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Summary. We have studied the distribution of calbindin 
D-28k immunoreactivity in the rat olfactory bulb using 
specific monoclonal antibodies and the avidin-biotin-im- 
munoperoxidase method. The largest number of positive 
neurons was located in the periglomerular layer. These 
neurons were identified as periglomerular cells; they 
have been described also by other authors as calbindin- 
positive elements. Close to these neurons, a second pop- 
ulation of nerve cells was identified as superficial short- 
axon neurons. The remaining layers showed a smaller 
number of stained elements. Other labeled neurons were 
located along the external border of the external plexi- 
form layer; the scarce neurons marking its internal 
border were identified as van Gehuchten cells. No immu- 
noreactive structures were found in the mitral cell layer, 
although we observed another population of immuno- 
stained short-axon cells at its internal border. Some reac- 
tive structures, identified by us as horizontal and vertical 
cells of Cajal, were located in the boundary zone between 
the internal plexiform layer and the granule layer. In 
the white matter, we found a neuronal type characterized 
by its large size and oriented arborization of varicose 
dendrites. 

Key words: Calbindin D-28k Olfactory bulb Calci- 
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The " E F - h a n d "  calcium-binding proteins are calcium- 
sequestering molecules that regulate calcium concentra- 
tions in cells over time scales that parallel electric events 
(Yamamoto et al. 1989). Except for troponin-C, all sub- 
families and individual proteins of the EF-hand group 
represented in vertebrates can be found in neuronal or 
glial populations (Persechini et al. 1989). 

Calbindin D-28k (CaBP), which belongs to the EF- 
hand homolog group, is a water-soluble calcium-binding 
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protein of low molecular weight found in different verte- 
brate tissues and organs, including the enteric and the 
central nervous systems (Taylor 1974; Baimbridge and 
Miller 1982; Celio 1990). CaBP may contribute to the 
regulation of calcium through its capacity to buffer calci- 
um, and thereby promote or restrict the actions of this 
ion. It may also facilitate the diffusion of calcium, thus 
modulating calcium gradients in neurons (Kretsinger 
et al. 1982). 

The distribution of CaBP has been described in the 
rat brain using radioimmunoassay, immunocytochem- 
istry and mRNA localization (see Baimbridge and Miller 
1982; Baimbridge et al. 1982; Feldman and Christakos 
1983; Garcia-Segura et al. 1984; Halfisz et al. 1985; S& 
quier et al. 1988, 1990; Celio 1989, 1990). CaBP is found 
in specific neuronal populations in various areas of the 
brain, where it is throught to play a role in these neurons 
in the regulation of calcium-dependent events (Celio 
1989). 

CaBP has been demonstrated in different types of 
interneurons (Baimbridge and Miller 1982; Garcia-Se- 
gura et al. 1984; Celio 1990), mainly located in the peri- 
glomerular layer of the olfactory bulb. However, these 
reports are general, referring to the whole brain, and 
the classification of the bulbar CaBP-positive neurons 
remains unclear. Furthermore, previously used polyclon- 
al antibodies against CaBP also recognize another calci- 
um-binding protein, calretinin, because of its similar pri- 
mary sequence (Rogers 1987). In this study, we have 
used a highly specific monoclonal antibody against cal- 
bindin D-28k and the avidin-biotin immunoperoxidase 
method in order to obtain a better characterization of 
CaBP-positive neurons in the olfactory bulb of the rat. 

Materials and methods 

Six adult female Wistar rats weighing 200-250 g were used. The 
animals were perfused through the ascending aorta under deep 
ketamine anesthesia (50 ml/kg body weight). The vascular system 
was ringed with 60 ml Ringer solution followed by 400 ml of a 
fixative mixture containing 4% paraformaldehyde, 0.08 % glutaral- 
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dehyde and 15% saturated picric acid (Somogyi and Takagi 1982) 
in 0.1 M phosphate buffer, pH 7.2 (PB). 

After perfusion, the brains were removed, the olfactory bulbs 
dissected out and stored in the same fixative without glutaralde- 
hyde for 2 h. The bulbs were then transferred to 30% sucrose 
(v/v) in PB at 4 ~ C overnight. These blocks were washed in several 
changes of PB and cut at a thickness of 30 pm perpendicularly 
to the longitudinal axis of the brain using a cryostat. The sections 
were washed in PB and stored at 4 ~ C overnight. 

The immunohistochernical procedure was carried out on free 
floating sections and involved the use of the avidin-biotin-peroxi- 
dase complex method (Hsu et al. 1981). The sections were preincu- 
bated in 0.01% Triton X-100 in PB for 2 h at room temperature. 
Thereafter, the sections were incubated with a monoclonal anti- 
body against calbindin D-28k diluted at 1:1000 in PB for 48 h 
at 4 ~ C. This antibody has been fully characterized (Cello et al. 
1990) and widely used in different studies of the central nervous 
system (see Cello 1990). The sections were washed in PB and incu- 
bated with biotinylated anti-mouse immuno-gammaglobulin (Vec- 
tastain ABC kit, Vector Laboratories, Burlingame, USA) diluted 
1:250, for 3 h at 20 ~ C, and then in Vectastain ABC reagent diluted 
1:250, for 2 h. Tissue-bound peroxidase was visualized using 
0.07% diaminobenzidine and 0.003% hydrogen peroxide in 0.1 M 
TRIS buffer (pH 7.6) for 5-10 rain, under visual control. 

The specificity of the CaBP-staining was controlled by omitting 
the specific antibody in the first incubation step. Additionally, in- 
terference by endogenous peroxidases was ruled out by staining 
some sections with chromogen and hydrogen peroxide. No residual 
immunoreaction was found in either controls. Finally, the sections 
were dehydrated in an increasing ethanol series, mounted in Entel- 
lan and studied under the light microscope. 

Results 

Light-microscopic examination of  CaBP-stained sec- 
tions of  the rat  olfactory bulb revealed positive somata,  
dendritic arborizations, axons and axonic collaterals 
with a laminated distribution (Figs. 1, 2 a). No immuno-  
reactivity was found in the controls. 

Olfactory nerve layer (ONL) 

No immunostaining was visible in this layer. The axons 
arising f rom the olfactory receptors, the olfactory fibers, 
were CaBP-immunonegat ive  (Figs. 1, 2 a). 

Glomerular layer (GL) 

This layer showed the highest number  of  CaBP-positive 
neurons. We observed neuronal  bodies and fibers with 
strong staining in the glomerular region and, more  rare- 
ly, in the periglomerular region (Figs. 1, 2c-e).  

Neuronal  bodies appeared to be strongly labeled, al- 
though variations in the intensity of  this staining were 
found in neurons with similar morphologies.  Most  of  
the immunosta ined cells in this layer were small spherical 
or ovoid neurons with diameters ranging between 7 and 
9 gm. 

The dendritic arborizations were extensively stained. 
They were formed by one main dendritic t runk that  nor- 
mally branched close to the cellular body into two or, 
occasionally, three secondary dendrites. These secondary 

dendrites branched several times forming a small, dense 
dendritic tree that did not exhibit a specific orientation 
pat tern with regard to the olfactory bulb lamination 
(Figs. 1 a-c,  2c). A group of  these arborizations clearly 
constituted a glomerulus, with a variable number  of  cell 
bodies located in its periphery (Figs. 1, 2b). Dendritic 
arborizations of  immunoreact ive cells in the same glo- 
merulus intermingled with each other producing a dense 
network;  however, it was not possible to follow the ex- 
tensions originating f rom a given cell. Normally,  the 
complete dendritic tree of  one cell was included within 
a single glomerulus. More rarely, the dendrites of  a 
CaBP-positive neuron branched into two or more glo- 
meruli. In many  cases, it was possible to follow the axon- 
al extensions of  the stained neurons. The initial axonal 
segment generally arose f rom a point  on the cell body 
opposite the main dendrite. More rarely, we were able 
to follow an axon along most  of  its length. These axons 
appeared to extend into the periglomerular layer but 
it was not possible to identify their targets (Fig. 2c). 
We classified these neurons as periglomerular cells by 
their size, morphology and location; most,  but  not all, 
were stained after CaBP-immunocytochemistry.  A study 
of  sections counterstained with toluidine blue revealed 
small CaBP-immunonegat ive somata  around the glo- 
meruli. 

Within this same layer, we observed immunostained 
neuronal bodies with a morphology  different f rom that  
previously described (Figs. 1 d, e, 2d, e, 3 b, c). These 
neurons were less abundant  than the periglomerular 
cells, al though with similar strong immunostaining. The 
CaBP-stained superficial short-axon cells seemed to rep- 
resent a heterogenous population,  varying in size, mor-  
phology and location (Fig. I d, e). Generally, the neuro- 
nal somata  were ovoid and slightly larger (10-15 gm 
in diameter) than those of  periglomerular neurons. The 
main difference was in their dendritic arborization;  these 
dendrites remained in the periglomerular zone and did 
not project into a glomerulus. The pr imary processes 
(normally two) of  these cells arose f rom opposite poles 
of  the fusiform cell bodies (Figs. 1 e, 2d, e open arrow) 
and extended into the periglomerular region. Sometimes, 
the dendrites of  these neurons projected into the periglo- 
merular  region of  more than two glomeruli (Fig. I e). 
These pr imary dendrites branched, giving rise to second- 
ary and tertiary dendrites, but did not form a dendritic 
field as dense as those arising f rom the periglomerular 
cells. In this cell type, the axons were stained for shorter 
distances than in the periglomerular cells, and we did 
not observe any beading along their course. Because of  
these morphological  characteristics and their location, 
we identified these cells as superficial short-axon cells. 
Other types of  short-axon cells were also CaBP-immuno-  
stained, as described in the following layers. 

External plexiform layer (EPL) 

This layer showed few stained neurons in the zones close 
to both  the adjacent strata, the G L  and the mitral cell 
layer (MCL) (Figs. 1, 3a-d) .  The morphology  of  the 
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Fig. 1. a-n Camera lucida draw- 
ings of CaBP-stained neuronal 
types, a-c Periglomerular cells; & 
e superficial short-axon cells; f - i  
van Gehuchten cells; j-k horizon- 
tal cells; l vertical cell of Cajal; 
m-n giant cells of the white mat- 
ter. EPL External plexiform 
layer; GCL granule cell layer; GL 
glomerular layer; IPL internal 
plexiform layer; M C L  mitral cell 
layer; ONL olfactory nerve layer; 
W M  white matter. Calibration 
bar: 100 Ixm 

stained neurons in these two locations was different. 
Neurons located along the external border were strongly 
stained, with diameters ranging between 6 to 10 pm, and 
displayed ovoid or spherical shapes. A thick dendrite 
arose from their superficial side and ran toward the GL. 
This process branched producing secondary and tert iary 
dendrites that sometimes entered a single glomerulus. 
Several morphological characteristics of these neurons 
resembled those of the periglomerular cells; however, 
the axons that were completely stained exhibited numer- 

ous collaterals that were restricted to the external plexi- 
form layer (EPL) (Fig. 3 b arrow,  c arrow).  

In the innermost region of this layer, we observed 
a second population of  CaBP-positive neurons. These 
cells were located principally at the boundary between 
this layer and the MCL. They had ovoid soma ranging 
between 12 and 16 pm in diameter. Their axons were 
not visible, and their dendritic trees were formed by one 
or two main dendritic trunks. These dendrites branched, 
forming a dendritic tree arborizing in different orienta- 
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tions. We identified them as another type of  short-axon 
neurons, viz., van Gehuchten cells (Figs. 1 f-i, 3 a arrows, 
d). 

Mitral cell layer (MCL) 

No neuronal body was stained in this layer. After careful 
examination, it was possible to observe the immunoneg- 
ative profiles of  mitral cells, allowing an exact delimita- 
tion of  the EPL and internal plexiform layer (IPL) 
(Figs. 1, 2b arrows). Immunopositive short-axon cells 
were found close to the mitral neurons in both plexiform 
layers (Figs. 1, 2a, b). 

Internal plexiform layer and granule cell layer (IPL and 
GCL) 

A CaBP-immunostained population was located at the 
boundary between these layers, and was formed by me- 
dium-sized (14-16 gin) neurons with ovoid or piriform 
cell bodies and highly ramified dendritic processes 
(Figs. l j-l, 3e, f) that projected into both layers. Two 
different populations could be differentiated. One had 
predominantly ovoid or irregular somata and three or 
more dendritic trunks oriented parallel to the MCL. We 
identified these neurons as horizontal cells (Figs. l j, k, 
3f). The second population of  stained neurons in this 
region was similar in size to the aforementioned class, 
but their dendrites extended from two opposite regions 
at either end of  the long axis of  the fusiform soma, 
and were oriented in such a way that most of the 
branches ramified predominantly toward the olfactory 
bulb lamination (Figs. 11, 3 e). These stained neurons ap- 
peared to be homologous to the vertical cells of Cajal. 
The stained segment of  the axon sometimes showed col- 
laterals forming a small arborization near to the cell 
body (Fig. 3 e, arrow). 

Granule cells, the most abundant neurons in the ol- 
factory bulb, were always CaBP-negative. 

White matter (WM) 

Close to the ventricle, we found a rarely described CaBP- 
stained population (Figs. 1 m, n, 4a, b). The cell bodies 

Fig. 2. a Photographic montage of  a coronal section through a 
CaBP-stained olfactory bulb showing strong staining in the GL 
and scattered stained neurons in the IPL-MCL (arrows) and WM 
(open arrow), x 35. b CaBP-staining of the external layers. Note 
the positive glomeruli (G) whereas EPL and MCL are practically 
immunonegative. Negative profiles of  the mitral cells (arrows) and 
a positive neuron in the IPL (open arrow) can be distinguished. 
x 115. e Immunopositive periglomerular cells forming a glomeru- 

lus. Note the complete staining of their dendritic trunks, x 400. 
d, e Superficial short-axon cells surrounding the periglomerular 
cells�9 Note the larger size of  these neurons (open arrow) with respect 
to the periglomerular cells, and the characteristic shapes of their 
somata and dendritic trunks, x 570 
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Fig. 3. a Panoramic view of the CaBP-stained olfactory bulb show- 
ing a group of positive neurons in the EPL and IPL, around the 
negative mitral cells, x 65. b Immunostained cells with their den- 
drites projecting into the glomerular region. • 570. r Immunoposi- 
tive short-axon cells with their dendritic arborization limited to 

the EPL. Note the length of the axonic collaterals (arrow). • 570. 
d Van Gehuchten cell. x 570. e--f Two oriented short-axon cells 
showing different morphologies, located at the border MCL-IPL. 
e Vertical cell of Cajal. x 500. f Horizontal cell. x 500 
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Fig. 4a, b. Large positive neurons in the GCL and WM. a Pan- 
oramic view of a group of these neurons close to the bulbar ventri- 

cle. x 115. b Giant neuron in the WM. Note the varicose dendrites. 
x 550 

were large (25-30 pro) and mainly ovoid, although some 
were piriform or round. The longer axis of the cell body 
and the long dendrites were oriented parallel to the ven- 
tricular surface (Fig. 4a). Two or more primary den- 
drites arose from opposite poles of the neuronal body 
and ran for long distances in the WM. These dendrites 
were varicose and showed little ramification, taking a 
straight path at a definite angle with the main dendritic 
trunk. We did not observe immunostained axons 
(Fig. 4b). The number of these neurons was low; some- 
times they were located between the innermost granule 
cells. 

Discussion 

In this study, we have re-described the distribution of 
CaBP-immunoreactive structures in the rat olfactory 
bulb. The present results extend the immunohistochemi- 
cal data of several authors (Jande et al. 1981; Bairn- 
bridge and Miller 1982; Garcia-Segura et al. 1984; Ha- 
lb, sz et al. 1985; Enderlin et al. 1987; Seroogy et al. 1989; 
Celio 1990), providing a more detailed description of 
the CaBP-positive neuronal populations in this brain 
region. An overview of these results, which are often 
contradictory, is given in Table 1. 

We were unable to observe CaBP-positive olfactory 
fibers. Similar results have been obtained by Garcia- 

Segura et al. (1984) using a polyclonal antibody. How- 
ever, other authors have described the presence of a 
small number of positive olfactory fascicles, in the rat 
(Celio 1990) and human (Ohm et al. 1991). Although 
there are abundant data demonstrating the heterogeneity 
of the olfactory fibers (Akeson 1988), the location, char- 
acteristics and functional significance of these stained 
fibers remain unknown. 

In the GL, we consider the CaBP-immunoreactive 
neurons to be periglomerular cells, and more infrequent- 
ly, superficial short-axon cells. Periglomerular cells are 
described as being CaBP immunoreactive by all authors 
who have studied CaBP-staining in the rat olfactory bulb 
(Jande et al. 1981; Baimbridge and Miller 1982; Garcia- 
Segura etal. 1984; Halfisz et al. 1985; Enderlin etal. 
1987; Seroogy et al. 1989; Celio 1990). 

Immunocytochemical studies have revealed a much 
greater heterogeneity of the periglomerular neurons than 
has been shown in previous morphological studies using 
the Golgi technique and conventional electron microsco- 
py (Pinching and Powell 1971). Thus, subpopulations 
of periglomerular neurons are positive to parvalbumin, 
taurine, tyrosine hydroxylase, cholecystokinin, methio- 
nine-enkephalin, somatostatin or ?-aminobutyric acid 
(Mugnaini et al. 1984; Halfisz et al. 1985; Seroogy et al. 
1985, 1989; Gall et al. 1987; Sakai et al. 1987; Halfisz 
1990). 

The immunoreactivity of the remaining neuronal 
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types located in this layer, viz., the superficial short-axon 
cells and external tufted cells, is more controversial. Our 
results agree with those of Seroogy et al. (1989) who 
have shown that CaBP occurs in superficial short-axon 
cells located at the border between the GL and EPL, 
and with those of Jande et al. (1981) and Garcia-Segura 
et al. (1984) who have demonstrated that it is absent 
in the external tufted cells. The morphological character- 
istics of the immunopositive cells coincide with those 
described by Schneider and Macrides (1978) who used 
the Golgi method; moreover, these CaBP-positive neu- 
rons frequently show stained, highly branched, local ax- 
ons, whereas the tufted cells, such as the mitral cells, 
are projecting neurons. However, other authors have re- 
ported CaBP-positive external tufted cells in the rat (Ha- 
1/tsz et al. 1985; Celio 1990) and in human (Ohm et al. 
1991). Golgi-impregnated superficial short-axon cells 
seem to represent a heterogeneous population (Pinching 
and Powell 1971), in good agreement with our results. 

In the innermost region of this layer, we have found 
another type of CaBP-stained interneuron. These cells, 
identified as van Gehuchten cells, have not been referred 
to by any other author as being CaBP-immunoreactive, 
but they appear frequently in our sections. 

At the border between the IPL and the GCL, we 
have observed two types of immunoreactive neurons 
identified as horizontal and vertical cells of Cajal. These 
two populations belong to the oriented neurons de- 
scribed by Schneider and Macrides (1978). Celio (1990) 
has also reported the presence of CaBP-immunostaining 
in the horizontal and vertical of Cajal cells. The results 
in the GCL are however contradictory; Baimbridge and 
Miller (1982) and Enderlin et al. (1987) have not found 
CaBP-positive neurons in this layer. Furthermore, im- 
munostained elements in the GCL have been identified 
as granule cells in the rat (Garcla-Segura et al. 1984) 
and in human (Ohm et al. 1991), or simply termed gran- 
ule-layer cells (Halfisz et al. 1985). 

A type of CaBP-positive cell characterized by its large 
size and its oriented varicose dendrites is present in the 
innermost region of the olfactory bulb, around the ven- 
tricle. These neurons mentioned previously by Celio 
(1990) have been described by Mugnaini et al. (1984) 
as glutamate decarboxylase-immunoreactive elements, 
but they are only immunoreactive when the animals have 
been previously treated with colchicine. Ohm et al. 
(1991) have observed CaBP-stained neurons in the hu- 
man olfactory bulb; the dendrites of these neurons show 
a similar branching pattern (although they have not pre- 
viously been described as varicose) to that of our large 
neurons. We consider this observation significant be- 
cause these neurons have not been described in previous 
studies on the neuronal typology of the olfactory bulb 
(for reviews, see Macrides and Davis 1983; Halfisz 1990). 
They are presumably difficult to observe using tech- 
niques other than immunohistochemical methods. 

We therefore conclude that not all cell types described 
in previous reports have been clearly observed in our 
sections (e.g., external tufted cells and granule cells). 
However, on the other hand, we have found different 
types of CaBP-positive interneurons (short-axon cells, 

van Gehuchten cells, horizontal cells and vertical cells 
of Cajal), and a group of large neurons located around 
the ventricle whose functional role in the olfactory bulb 
is unknown. In our material, bulbar projection neurons, 
mitral and tufted cells, and extrinsic afferents, olfactory 
and centrifugal fibers, are negative. 

Finally, the distribution of CaBP observed in our 
study is clearly different from that of calretinin as re- 
ported by Jacobowitz and Winsky (1991). Calretinin has 
been localized in granule cells (the most abundant im- 
munopositive neurons), olfactory fibers, periglomerular 
ceils and, with low staining intensity, in mitral cells. 
Thus, the only type of neuron where a colocalization 
of CaBP and calretinin could be expected is the periglo- 
merular cell. 
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