
Introduction

Olfactory glomeruli are the first integration centres
processing olfactory information. It has been demon-
strated that olfactory glomeruli constitute a hetero-
geneous population.1,2 A subset of glomeruli differing
from typical glomeruli has been described previously
in the rat olfactory bulb (OB).3,4 These atypical
glomeruli differ from typical ones in the ultrastruc-
ture of their olfactory axons, and in their centrifugal
control from higher brain centres.3–6 Thus, using
cholinergic markers such as acetylcholinesterase
(AChE) and choline acetyltransferase, atypical
glomeruli show a much denser innervation by cholin-
ergic fibres.5,6 In addition, using calcium-binding
protein immunohistochemistry, NADPH-diaphorase
(ND) histochemistry and nitric oxide synthase
(NOS) immunohistochemistry as neuronal markers,
we have found a segregated distribution of some
chemically identified interneuronal subpopulations in
the periglomerular region of typical and atypical
glomeruli, whereas other chemically identified
subpopulations of the same neuronal types were
homogeneously distributed around both glomerular
subsets.7,8 Fewer ND/NOS-positive periglomerular
cells and neurocalcin-immunoreactive external tufted
cells are present in the periglomerular region of atyp-
ical glomeruli whereas a similar number of calbindin
D-28k-immunopositive and calretinin-immunoposi-
tive periglomerular cells is present in both types of
glomeruli.7,8

Tyrosine hydroxylase (TH) is the first enzyme 
in the dopamine biosynthetic pathway. The presence
of TH-immunoreactivity in a subpopulation of
interneurones innervating olfactory glomeruli has
been previously reported.9 TH-positive cells
surrounding olfactory glomeruli constitute a different
neuronal population from the neurones containing
ND, calbindin D-28k or calretinin,10,11 and a high
degree of plasticity in the expression of TH in these
interneurones has been demonstrated.12 Innervation
by the olfactory fibres and odour-induced afferent
activity are required for the expression of the
dopamine phenotype in juxtaglomerular neurones.13

Deafferentiation of olfactory axons and sensory
deprivation leads to a decrease of TH-immunoreac-
tivity in periglomerular cells suggesting that odour-
induced activity might regulate the expression of TH
within periglomerular cells.

We analysed whether or not TH-positive juxta-
glomerular cells are distributed homogeneously in 
the periglomerular region of typical and atypical
glomeruli using TH immunohistochemistry com-
bined with AChE histochemistry.

Materials and Methods

Animals and tissue preparation: Five adult male
Wistar rats (200–250 g) were deeply anaesthetized
with ketamine (Ketolar, 50 mg/kg) and perfused
intra-aortically with 100 ml of saline solution
followed by a fixative solution composed of 4% (w/v)
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ATYPICAL and typical olfactory glomeruli differ in their
primary afferents, centrifugal control and in some chem-
ically identified subpopulations of interneurones. The
distribution of tyrosine hydroxylase (TH)-immunoposi-
tive neurones in the periglomerular region of both
typical and atypical glomeruli has been studied using a
double histochemical–immunohistochemical method. A
segregated distribution of TH-immunopositive cells was
found among both types of glomeruli. TH-immuno-
labelled cells were more abundant (p < 0.05) in the atyp-
ical glomeruli. These data suggest that some neuronal
subpopulations are related to specific properties of the
glomerular physiology and they have a segregated distri-
bution in different subsets of glomeruli. Thus, cate-
cholamines might be involved in the processing of
specific olfactory cues in atypical glomeruli. This study
presents new differences in the cellular composition of
typical and atypical glomeruli.
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paraformaldehyde and 15% (v/v) saturated picric 
acid in 0.1 M phosphate buffer, pH 7.4 (PB). After
perfusion, the brains were removed and the OBs
dissected out and postfixed for 4 h in the same
fixative. Tissue was cryoprotected with 30% (w/v)
sucrose, and 30 mm coronal sections were cut on a
cryostat and serially collected in cold (4°C) PB.

Serial free-floating sections were labelled using
AChE histochemistry and TH immunocytochem-
istry. Consecutive sections were processed for TH
and AChE respectively. This method allows the iden-
tification of TH-stained cells in the periglomerular
region of either a typical or an atypical glomerulus
comparing adjacent TH- and AChE-stained sections.
Some sections were AChE/TH double-labelled, in
order to verify the results obtained in the serial
section method. For the AChE/TH double staining,
sections were processed for the demonstration of TH
immunoreactivity after AChE histochemistry. A
group of sections was stained in reverse order, i.e.
beginning with TH immunocytochemistry followed
by AChE histochemistry. Additional series were used
for specificity controls.

AChE histochemistry: AChE histochemistry was
carried out as previously described.8 Briefly, the sec-
tions were rinsed in 0.1 M sodium acetate buffer, pH
6.0 and then incubated at room temperature for 
15 min (series used for AChE histochemical/TH
immunocytochemical double-labelling) or for 30 min
(sections used for AChE histochemical single stain-
ing) in an incubation solution made up of 1.7 mM
acetylthiocholine iodide (Sigma #A5751), 0.49 mM
sodium citrate (Sigma #S4641), 2.9 mM cupric sul-
phate (Sigma #C7631), 1.25 mM potassium ferri-
cyanide (Sigma #P8131), and 0.2 mM ethopropazine
(Sigma #E2880) as inhibitor of non-specific esterases
in 0.1 M sodium acetate buffer, pH 6.0. AChE activ-
ity was revealed using 0.05% 3,39-diaminobenzidine
(DAB) and 0.003% hydrogen peroxide in 0.2 M
Tris–HCl buffer, pH 7.6. The course of the reaction
was monitored under the microscope. The AChE
histochemical reaction was stopped by rinsing the
sections in 0.2 M Tris–HCl buffer, pH 7.6. For 
the specificity of the histochemical staining three
controls were carried out: (i) omission of the sub-
strate acetylthiocholine iodide; (ii) substitution of
acetylthiocholine iodide by butirylthiocholine iodide;
and (iii) addition of 10–5 M BW284C51 as inhibitor 
of AChE activity. No residual activity was detected
for any of these controls.

Immunocytochemistry: For immunocytochemical
staining, sections were rinsed in PB (3 3 10 min). 
The immunocytochemical techniques were carried
out following avidin–biotin–peroxidase and immuno-

fluorescent procedures. In the first method sections
were sequentially incubated in: (i) primary antibody
anti-TH (Incstar Corporation, Stillwater, MN, 
USA; 1:5000 in PB; 48 h at 4°C); (ii) biotinylated
anti-mouse immunogammaglobulin (Vector Labs,
Burlingame, CA, USA; 1:250 in PB; 2 h at room
temperature); and (iii) Vectastain Elite ABC reagent
(Vector Labs.; 1:250 in PB; 2 h at room temperature).
After each step, sections were carefully rinsed in PB
(3 3 10 min). The reaction products were revealed by
incubating sections in DAB solution. In the immuno-
fluorescent procedure, sections were sequentially
incubated in: (i) primary antibody (anti-TH 1:5,000;
48 h at 4°C); and (ii) fluorescein-labelled anti-mouse
(Vector Labs; 1:50 in PB; 2 h at room temperature).
Additional controls for the immunohistochemical
procedures were performed by omitting the first or
second antibodies in each step, and incubating some
sections exclusively in DAB solution to exclude the
presence of endogenous peroxidases. No residual
reactivity was observed.

Quantitative analysis: For the statistical analysis,
caudal sections of the olfactory bulbs containing
atypical glomeruli were used. Forty 30 mm-sectioned
atypical glomeruli (20 in the dorsomedial area and 
20 in the ventrolateral area) and 40 30 mm-sectioned
typical glomeruli (20 in the dorsomedial area 
and 20 in the ventrolateral area) were randomly
selected from each OB of each animal as des-
cribed previously.7,8 In each of the 800 randomly 
selected 30 mm-sectioned glomeruli, the number of
TH-immunopositive cells innervating the glomerulus
as well as its area, perimeter, and maximum diameter
were quantified. Only sectioned glomeruli > 50 mm
were considered. TH-immunopositive cells were first
quantified as the number of cells per sectioned
glomerulus, and second referred to the area and
perimeter of the 30 mm-sectioned glomerulus that
they innervated. ANOVA was used for the statistical
analysis of the results. Values of p < 0.05 for Fisher
PLSD and Scheffé F-tests were considered statisti-
cally significant.

Results

After AChE histochemistry, all olfactory glomeruli
were surrounded by a network of AChE-positive
fibres. Atypical glomeruli located in the dorsomedial
and ventrolateral areas of the caudal OB were easily
distinguishable from typical glomeruli by a remark-
ably dense neuropil of AChE-containing axons. In
addition, atypical glomeruli were larger (22 711.4 mm2

in area and 287.4 mm in maximum diameter) than 
the typical glomeruli (14 897.4 mm2 in area and 
146.2 mm in maximum diameter). A few AChE-
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positive neurones were found in the periglomerular
region of both typical and atypical glomeruli when
sections of the AChE-single stained series were 
incubated for long periods (30 min). When sections
of the AChE/TH-double stained series were incu-
bated for short periods (15 min), the neuropil of
typical glomeruli was still unlabelled, but the sense
AChE-containing network innervating the atypical
ones was enough to clearly distinguish this glom-
erular subset. In addition, this short incubation
prevents the AChE-staining in cells which could be
confused with the TH-immunopositive neurones in
the double-labelled sections.

TH immunocytochemistry provides a ‘Golgi-like’
staining of immunopositive neurones. The complete
dendritic tree, dendritic spines and initial portions of
the axon were frequently stained, allowing complete
morphological characterization of TH-immunoreac-
tive cells (Fig. 1). Similar labelling was observed after
both the DAB and the fluorescein procedures and
similar TH-immunostaining was observed in the
double- and single-labelled sections. In the sections

of the series destined for AChE/TH double-labelling
an identical staining pattern was found when the
order of the reactions was reversed.

Most TH-immunolabelled neurones in the rat OB
were located in the periglomerular region of the
glomerular layer. Two different neuronal types were
clearly distinguished surrounding both typical and
atypical glomeruli. The first neuronal population
consisted of small (7–9 mm) round or piriform
neurones with a thin dendrite that innervated a
glomerulus and branched inside it. This neuronal
population was clearly identified as a subpopulation
of periglomerular cells (Fig. 1a). TH-immunoreactive
periglomerular cells surrounding either typical or
atypical glomeruli demonstrated similar morpho-
logical characteristics (size, shape and dendritic
branching pattern). The second neuronal population
was formed by larger (11–14 mm) round or piriform
neurones with one or two thick dendrites that
branched profusely inside the glomeruli constituting
an intraglomerular tuft. These morphological charac-
teristics lead us to identify these TH-immunoreac-
tive neurones as external tufted cells (Fig. 1b).
External tufted cells were found in the periglomerular
region of both glomerular subsets.

Periglomerular cells were clearly more abundant
than external tufted cells in the periglomerular region
of both typical and atypical glomeruli. Because of 
the low number of external tufted cells showing 
TH-immunoreactivity only periglomerular cells were
statistically quantified. Since typical and atypical
glomeruli were located adjacent to one another, only
the periglomerular cells whose dendrites could be
followed innervating the glomerular neuropil of a
typical or an atypical glomerulus were included in
the quantification.

The quantitative analysis demonstrated a
segregated distribution of TH-immunoreactive
periglomerular cells between typical and atypical
glomeruli. More TH-immunopositive periglomerular
cells innervated atypical glomeruli in both the dorso-
medial and the ventrolateral areas than typical
glomeruli in the same areas (Fig. 2; Table 1), and the
differences were statistically significant (p < 0.05)
when the number of cells per sectioned glomerulus
was measured. Since atypical glomeruli were usually
larger than the typical glomeruli7 the differences in
the number of TH-immunopositive periglomerular
neurones may be due to the greater glomerular
perimeter, where they were located or to the larger
area where they arborized their dendrites. How-
ever, considering the number of labelled cells in 
each glomerulus in relation to area and perimeter, 
the differences between typical and atypical glomeruli
were significant at the same confidence level 
(p < 0.05). However, a homogeneous distribution of
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FIG. 1. TH-immunostained neuronal types. Bar = 25 mm. Displaced
cells were selected to show more clearly the characteristics of both
neuronal types. (a) Periglomerular cell, (b) external tufted cell.
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TH-immunopositive periglomerular cells was found
between the dorsomedial and the ventrolateral atyp-
ical glomeruli, where statistically significant differ-
ences were not found (p > 0.05) in the number of
TH-immunostained periglomerular cells innervating
atypical glomeruli of both areas. Similarly, statisti-
cally significant differences were not detected 
(p > 0.05) between the distribution of TH-immunore-
active neurones in the periglomerular region of
dorsomedial and ventrolateral typical glomeruli.
These results demonstrate that typical and atypical
glomeruli differ markedly in the number of 
TH-immunoreactive cells, whereas both dorsomedial
and ventrolateral atypical and typical glomeruli
constitute homogeneous groups in this respect.

Discussion

In the rat OB TH has its main expression in interneu-
ronal populations located in the periglomerular
region of the olfactory glomeruli, suggesting an
important involvement of catecholamines in the local
modulation of neuronal circuitries at the glomerular
level.9,14 Previous reports describe differences in TH
expression between glomeruli, showing that some
olfactory glomeruli have more TH-immunoreactive
elements than others.13 Nevertheless, these differ-
ences have not, hitherto, been related to particular
glomerular subsets. Present observations demonstrate
a segregated TH expression that is associated with 
a specific glomerular subpopulation, i.e. atypical
glomeruli, with a topographically specific distribu-
tion in the dorsomedial and ventrolateral areas of the
caudalmost rat OB. The functional significance of the
heterogeneous expression of TH at the glomerular
level has not been previously explained, but it has
been suggested that it may be attributable to region-
specific levels of afferent stimulation.13 In fact, it has
been demonstrated that peripheral afferent innerva-

tion, and odour-induced afferent activity are required
for the expression of the dopamine phenotype in the
olfactory juxtaglomerular cells.13 The higher number
of TH-immunopositive cells surrounding atypical
glomeruli reported here may reflect a distinctive cate-
cholaminergic modulation in this glomerular subset.

Atypical glomeruli show specific primary affer-
ences with particularities at the ultrastructural
level,3,4,6 and a strong cholinergic modulation from
superior centres.3,5,6 Moreover, our group has
reported that atypical glomeruli differ from typical
glomeruli not only in the organization of primary
and centrifugal afferences, but also in the interneu-
rones surrounding them.7,8 We have found that 
some chemically identified subpopulations of juxta-
glomerular interneurones are homogeneously
distributed between typical and atypical glomeruli,
i.e calbindin D-28k- and calretinin-positive peri-
glomerular cells,8 but others, i.e. ND/NOS-positive
periglomerular cells and neurocalcin-positive external
tufted cells have a segregated distribution between
both glomerular subsets.7,8 These data suggest 
that specific subpopulations of interneurones, i.e.
calbindin D-28k- and calretinin-containing cells, 
are involved in general properties of the glomerular
physiology, whereas others, i.e. ND/NOS- and
neurocalcin-positive cells, may be directly involved
in the processing of specific olfactory information in
different sets of glomeruli.8 Present observations
indicate that TH-containing neurones could also be
involved in a topographically specific processing of
the olfactory information.

A high degree of neurochemical heterogeneity 
of periglomerular cells in the rat OB has been 
previously described. TH-, ND/NOS-, calbindin 
D-28k-, and calretinin-positive periglomerular cells
are separate neuronal sets, and no co-localization of
TH and any other of these three neuronal markers
has been found in these interneurones.10,11 Thus,
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Table 1. Number of TH-positive periglomerular cells per olfactory glomerulus sectioned at 30 mm

Typical glomeruli Atypical glomeruli

Dorsomedial area Ventrolateral area Dorsomedial area Ventrolateral area

No. cells/sectioned glomerulus 20.4 ± 1.7 21.6 ± 1.0 39.4 ± 5.0* 38.2 ± 2.6*
No. cells/103 mm2 (area) 12.7 ± 1.1 14.8 ± 0.6 16.6 ± 1.4* 21.0 ± 1.6*
No. cells/1000 mm (perimeter) 43.0 ± 3.3 47.0 ± 1.9 57.0 ± 5.6* 56.0 ± 2.5*

Values are means ± s.e.m.
*Statistically significant differences (p < 0.05) between the number of TH-immunopositive cells in the periglomerular region
of typical and atypical glomeruli of the dorsomedial and ventrolateral areas. Differences were found whether data were
analysed as absolute values, or referred to glomerular area or perimeter. Five animals were analysed.

FIG. 2. AChE histochemistry and TH immunocytochemistry in adjacent sections. G: glomerulus. Asterisks label selected blood vessels used
as landmarks. Bar = 50 mm. (a) TH-immunostaining in an atypical glomerulus. TH-immunopositive periglomerular cells are located in its
periglomerular region. (b) Same atypical glomerulus as in (a) after AChE histochemistry. (c) TH-immunofluorescent staining in an atypical
glomerulus. (d) Same atypical glomerulus as in (c) after AChE histochemistry. (e) TH-immunoreactive periglomerular cells innervating a
typical glomerulus. (f) Same glomerulus as in (e) after AChE histochemical staining. (g) TH-immunofluorescent labelling in a typical glomerulus.
(h) Same typical glomerulus as in (g) showing innervation from AChE-containing fibres.



using TH-immunocytochemistry we stained a sub-
population of periglomerular cells different from
those previously studied in the periglomerular region
of typical and atypical glomeruli. At present, the
neuronal subpopulations with a segregated distribu-
tion between typical and atypical glomeruli, i.e.
ND/NOS-positive periglomerular cells and neuro-
calcin-containing external tufted cells, are more scarce
in the periglomerular region of the atypical ones.7,8

This fact may reflect a scarce local modulation of this
glomerular set, or may indicate that the local modu-
lation in atypical glomeruli is carried out by other
interneuronal subpopulations. The higher number of
TH-immunopositive periglomerular cells found in
the periglomerular region of atypical glomeruli might
support this latter hypothesis.

Most juxtaglomerular GABAergic interneurones
are also immunopositive for TH, and conversely
nearly all TH-immunopositive neurones within the
periglomerular area contain GABA.15,16 Moreover, it
has been suggested that GABA and dopamine might
exert a synergistic inhibitory modulation of afferent
OB inputs.16 Therefore, the segregated expression of
TH between typical and atypical glomeruli, and the
higher number of TH-containing cells innervating the
atypical ones may presumably indicate a stronger
local inhibitory modulation in this glomerular subset.

Considering jointly the particularities found in
atypical glomeruli has interesting functional implica-
tions. Their specific primary afferences, their strong
cholinergic control from centrifugal fibres, their low
local modulation by some specific interneuronal
subpopulations and their strong inhibitory modula-
tion by others suggest that atypical glomeruli consti-
tute a restricted pathway involved in the processing
of specific olfactory signals. Zheng et al.3 reported
that atypical glomeruli could correspond to the
modified glomerular complex previously described
by Teicher et al.2 and Greer et al.,17 and that this
glomerular subset could be involved in the processing
of odour pheromone-like cues relevant to suckling
behaviour in neonatal rats. The strong inhibitory
modulation supported by the high number of TH-
positive periglomerular cells surrounding atypical
glomeruli may indicate that this glomerular subset
constitutes a priority pathway in the processing of a
restricted group of signals using a strong inhibitory
modulation from local interneurones and a massive
cholinergic control from higher brain centres.

Odour-modulated afferent activity is required 
for expression of the dopamine phenotype in the
juxtaglomerular cells, since a sensory deprivation
produces a decrease in the number of TH-
immunopositive juxtaglomerular cells and the re-
establishment of sensory perception increases the

number of TH-containing cells to control levels.13

The greater number of TH-containing periglomerular
cells surrounding atypical glomeruli in adult rats 
may indicate an important odour-induced activity 
of olfactory axons innervating this glomerular 
subset in adult animals. This role in adult animals
will be complementary to the functional implications
of atypical glomeruli in the processing of olfactory
cues related to suckling behaviour in neonatal
rats.3,4,18

A wide interaction between cholinergic and cate-
cholaminergic circuitries has been demonstrated in
the rat central nervous system.19 Physiological and
ultrastructural evidence suggests that catecholamines
regulate cholinergic transmission.19,20 Whether cata-
cholamines might or might not influence cholinergic
transmission in olfactory glomeruli remains unknown
but, interestingly, atypical glomeruli are unusual
because of their strong cholinergic centrifugal inner-
vation from superior centres and the higher number
of TH-immunopositive interneurones modulating the
intraglomerular circuitries.

Conclusion

There is a heterogeneous distribution of interneu-
ronal subpopulations related with different olfactory
glomerular subsets. The subpopulation of TH-
immunoreactive periglomerular cells is segregated
between typical and atypical olfactory glomeruli.
This fact supports an involvement of this interneu-
ronal population in the local modulation of specific
odour cues.
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