patterns between rodents and insectivores. We also 
describe new neuronal types that seem to be exclusive to the 
hedgehog OB. 

NADPH-diaphorase staining 
Similarities and differences were observed between the 

ND staining in the hedgehog OB and those previously 
described in rodents (Scott et al., 1987; Villalba et al., 1988, 
1989; Davis, 1991; Vincent and Kimura, 1992; Alonso et al., 
1993; Kishimoto et al., 1993). The distribution of stained 
olfactory fibers and glomeruli in the hedgehog was compa- 
rable to those reported in the rat, mouse, and hamster 
(Davis, 1991; Kishimoto et al., 1993). The olfactory recep- 

Fig. 4. NADPH-diaphorase activity in the outer strata of the 
hedgehog main olfactory bulb. a: ND-positive periglomerular cells 
surrounding a ND-active glomerulus (G). b: ND-positive periglomeru- 
lar cells surrounding ND-negative glomeruli (G). Note the predominant 
distribution of the active cells in the internal side of the GL. c: 
Bidendritic biglomerular periglomerular cell (arrow). G: glomerulus. d 
Vertical cell of Cajal in the IPL. One dendrite (arrow) crossed between 
the negative profiles of the mitral cells (arrowheads). Note the dense 
fiber labeling in the GCL. e: Photographic composition of a horizontal 
cell in the IPL. Note some varicose fibers coursing into the EPL (open 
arrows) and the axon of the ND-active cell (arrows) with a long, 
horizontal trajectory in the IPL. Arrowheads: mitral cell bodies. Scale 
bar = 50 um. 

tors form an anatomical mosaic in which cells with different 
glomerular projections sites are intermingled (Pedersen et 
al., 1986). It is evident that ND-positive and ND-negative 
olfactory receptors, independent of their position, had 
definite and segregated targets identified as an ND-positive 
or -negative glomerular region in the rodent or hedgehog 
OB. It is interesting to note that olfactory receptors positive 
to some monoclonal antibodies, such as 2B8 against mem- 
brane surface glycoproteins and CC2 against carbohy- 
drates, appear to synapse predominantly in glomeruli lo- 
cated in the dorsal medial areas of the MOB (Allen and 
Akeson, 1985). The same distribution was found for ND. By 
contrast, another monoclonal antibody, R4B12, showed a 
complementary distribution to those mentioned earlier 
(Fujita et al., 1985; Mori et al., 1985). Its distribution was 
therefore coincident with the ND-negative glomeruli. This 
segregation of ND-positive and negative olfactory fibers and 
glomeruli should be paralleled in the olfactory information 
processing, since specific mitral cells receive synapses from 
particular glomeruli and project to specific regions of the 
anterior olfactory nucleus in both the rat and hedgehog 
(Luskin and Price, 1982; De Carlos et al., 1989). There is no 
functional explanation for this marked distribution of 
ND-positive and -negative olfactory fibers and glomeruli. 

As is the case in the mouse, hamster, and rat (Davis, 
1991; Alonso et  al., 1993; Kishimoto et al., 19931, most 
somal ND staining in the hedgehog was located in the GL of 
the MOB, although numerous weakly labeled neurons were 
also observed in the GCL and in the WM. The morphologi- 
cal characteristics of the hedgehog ND-active periglomeru- 
lar cells were similar to those described in the rat (Scott et 
al., 1987; Villalba et al., 1989; Davis, 1991; Alonso et al., 
1993) and hamster (Davis, 1991). In the hamster, the 
periglomerular somal staining was uniform throughout the 
GL; in the rat, however, somal staining was spotty, that is, 
some glomeruli (especially ventral glomeruli) contained no 
stained somata. In the hedgehog practically all glomeruli 
showed ND-positive periglomerular cells, but their num- 
bers varied considerably from one glomerulus to another. 
The small, bipolar, ND-positive neurons that we observed 
in the EPL have not been previously described in any 
species. 

One major difference between our findings in the MOB of 
the hedgehog and those reported in the MOB of the rat is 
the absence of ND staining in the superficial short-axon 
cells. These cells, located in the GL-EPL border, have been 
described as a characteristic ND-positive neuronal type by 
all authors studying this labeling in the rodent olfactory 
bulb (Scott et al., 1987; Villalba et al., 1989; Davis, 1991; 
Alonso et al., 1993; Kishimoto et  al., 1993). Sections of the 
rat OB processed together with the hedgehog sections 
demonstrated ND-stained superficial short-axon cells. These 
neurons appear even after glutaraldehyde fixation (Villalba 
et al., 19891, which prevents the reaction in many ND- 
positive cells, especially type I1 and type I11 neurons. 
However, superficial short-axon cells do exist in the hedge- 
hog MOB, being identified in silver-impregnated sections 
(L6pez-Mascaraque et  al., 1990) and after vasoactive intes- 
tinal polypeptide (VIP; Lopez-Mascaraque et  al., 1989) and 
CaBP immunostaining. In the rat, the CaBP-positive super- 
ficial short-axon cells comprised a different population than 
the ND-active ones, and no cell colocalized both markers 
(Alonso et al., 1993). 

Another interspecies difference was the presence and 
relative frequency of ND-stained cells in EPL. These cells 
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were rare in the hedgehog, as is the case in the rat, whereas 
they are more abundant in the hamster (Davis, 1991). 
However, Davis (1991) has identified these cells as small 
middle tufted cells due to the presence of an intraglomeru- 
lar dendrite, a characteristic not clearly observable in our 
sections. In the hamster, this same author has reported the 
presence of ND-active neurons located in MCL, identified as 
type I11 granule cells. We did not observe cells with these 
characteristics in the hedgehog MOB, since all positive 
granule cells were located deeply. We have observed neither 
externally located ND-active granule cells nor ND-positive 
dendrites from granule cells coursing into the MCL or the 
EPL. 

The group of labeled cells located in the deep portion of 
GCL and in the WM has been identified as a population of 
deep short-axon cells, since their morphology generally 
resembled this neuronal type as described after Golgi 
impregnation (Scott et al., 1987; Davis, 1991 in rodents; 
Lopez-Mascaraque et al., 1986 in the hedgehog). However, 
it is unclear whether they correspond to one or more of the 
several classes of deep short-axon cells that have been 
previously described. These interneurons comprise a very 
heterogeneous population, differing in their size, morphol- 
ogy, position, connections, and chemical content (see Ha- 
lasz, 1990 for a review). The large ND-positive cells in GCL 
may correspond to Blanes cells or Golgi cells. The main 
distinctive feature of each neuronal type is the presence or 
absence of dendritic spines (Schneider and Macrides, 19781, 
a morphological characteristic that is not always distinguish- 
able in the ND-stained material. Cells with similar charac- 
teristics have been described in the rodent OB as ND 
positive (Scott et al., 1987; Davis, 1991) and as GABAergic 
(Mugnaini et al., 1984). Additionally, we observed two 
different populations of ND-active neurons (horizontal and 
vertical neurons) in IPL, not described in previous studies, 
and a larger variety of ND-active neurons in the WM, in 
agreement with the larger development of this layer in the 
hedgehog. 

Some ND-stained fibers were similar to those observed 
after HRP injections in the anterior olfactory nucleus (De 
Carlos et al., 1989). These afferents give rise to terminal 
fibers in all the layers and principally in the GCL (De Carlos 
et al., 1989), which is coincident with our observations. In 
addition, abundant ND-active neurons were observed in the 
hedgehog anterior olfactory nucleus, as well as in the 
olfactory peduncle, medial septa1 nucleus, and basal fore- 
brain, all of which are sources of centrifugal fibers to the OB 
in rodents (Macrides et al., 1985; Davis, 1991). 

In the AOB, our results were in agreement with those 
reported in the rat using ND histochemistry (Vincent and 
Kimura, 1992) or nitric oxide synthase immunohistochem- 
istry (Bredt et al., 1990). The only major exception was that 

Fig. 5. NADPH-diaphorase activity in the inner strata of the main 
olfactory bulb. a: Vertical cell in the external portion of the GCL. Note 
the plexuses of positive horizontal fibers farrows) and the clusters of 
negative granule cells. b: Deep short-axon cell in the GCLiWM 
boundary. c: Panoramic view of the inner portion of the GCL showing 
abundant labeled granule cells (open arrows) and dense neuropil 
background staining. d Large type I cell with varicose dendrites 
(arrows) in the boundary between the GCL and the WM. e: Medium- 
sized type I11 neuron (open arrow) in the WM. Some stained granule 
cells (arrows) and radial positive fibers can be observed. f: Large 
multipolar neuron (open arrow) in the WM. Arrows, granule cells; V, 
ventricle. Scale bar = 50 wm. 

we observed some weakly labeled periglomerular cells, 
whereas these cells have been reported to be always ND 
negative in rodents (Vincent and Kimura, 1992). 

The olfactory fibers 
of the hedgehog were always CaBP immunonegative, in 
agreement with our previous observations using the same 
antibody in the rat MOB (Briiion et al., 1992; Alonso et al., 
1993). However, other studies have reported the presence 
of some CaBP-positive olfactory fascicles in the rat (Garcia- 
Segura et al., 1984; Celio, 1990) and human (Ohm et al., 
1991) MOB. 

The periglomerular cell is the only neuronal type to be 
identified as immunopositive by all authors who have 
studied CaBP immunostaining in the rat (Jande et al., 
1981; Bairnbridge and Miller, 1982; Garcia-Segura et al., 
1984; Halasz et al., 1985; Enderlin et al., 1987; Seroogy et 
al., 1989; Briiion et al., 1992; Alonso et  al., 1993) and 
human (Ohm et al., 1991) OB. We have confirmed that a 
subpopulation of CaBP-positive periglomerular cells is also 
present in the hedgehog OB. In addition, we observed three 
populations of CaBP-immunostained cells in the GL-EPL 
border. Neither of the two smaller types of neurons has 
been described in previous works on the CaBP immunoreac- 
tivity in the mammalian OB. After reexamining sections of 
the rat OB stained with the same anti-CaBP serum, we did 
not find cells with similar morphologies, suggesting that 
they may be specific neuronal types of the hedgehog OB. 
Using Golgi impregnation, L6pez-Mascaraque et al. (1990) 
have described a specific neuronal type in the hedgehog OB, 
the satellite cell. This cell shares several characteristics 
with the perinidal neuron, such as the size and shape of the 
neuronal body and the presence of varicosities in the 
dendritic tree. Differences, however, have to be noted: 1) 
Satellite cells have two or more processes, whereas the 
typical perinidal cells had only one dendrite; 2) some 
satellite cells are internally located (see Fig. 4f of Lopez- 
Mascaraque et al., 1990), whereas we always observed the 
perinidal cells close to the glomeruli; and 3) the dendritic 
fields of the satellite cells were not dense and small, like 
those shown by the CaBP-immunostained perinidal cells. 
One possibility is that, as Lopez-Mascaraque et al. (1990) 
suggested, the neurons defined as stellate cells are in fact a 
heterogeneous population and they may include the perini- 
dal cells. In addition, CaBP labeling provides evidence that 
these neurons are a specific neuronal type of the hedgehog 
OB. On the other hand, the double-labeled sections demon- 
strated that the dendrites of those cells did not receive 
olfactory afferents, indicating that they are not outlying 
members of neighboring populations, that is, periglomeru- 
lar cells or external tufted cells. 

The identification of the larger CaBP-positive cells in the 
GL-EPL boundary, observed to have similar morphological 
features as the ones in the rat OB, is difficult. Although 
several authors did not include cells with these characteris- 
tics in their descriptions of the CaBP immunostaining in 
the rat OB (Jande et al., 1981; Baimbridge and Miller, 1982; 
Garcia-Seguraet al., 1984; Enderlin et al., 19871, when they 
were referred to they were identified as external tufted cells 
(Halasz et al., 1985; Celio, 1990), as a type of short axon cell 
(Brinon et al., 1992), or both (Ohm et al., 1991). The main 
distinctive characteristic is the presence of the tuft, a 
prominent intraglomerular dendrite that we have not 
observed in the hedgehog cells. We therefore consider them 
to be superficial short-axon cells. These cells have been 
described after silver impregnation as a heterogeneous 

Calbindin D-28k immunostaining. 
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Fig. 7. Calbindin D-28k in the outer strata of the hedgehog MOB. a: 
Glomerulus surrounded by immunostained periglomerular cells. b 
Inverted monopolar neuron (arrowhead) located among the periglomeru- 
lar cells with a single dendrite directed inwards (open arrows). c: 
Perinidal neuron (arrow) with a dense and restricted dendritic field. d 
Superficial short-axon cell (arrow) with its dendrites extending parallel 

to the GL-EPL border (arrowheads). e: Medium-size short-axon cell 
(arrow) with a thick primary dendrite (arrowhead) directed towards the 
glomeruli and thinner dendrites coursing in the EPL. f: Monopolar 
EPL neuron (arrow) with one single dendrite (open arrow) that 
arborizes out of the glomeruli, close to the dendritic field of one 
perinidal neuron (arrowhead). Scale bar = 50 pm. 

population (Pinching and Powell, 1971), corresponding to 
the small number of these cells identified as positive for 
CaBP, or for other immunohistochemical markers (Halasz, 
1990). 

Fig. 6. NADPH-diaphorase activity in the accessory olfactory bulb. 
a: Panoramic view of the AOB showing positive staining in all 
vomeronasal fibers and glomeruli. b ND-active periglomerular cell 
(open arrow). c: Large type I cell in the boundary between the pmcl and 
the agcl. Asterisks label ND-negative fascicles of the lateral olfactory 
tract. The axon of this cell can be followed for a long distance in the agcl 
(arrows). d Dense groups of positive granule cells in the agcl (open 
arrows). e: Type I neuron located in the agcl (deep short-axon cell), 
surrounded by ND-active granule cells (open arrows). f: Positive 
neuron in the dorsal border of the anterior limb of the anterior 
commissure, with some dendrites coursing into the agcl (open arrows). 
Scale bars 300 pm in a, 50 pm in b f .  

The morphology of CaBP-immunostained piriform cells 
located in the middle portion of the EPL closely resembled 
that of the silver-impregnated neuron shown in Figure 4e of 
Lopez-Mascaraque et al. (1990). Unfortunately, this neuro- 
nal type has not been classified. Neurons with similar 
morphologies have also been observed in the hedgehog OB 
after VIP immunostaining (Lopez-Mascaraque et al., 1989). 

In the IPL-GCL border of the rat MOB, horizontal and 
vertical cells of Cajal have been identified as CaBP-positive 
elements (Celio, 1990; Brifion et al., 1992). We consider 
that the CaBP-positive cells in the hedgehog IPL may 
correspond to both types of oriented neurons, whereas the 
immunostained neurons in the hedgehog GCL constitute a 
more complex group, which cannot be ascribed to a unique 
neuronal type. In agreement with this, different types of 
deep short-axon cells have been described after silver 
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Fig, 8. Calhindin D-28k-immunostaining in the intermediate strata 
of the hedgehog MOB. a: Fusiform bipolar short-axon cell (arrow) with 
dendrites directed towards both boundaries of the EPL. b: Piriform cell 
(arrow) with its dendritic field restricted to the middle portion of the 
EPL. c: Fusiform bipolar neuron (arrow) of the EPL. Note the size 

difference in the cell body and dendrites with the superficial short-axon 
cell showed in Figure 8a. d: Small ovoid neuron, with dendrites not 
radially oriented, located in the EPL (arrow). e: Horizontal cell in the 
IPL. f: Vertical cell of Cajal in the IPL. Scale bar = 50 Wm. 

impregnation in the hedgehog GCL (Lopez-Mascaraque et 
al., 1986). The bitufted neurons were identified as vertical 
cells of Cajal, also called perpendicular fusiform cells by 
Price and Powell (1970). They were the most abundant 
group in the CaBP-immunostained sections of the hedge- 
hog GCL, whereas in rodents they were much more scarce 
(Bribon et al., 1992). 

Schneider and Macrides ( 1978) subdivided medium-size 
neurons in the deep layers (IPL, GCL, and WM) into four 
categories: Golgi cells, vertical cells of Cajal, Blanes cells, 
and horizontal cells. CaBP-positive horizontal cells were 
observed, especially in the IPL, whereas the vertical cells of 
Cajal were the most abundant neurons in the GCL. The 
size, shape, and dendritic and axonal patterns of the larger 
CaBP-immunostained cells in GCL and in the WM suggest 
that they can be identified as Blanes cells or Golgi cells; 
however, as was the case for the ND-active cells, the main 
distinctive characteristic between both neuronal types is 
the density of dendritic spines, a feature not always evident 
after CaBP immunostaining. Thus, the same neuronal 
types described in the hamster seem to be present in the 

hedgehog OB. According to the classification proposed by 
Lopez-Mascaraque et al. (19861, the immunostained neu- 
rons seem to correspond to both spinous and smooth cells of 
both the local and extended cell types. 

Some authors have reported the presence of CaBP- 
positive granule cells in the rat MOB (Garcia-Segura et  al., 
1984; Ohm et al., 1991), whereas they have not been 
observed in other works in the rat (Jande et  al., 1981; 
Baimbridge and Miller, 1982; Seroogy et al., 1989; Celio, 
1990; Bridon et al., 1992) or in the hedgehog. CaBP- 
immunostained neurons in the rodent WM are a very 
characteristic population with large cell bodies and ori- 
ented, varicose dendrites (Celio, 1990; Briiion et al., 1992). 
The stained neurons in the hedgehog WM were more 
heterogeneous, varying in their size, staining intensity, and 
dendritic pattern. 

Using a polyclonal antibody against CaBP, Johnson et al. 
(1992) have reported positive immunostaining in all vomero- 
nasal fibers of the rat. This conflicts with our observations 
in the hedgehog AOB, where the vomeronasal fibers were 
negative for CaBP. However, Rogers and Resibois (1992) 
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Fig. 9. Calbindin D-28k-immunostaining in the GCL and in the 
WM. a: Large fusiform cell (arrow) with a long dendrite directed 
towards the outer strata of the MOB. A smaller neuron (open arrow) 
can be observed. b Fusiform bitufted cells in the GCL (arrows). One 
smaller neuron can be also observed (open arrow). c: Horizontally 

oriented cell (arrow) in the inner portion of the GCL and a smaller 
CaBP-immunostained neuron (open arrow). d Multipolar neuron 
located in the deep portion of the GCL. e: Fusiforrn cell with its 
dendrites coursing parallel to the wall of the ventricle. f: Multipolar 
neuron in the GCL-WM border. Scale bar = 50 pm. 
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have demonstrated that this immunostaining is due to 
cross-reaction with calretinin, another calcium-binding pro- 
tein highly homologous to CaBP (Rogers, 19871, which is 
abundant in the vnfl of the rat AOB (Jacobowitz and 
Winsky, 1991). After using a monoclonal antibody, as in our 
study, the vomeronasal fibers are also negative in the rat 
(Rogers and Resibois, 1992). Concerning the soma1 stain- 
ing, the AOB is not described in most studies of CaBP 
immunoreactivity in the rodent OB, whereas Celio (1990) 
and Rogers and Resibois (1992) indicate that they did not 
find positive neurons in the rat AOB. In contrast, we found 
CaBP-immunostained populations in the agl, pmcl, and 
agcl of the hedgehog AOB. 

Colocalization studies between ND and CaBP, and 
neurotransmitters and neuroactive substances. Previous 
studies in different regions of the rat brain have shown that 
ND is expressed by neurons containing acetylcholine (Vin- 
cent et al., 1983b,c; Vincent, 1986; Schober et al., 1989); 
y-aminobutyric acid (GABA) (Vaney and Young, 1988; 
Hedlich et al., 1990); enkephalins (Roberts and Difiglia, 
1988); somatostatin (Vincent et al., 1983a; Vincent, 1986; 
Scott et al., 1987; Sharp et al., 1987; Alonso et al., 1992b); 
neuropeptide Y, C-PON, and avian pancreatic polypeptide 
(Vincent et al., 1983a; Scott et al., 1987; Villalba et al., 
1988, 1989); calretinin (Arevalo et al., 1993); and CaBP 
(Alonso et al., 1992a, 1993). However, for all these sub- 
stances there are only regional or partial overlaps and 
coexpressions, and the unique general coexistence is with 
nitric oxide synthase (Dawson et al., 19911, and with 
citrulline, a byproduct in nitric oxide synthesis (Hope et al., 
1991). Our results in the hedgehog are in agreement with 
these observations, since there is no general coincidence 
between the distribution of ND and those known for 
different neurotransmitters, neuropeptides, and neuroac- 
tive substances in the mammalian OB. 

We conclude that CaBP and ND are found in the hedge- 
hog OB in a large diversity of chemically identified neuronal 
populations. Both markers identify specific subpopulations 
of interneurons, including periglomerular cells, granule 
cells, and short-axon cells, located in both outer and inner 
layers of the hedgehog MOB and AOB. 

In relation to the functional 
organization of the mammalian OB, our data indicate a 
greater variety of interneurons positive for either ND or 

Functional implications. 

Fig. 10. Calbindin D-28k (brown) and NADPH-diaphorase (blue) 
double-labeling. a: CaBP-immunostained and scarcer ND-active (ar- 
rows) periglomerular cells surrounding a ND-positive glomerulus (GI. 
b CaBP-immunostained and ND-active (arrows) periglomerular cells 
surrounding a ND-negative glomerulus (GI. c: Small CaBP-immuno- 
stained perinidal cell (arrow) located in the GL-EPL border. Note that 
the small and dense dendritic field is not contacted by the ND-stained 
olfactory fibers. arrowhead, axon. d Small, bipolar ND-positive neuron 
(arrow) in the EPL. e: CaBP-immunostained horizontal cell (large 
arrow) in the IPL. The cell body and dendritic arborization are crossed 
by abundant horizontal ND-active axons (small arrows), although no 
terminal specialization can be observed. E Multipolar CaBP-immuno- 
stained neuron (arrow) located in the border zone between the GCL and 
the WM. One of its dendrites can be followed up to the deep portion of 
the GCL (open arrow). g: CaBP-immunoreactive short-axon cells 
(arrows) in the AOB. Note the ND- and CaBP-negative profiles of 
lateral olfactory tract fascicles (asterisks). Some ND-active varicose 
fibers can be observed in the pmcl and agcl (arrowheads). h ND-active 
cells (arrowheads), CaBP-immunoreactive cells (arrows), and ND- 
CaBP double labeled cells (open arrows) in the inferior colliculus 
(brachium). Scale bar = 50 pm. 

CaBP in the hedgehog OB compared to previous descrip- 
tions in rodents (Davis, 1991; Brin6n et al., 1992; Vincent 
and Kimura, 1992; Alonso et  al., 1993), suggesting a more 
complex circuitry in the OB of insectivores. Golgi studies 
have also demonstrated the presence of new types of 
interneurons in the hedgehog OB, not observed in rodents 
(L6pez-Mascaraque et al., 1986, 1990). Although the avail- 
able evidence is too limited and additional studies are 
clearly needed, it suggests that the evolutionary change in 
the size of the OB is also correlated with interspecies 
differences in the complexity of its cell organization. 

The most diverse organization of ND- and CaBP-stained 
neurons, as well as most specific cell types, were observed in 
the GL-EPL interface. This is in accordance with previous 
observations using silver impregnation (Lopez-Mascaraque 
et al., 1990), which found OB distinctive characteristics in 
both the intrinsic neurons and the neuropil in this zone of 
the hedgehog. The new types of neurons, dendrites, and 
s o n s  (either silver impregnated or CaBP or ND stained) 
described in the GL-EPL border suggest the presence of a 
complex neuronal circuitry in this region of the hedgehog 
OB, different from the basic one formed by periglomerular 
cells, mitral cells, and olfactory fibers. This periglomerular 
element may provide another route for interaction between 
the glomerular region and the GCL. In the teleost olfactory 
bulb, there are two mosaic systems in the GL: the classical 
circuitry of the glomerular area and a new synaptic area 
called the nest, formed by perinest cells and ruffed cells, 
exclusive of the teleostean OB (Kosaka and Hama, 1982- 
1983). Interestingly, the small CaBP-positive neurons with 
dense dendritic fields of the GL-EPL border in the hedge- 
hog, which we called perinidal cells because of this resem- 
blance, had similar sizes and morphologies to perinest cells. 

ND has been identified as a nitric oxide synthase (Hope et 
al., 1991). Although the presence of nitric oxide synthase in 
the olfactory fibers is discussed (Kishimoto et al., 1993), all 
intrinsic ND-active neurons also demonstrate NOS immu- 
noreactivity and NOS mRNA. Nitric oxide has been pro- 
posed as a presumable retrograde transmitter between the 
postsynaptic and presynaptic neuron (Bredt and Snyder, 
1992). However, since this should be a general brain 
mechanism, it is unclear why only some cells express this 
enzymatic activity. In the rodent and hedgehog OB, the 
ND-stained neurons are identified as local circuit cells, 
whereas the projection neurons, mitral cells, and tufted 
cells were ND negative. In addition, for some neuronal 
populations (e.g., periglomerular cells) only some of them 
were positive. A presumable alternative is that ND-negative 
cells use another similar and unusual transmission system. 
A possible option is the cytochrome P-450 reductase (Bredt 
et al., 1991; Greenberg et al., 1991). Both systems might 
interact since cytochrome P450 catalyzes the oxidation of 
L-arginine by NADPH and oxygen to nitric oxide and 
citrulline (Boucher et  al., 1992). 
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