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Abstract
The dopaminergic system plays important roles in the modulation of olfactory transmission. The present study examines the
distribution of dopaminergic cells and the content of dopamine (DA) and its metabolites in control and deprived olfactory bulbs (OB),
focusing on the differences between sexes. The content of DA and of its metabolites, dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA), were measured by HPLC. The morphology and distribution of dopaminergic neurons were studied using
tyrosine hydroxylase (TH) immunohistochemistry. Cells were typified with TH–parvalbumin, TH–cholecystokinin or TH–neurocalcin
double-immunofluorescence assays. Biochemical analyses revealed sex differences in the content of DA and of its metabolites. In
normal conditions, the OBs of male rats had higher concentrations of DA, DOPAC and HVA than the OBs of females. The
immunohistochemical data pointed to sex differences in the number of TH-immunopositive cells (higher in male than in female rats).
Colocalization analyses revealed that dopaminergic cells constitute a different cell subpopulation from those labelled after
parvalbumin, cholecystokinin or neurocalcin immunostaining. Unilateral olfactory deprivation caused dramatic alterations in the
dopaminergic system. The DA content and the density of dopaminergic cells decreased, the contents of DA and DOPAC as well as
TH immunoreactivity were similar in deprived males and females and, finally, the metabolite ⁄ neurotransmitter ratio increased. Our
results show that the dopaminergic modulation of olfactory transmission seems to differ between males and females and that it is
regulated by peripheral olfactory activity. A possible role of the dopaminergic system in the sexually different olfactory sensitivity,
discrimination and memory is discussed.

Introduction
Dopamine (DA) is one of the most abundant neurotransmitters in the
main olfactory bulb (MOB). Subpopulations of juxtaglomerular
interneurons and small populations of neurons in the remaining layers
express tyrosine hydroxylase (TH; the rate-limiting enzyme in the DA
synthesis pathway; Halász et al., 1981). In the glomerular layer (GL),
TH colocalizes with GABA but not with other neurochemical markers
(Kosaka et al., 1998). Physiological studies suggest that DA can
inhibit activation of the main projection neurons (Berkowicz &
Trombley, 2000; Davila et al., 2003). The DA inhibits synaptic
transmission between olfactory sensory neurons and projection
neurons (Ennis et al., 2001), presumably controlling the GABAergic
inhibitory processing of odour signals (Brünig et al., 1999). Wilson &
Sullivan (1995) have proposed that TH-positive neurons may
modulate lateral and feedback inhibition among glomeruli in the
MOB. The magnitude and varied locations of dopamine modulation in
the MOB indicate an important role for DA in odourant signal
processing.
Important degrees of sexual dimorphism have been found in
catecholaminergic neurotransmission in the mammalian central
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nervous system (Vaccari et al., 1977, 1980). As examples, the
distribution of TH-immunoreactive (-IR) elements in the anteroventral
periventricular nucleus of rats, the regulation of TH gene in the mice
locus coeruleus, and DA transporter activity in the striatum of mice are
sexually differentiated (Simerly et al., 1985; Thanky et al., 2002;
Bhatt & Dluzen, 2005).
Olfaction is sexually dimorphic and, for example, women outperform men in odour memory (Oberg et al., 2002). Sex differences in the
olfactory pathway have mainly been described in the accessory
olfactory system, which responds to sex-differentiated pheromones
(Segovia & Guillamón, 1993; Luo et al., 2003) and is involved in the
control of reproductive behaviour (Guillamón & Segovia, 1997). Little
evidence exists to suggest sexual dimorphism in the structure of the
main olfactory system (Gómez et al., 2005), although some speciﬁc
types of olfactory behaviour mediated by this system, such as the
recognition of volatile odours, are sexually dimorphic in mice (Baum
& Keverne, 2002; Keverne, 2004), suggesting sex differences in the
structure and function of the main olfactory system.
TH expression and the DA content in the MOB depend on
peripheral stimulation (Baker, 1990; Brunjes, 1994). In fact, of all the
alterations occurring in the MOB of rodents after the loss of functional
input, the most dramatic changes are found in the catecholaminergic
system. Olfactory deprivation causes a decrease in the number of THIR juxtaglomerular cells (Brunjes, 1994), a profound reduction in
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juxtaglomerular TH mRNA (Stone et al., 1991; Baker et al., 1993), a
decrease in DA and 3,4-dihydroxyphenylacetic acid (DOPAC) levels
(Philpot et al., 1998), and an increase in dopamine D2 receptor density
(Guthrie et al., 1991).
Based on the following four postulates, (i) that the neurochemistry
of dopaminergic cells in the infraglomerular layers is not known;
(ii) that the catecholaminergic system exhibits sexual dimorphism;
(iii) that olfactory function is sexually dimorphic; and (iv) that the
catecholaminergic elements in the olfactory system respond to
alterations in afferent activity, we investigated whether the content
of DA and of its metabolites, DOPAC and homovanillic acid (HVA),
as well as TH expression, differed in the olfactory bulb (OB) of males
and females. Moreover, we performed a characterization of dopaminergic cells in the infraglomerular layers. These analyses were carried
out both under control conditions and 60 days after unilateral
olfactory deprivation.

Materials and methods
Animals and neonatal naris occlusion
Pregnant female Wistar rats were housed singly with food and water
available ad libitum. On the day of birth (P0), rat pups were
anaesthetized by hypothermia and underwent either unilateral naris
closure through a brief cautery to one external naris (deprived
condition), or a sham operation with identical treatment, except that
the cautery was placed on the top of the nose. Normal body temperature
was then restored by placing the pups under a heating lamp. The lesions
were examined daily, and only those animals showing complete closure
of the naris in all examinations were used for the analyses. In all cases,
the experimental procedures conformed to NIH guidelines and were in
accordance with the European Community Council Directive
(86 ⁄ 609 ⁄ EEC) and current Spanish legislation for the use and care
of laboratory animals (BOE 252 ⁄ 34367–91, 2005)

temperature. Between successive steps the sections were carefully
rinsed in PB (3 · 10 min). The reaction product was visualized by
incubating the sections in 0.025% 3,3¢-diaminobenzidine and 0.003%
hydrogen peroxide in PB until the desired staining intensity was
reached.

Double-immunofluorescence histochemistry
Coronal sections were rinsed in 0.1 m phosphate-buffered saline
(PBS), pH 7.4, for 3 · 10 min and then incubated sequentially in:
(i) 1% sodium borohydride in PBS for 20 min at room temperature;
(ii) 0.2% Triton X-100 and 5% normal goat serum in PBS for 1 h at
room temperature; (iii) 1 : 10 000 rabbit anti-TH (Jacques Boy, no.
208020234) and either 1 : 3000 mouse antiparvalbumin (PV; Clone
235, Celio et al., 1988), or 1 : 600 mouse anticholecystokinin (CCK;
provided by CURE ⁄ Digestive Diseases Research Center, Antibody ⁄ RIA Core, University of California, Los Angeles, USA) or
1 : 7000 mouse anti-TH (Incstar, no. 22941; Stillwater, MN, USA)
and 1 : 500 rabbit antineurocalcin (NC; Biomol International LP, no.
NL 3770; Plymouth Meeting, PA, USA), in PBS with 0.2% Triton
X-100 and 2.5% normal goat serum for 48 h at 4 C; (iv) 1 : 200
Cy2-conjugated goat antirabbit IgG (Jackson ImmunoResearch, no.
111-225-003; West Grove, PA, USA) and 1 : 200 Cy3-conjugated
goat antimouse IgG (Jackson ImmunoResearch, no. 115-165-166) in
PBS for 2 h at room temperature; and (v) 1 : 2000 propidium iodide
(PI; Sigma) in PBS for 30 min. The PI counterstaining allowed us to
distinguish immunonegative cells in the MOB. Between successive
steps the sections were carefully rinsed in PBS (3 · 10 min). Finally,
sections were examined with both a microscope (Olympus Provis
AX70, Tokyo, Japan) equipped with epiﬂuorescence and appropriate
ﬁlter sets and a confocal microscope (Leica TCS SP2, Mannheim,
Germany).

High-performance liquid chromatography (HPLC)
Immunohistochemistry
Eight unilaterally deprived Wistar rats (four males and four females)
and 16 naı̈ve animals, which did not undergo surgery (eight males and
eight females), were perfused when they reached P60. They were
deeply anaesthetized with 1 mL ⁄ kg body weight of a mixture of 3 ⁄ 4
ketamine hydrochloride (Ketolar; Parke-Davis, Barcelona, Spain) and
1 ⁄ 4 tiacine hydrochloride (Rompún, Bayer, Leverkussen, Germany).
The animals were then perfused intra-aortically with 100 mL of 0.9%
saline followed by 300 mL of a ﬁxative composed of 4% (w ⁄ v)
paraformaldehyde and 0.2% (w ⁄ v) 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 2 h in the same ﬁxative. Then,
tissue blocks were washed in PB, cryoprotected with 15% (w ⁄ v)
sucrose for 12 h at 4 C, and immersed in 30% (w ⁄ v) sucrose until
they sank. After cryoprotection, 30-lm coronal sections were cut on a
freezing sliding microtome (Leica Jung SM2000; Nussloch,
Germany). The sections were collected in six series in 0.05% sodium
azide (w ⁄ v) in PB at 4 C.
The immunohistochemical technique was carried out on coronal
serial sections following the avidin–biotin–peroxidase method (Hsu
et al., 1981). Sections were rinsed in PB (3 · 10 min) and sequentially incubated in: (i) 1 : 10 000 rabbit anti-TH (Jacques Boy, no.
208020234; Reims, France) in PB with 0.2% Triton X-100 for 48 h at
4 C; (ii) 1 : 200 biotinylated goat antirabbit IgG (Vector, Burlingame,
CA, USA) in PB for 1 h at room temperature; and (iii) 1 : 200
Vectastain Elite ABC reagent (Vector) in PB for 1 h at room

Ten unilaterally deprived Wistar rats (ﬁve males and ﬁve females),
four sham-operated animals (two males and two females) and six
naı̈ve animals (three males and three females) with identical ages
(P60) were killed by cervical dislocation and decapitation. Their brains
were rapidly removed and the OBs dissected out on ice. The tissue
was homogenized and DA, DOPAC and HVA were measured by
HPLC with electrochemical detection. The mobile phase consisted of
KH2PO4 (0.05 m), octanesulphonic acid (1 mm), EDTA (0.1 mm) and
methanol (16%) and was adjusted to pH 3.0 with phosphoric acid. The
ﬂow rate was 1 mL ⁄ min. The HPLC system consisted of a pump
(Waters 510) linked to an automatic sample injector (Loop 200 lL,
Waters 717 plus Autosampler), a stainless steel reverse-phase column
(Spherisorb ODS2; 5 lm, 150 · 4.6 mm) with a precolumn and a
coulometric detector (Coulochem II; Esa Inc, Chelmsford, MA, USA).
The working electrode potential was set at 400 mV. The current
produced was monitored by means of integration software (Unipoint,
Gilson, Middleton, WI, USA).

Image analysis
Quantiﬁcation of the number of TH-IR somata was carried out using
Neurolucida and Neuroexplorer software (MicroBrightField, Colchester, VT, USA) at the same rostrocaudal levels of the six groups of
MOBs (deprived, contralateral and control OBs from males and
females) (Fig. 1). All analyses were carried out choosing sections
with speciﬁc neuroanatomical landmarks that made them easily
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Fig. 1. Neurolucida drawings of representative coronal sections of the OB where the number of dopaminergic cells was analysed. (a) TH-IR cells in the EPL (n)
and in the mitral and inframitral layers (s). (b) Dopaminergic cells in the medial region of the GL (n). (c) Catecholaminergic cells in the AOB (m). AOB,
accessory olfactory bulb; AON, anterior olfactory nucleus; EPL, external plexiform layer; GL, glomerular layer. Scale bars, 1 mm (a–c), 100 lm (inset in b).

distinguishable among animals (Fig. 1). The GL was delimited, the
middle point of the section was marked and from it a vertical line
extending 0.75 mm above and below it was drawn (see Fig. 1b for
details). The ends were projected to the medial region of the GL,
obtaining an objectively measurable surface in the GL. Each
juxtaglomerular cell immunopositive for TH located inside the drawn
area was included in the analysis. Data are given as cells ⁄ mm2.
The number of positive cells in the remaining layers was much
lower, and hence all the cells in the whole of each layer were analysed.
The analysis in the infraglomerular layers was carried out on four
sections per animal, separated from each other by 360 lm (Fig. 1a).
One line throughout the mitral cell layer and another throughout the
interface between the external plexiform layer (EPL) and the GL were
drawn in each section. Each TH-IR cell in the infraglomerular layers
of each section was included in the analysis, differentiating those
located in EPL from those located in the remaining layers (mitral cell
layer and inframitral layers). The areas of the EPL and inframitral
layers were measured and the density of TH-IR cells was obtained for
each region as the number of cells ⁄ mm2. Finally, the mean of the
density in the four sections was obtained for each animal.
The study of the accessory olfactory bulb (AOB) was performed in
48 sections (a rostral and a caudal level for each animal; Fig. 1c), in
which the surface of the AOB was delimited and intensely stained
TH-IR cells were counted (Fig. 1c). The results are expressed as
number of cells ⁄ mm2.

Statistical analysis
The SPSS statistical software program (SPSS, Chicago, IL, USA) was
used. One-way anova followed by Dunnett’s test were performed for
the comparison of DA, DOPAC and HVA contents as well as the
number of TH-IR cells between deprived, contralateral and control
OBs while Student’s t-test was implemented for sex comparisons.
Because unilateral olfactory deprivation causes a decrease in the
volume of the ipsilateral MOB, the effect of size reduction was
considered and a second group of densities corrected for this shrinkage
effect was also analysed in all comparisons including ipsilateral MOB.
The data are expressed with respect to both uncorrected and corrected
conditions, and the consequences of size reduction were evaluated for
each statistical analysis. Mean values are quoted ± SEM.

Results
TH-IR cell distribution and morphology
Immunohistochemical analyses in the MOB showed that TH-IR cells
were mainly located in the GL. Most of the immunolabelled
juxtaglomerular neurons were small, with spherical somata and one
intraglomerular dendrite, and were identiﬁed as periglomerular cells
(Fig. 2a), although a number of larger cells was also found in this layer
(Fig. 2a). In addition, TH was also localized within small and large
somata located in the EPL and in the mitral and inframitral layers
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Fig. 2. Morphological diversity of dopaminergic neurons in the MOB and AOB. (a) TH-IR cells in the GL of the MOB. White arrowheads point to small and
spherical juxtaglomerular neurons and black arrows show larger cells in the same layer. (b–e) Different morphological types of dopaminergic cells found in the EPL.
(f) Dopaminergic cells in the granule cell layer had small somata with a thick apical prolongation. (g and h) TH-IR cells in the AOB. Some (g) had large somata
with several prolongations and complicated ramiﬁcations whereas others (h) possessed small somata with few prolongations. Scale bar, 50 lm.
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(Fig. 2). Although the identiﬁcation of these cells is more uncertain,
larger TH-IR cells in the GL and EPL exhibited the morphological
features of interneurons, presumably short-axon cells (see Discussion).
In addition to somata, a high density of TH-IR neuropil was also
observed. These prolongations belonged not only to bulbar dopaminergic cells but also to cells located in the locus coeruleus that send
their axons to the MOB, constituting the noradrenergic centrifugal
modulatory system.
While the number of TH-IR neurons in the MOB was high, the
number found in the AOB was much lower. Some of the TH-IR cells
in the AOB were only slightly immunostained; they were small and
had spherical somata. Other cells, intensely stained, were large
and were mainly located surrounding the olfactory glomeruli (Fig. 2g
and h). A 30-lm section of a male AOB contained a mean ± SEM of
3.43 ± 0.87 intensely stained TH-IR cells, i.e. a density of
6.56 ± 0.93 cells ⁄ mm2, whereas the TH-IR juxtaglomerular cell
density in the GL of the male MOB was 1320.28 ± 45.27 cells ⁄ mm2.
In females, the density of TH-IR cells in the AOB was
9.01 ± 1.12 cells ⁄ mm2 while in the GL of the MOB it was
1226.98 ± 39.76 cells ⁄ mm2. These data are a good indication of the
differences in the intrinsic dopaminergic modulation occurring in the
MOB and in the AOB.

the male MOBs had more TH-IR cells ⁄ mm2 than female MOBs in all
regions analysed (Fig. 3b), this difference was only signiﬁcant in the
EPL (29.51 ± 1.43 in males vs. 26.12 ± 0.98 cells ⁄ mm2 in females;
Student’s t-test, P < 0.05; Fig. 3b); the layer with the lowest difference
was the GL (1320 ± 45 in males vs. 1226 ± 39 cells ⁄ mm2 in females;
Student’s t-test, P ¼ 0.229). Contrary to the EPL of the MOB, in the
AOB the density of TH-IR cells was similar in the two sexes in that
the differences were not statistically signiﬁcant (5.71 ± 1.39 in males
vs. 6.64 ± 1.63 cells ⁄ mm2 in females; Student’s t-test, P ¼ 0.677).
Dopaminergic cells were typiﬁed by comparison with other cell
subpopulations with a morphology and distribution similar to TH-IR
cells. Sections processed for double-immunoﬂuorescence staining
with TH and antisera against PV (Fig. 4a–d), NC (Fig. 4e–h) and CCK
(Fig. 4i–l) were analysed by confocal microscopy to assess the
colocalization of TH with a marker of interneurons of the EPL (PV), a
sexually dimorphic marker in the MOB of mice (NC) or with a peptide
expressed by many tufted cells (CCK). TH-IR cells in the EPL were
not immunoreactive for any of the other markers (PV, NC and CCK).
Although all these markers were highly expressed by EPL neurons and
although some had similar morphological features to TH-IR cells,
bulbar dopaminergic neurons constitute subclasses of interneurons
different from those containing PV, NC or CCK.

Sexual dimorphism

Effects of unilateral olfactory deprivation in the number
of TH-IR cells

In control animals, HPLC analysis revealed sex differences in the
catechol content of the OB, males showing higher concentrations of
DA, DOPAC and HVA than females (Fig. 3a). The statistical analyses
revealed that the DA content was  30% higher in males than in
females (Student’s t-test, P < 0.01; Fig. 3a), the DOPAC content was
50% higher in males (Student’s t-test, P < 0.01; Fig. 3a), while the
HVA content showed the highest difference, being 65% higher in
males than in females (Student’s t-test, P < 0.01; Fig. 3a). Thus, the
amounts of DA as well as its degradation metabolites differ between
males and females.
In parallel to the HPLC data, the immunohistochemical analyses
revealed sex differences in the density of cells immunopositive for TH,
this sexual dimorphism being dependent on cell distribution. Although

60 days of unilateral deprivation caused a decrease in the number of
cells immunostained for TH in the ipsilateral OB (Figs 5 and 6). No
differences were detected between contralateral and the corresponding
control OBs. The statistical analyses showed that the decrease in the
number of TH-IR cells was not only observed in the GL, where it was
clearly evident and has been previously reported, but also in the EPL
(Fig. 6). Although the TH-IR cell density increased after deprivation in
both the EPL and the inframitral layers, when the correction factor for
the area reduction was applied in the ipsilateral MOB, the differences
were no longer statistically signiﬁcant (in the case of inframitral layers
of females; Fig. 6b) or showed a decrease in the number of TH-IR
cells (in the case of the EPL in males). After the correction of the data

Fig. 3. Sex comparison of (a) DA, DOPAC and HVA concentrations (n ¼ 10, ﬁve males and ﬁve females) and of (b) TH-IR density (n ¼ 16, eight males and
eight females) of control OBs. Results shown as mean ± SEM. Asterisks indicate signiﬁcant differences in the catechol content or in the number of
TH-IR cells ⁄ mm2 between males and females. *P < 0.05, **P < 0.01.
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1522 C. Gómez et al.

Fig. 4. Confocal images [17.1 lm stack for (a)–(d), 14.82 lm stack for (e)–(h) and 10.83 lm stack for (i)–(l)] of double immunoﬂuorescences contrasted with
PI coronal sections from control MOBs to analyse the colocalization of TH with (a–d) PV, (e–h) NC or (i–l) CCK. (a, e and i) PI staining in three different sections.
(b, f and g) Cells containing TH (arrows). (c, g and k) PV- (c), NC- (g) and CCK (k)-immunoreactive cells in the EPL (solid arrows). (d, h and i) Overlays of the
three pictures show that no TH-IR cells were immunopositive for (d) PV, (h NC) or (l) CCK. Scale bar, 75 lm.

Fig. 5. TH immunostaining of equivalent regions from (a) a control MOB and (b) a MOB ipsilateral to naris occlusion. Note the reduction in the number of
dopaminergic cells in the GL and in the EPL of the deprived MOB and the increase in the TH-IR ﬁbre density in the infraglomerular layers. Scale bar, 100 lm.
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Fig. 6. (a–c) TH-IR cell density and (d) DA content 60 days after unilateral olfactory deprivation. (a and b) TH-IR cell density in different layers of the MOB of
(a) males and (b) females. White barrels show control MOB, grey barrels contralateral, black barrels ipsilateral and banded barrels corrected ipsilateral to olfactory
deprivation. Because odour deprivation decreases the overall size of the MOB, the TH-IR density might simply arise from general shrinkage of this bulbar region. To
explore this possibility, we normalized TH density with respect to the reduction in size of the MOB. ‘Corrected ipsilateral’ refers to data from deprived MOB,
adjusted for area shrinkage in the layers studied. (c) Number of TH-IR cells ⁄ mm2 in control, contralateral, ipsilateral and corrected ipsilateral EPLs of males and
females. (d) DA concentration in the different groups of OBs in males and females. Results are shown as mean + SEM. *P < 0.05, **P < 0.01 for contralateral,
ipsilateral or corrected ipsilateral OBs vs. control OBs.

for the volume shrinkage, the density of TH-IR cells in the EPL of
males fell by  50% (29.51 ± 1.43 cells ⁄ mm2 in control vs.
16.41 ± 1.70 cells ⁄ mm2 in the ipsilateral ‘corrected’ MOB; mean ± SEM, Dunnett’s test, P < 0.05; Fig. 6a). The decrease in females was
less marked and was not statistically signiﬁcant (Fig. 6c). Moreover,
the number of dopaminergic cells ⁄ mm2 in the different regions of the
deprived MOBs was similar in the two sexes, unlike what was
observed in control animals. While control MOBs from male animals
showed higher dopaminergic cell density (Fig. 3b), after deprivation
the number of TH-IR cells ⁄ area in the EPL was not signiﬁcantly
different between males and females (34.24 ± 4.23 cells ⁄ mm2 in
deprived males vs. 35.91 ± 2.48 cells ⁄ mm2 in deprived females;
mean ± SEM, Student’s t-test, P ¼ 0.487; Fig. 7b).
In addition to the reduction in the number of TH-IR somata, an
increase in the TH-IR ﬁbre density was quite patent (Fig. 5). Fibres
positive for TH are also dopamine-b-hydroxylase-immunoreactive and

therefore belong to the noradrenergic centrifugal system (Gómez
et al., 2006). Previous studies have shown that noradrenergic ﬁbre
density increases after unilateral olfactory deprivation (not only due to
the reduction of the bulbar area but also because of the lack of
stimulation) and this was also observed in this study after TH
immunohistochemistry (Fig. 5).
Effects of the unilateral olfactory deprivation on catechol
concentration
The reduction in the number of TH-IR neurons was correlated with a
decrease in DA content (Fig. 6d). Ipsilateral OBs from both males and
females showed similar reductions in their DA content. The DA
concentration in control OBs from males was 77.61 ± 4.41 ng ⁄ g and
this was reduced to 33.55 ± 4.22 ng ⁄ g in ipsilateral male OBs
(Dunnett’s test, P < 0.01). The females showed reductions of 56%
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Fig. 7. Comparison between sexes of (a) the catechol contents (n ¼ 10, ﬁve males and ﬁve females) and of (b) the number of dopaminergic cells per unit area
(n ¼ 8, four males and four females) in different layers of the MOB and in the AOB from ipsilateral OB of deprived animals. Results are shown as mean + SEM.
*P < 0.05 between males and females.

(59.17 ± 3.51 ng ⁄ g in controls vs. 25.82 ± 2.93 ng ⁄ g in the ipsilateral OB; mean ± SEM, Dunnett’s test, P < 0.01).
While control OBs from male animals showed signiﬁcantly higher
levels of the three compounds analysed by HPLC (DA, DOPAC and
HVA) than females, after deprivation DA and DOPAC levels did not
signiﬁcantly differ between males and females (Fig. 7a). Although
HVA continued to be higher in males than in females, the sex
differences decreased (74.06 ± 11.35 ng ⁄ g vs. 39.32 ± 3.03 ng ⁄ g;
mean ± SEM, Student’s t-test, P < 0.05). Thus, the sex differences in
DA and DOPAC found under control conditions were no longer
observed after olfactory deprivation.
After deprivation, DA metabolism differed in the ipsilateral OBs of
males and females (Fig. 8). The response of DA metabolites under
olfactory deprivation, namely under the reduction of the DA content,
differed between males and females. While HVA levels seemed to act
similarly in males and females, DOPAC did not (Fig. 8a and b). In
males, the DOPAC concentration decreased with the decrease in DA
content (50.36 ± 2.08 ng ⁄ g in control males vs. 25.80 ± 4.05 ng ⁄ g in
the ipsilateral OB of deprived male rats; mean ± SEM, Dunnett’s test,
P < 0.01; Fig. 8a). However, no differences were detected in the
DOPAC content between the three groups of OBs in females (control,
contralateral and ipsilateral; Fig. 8b). Female control OBs showed
concentrations of 33.11 ± 2.57 ng ⁄ g, contralateral OBs 33.9 ± 4.09
and ipsilateral OBs 34.42 ± 6.87 (mean ± SEM, Dunnett’s test,
P ¼ 0.987 for contralateral vs. control and P ¼ 0.965 for ipsilateral
vs. control; Fig. 8b). Therefore, DOPAC levels in female rats were not
affected by olfactory deprivation.
The sex differences found in dopaminergic metabolites as a
response to olfactory deprivation affected the DOPAC ⁄ DA and
HVA ⁄ DA ratios (Fig. 8c and d), indicative of intra- and extraneuronal
metabolism of DA. The lack of effect of olfactory deprivation on
DOPAC contents in females, together with the reduction in DA levels,
increased the DOPAC ⁄ DA ratio in the ipsilateral OB from deprived
female rats in comparison to that in deprived male OBs (1.34 ± 0.36
in deprived females vs. 0.69 ± 0.12 in deprived males; mean ± SEM,
Student’s t-test, P < 0.01; Fig. 8d). In males, there was a parallel
reduction in DOPAC and DA content and hence a comparison of the
DOPAC ⁄ DA ratio between the ipsilateral and control OBs of male rats

did not show signiﬁcant differences. In contrast, the HVA ⁄ DA ratio in
the ipsilateral OB from male rats was increased in comparison to that
of the ipsilateral OB from female rats (2.24 ± 0.68 in deprived male
OBs vs. 1.17 ± 0.36 in deprived female OBs; mean ± SEM, Student’s
t-test, P < 0.01; Fig. 8c). As the decrease in DA concentration was
similar in males and females, this result means that the decrease in
HVA induced by olfactory deprivation, although not statistically
signiﬁcant, tended to be higher in females than in males. The increase
in the DOPAC ⁄ DA ratio in females and in the HVA ⁄ DA ratio in males
indicates an increase in DA turnover under olfactory deprivation
conditions (Fig. 8c and d).

Discussion
The present results reveal sexual dimorphism in the dopaminergic
system of the olfactory bulb of control and unilaterally deprived rats.
Olfactory deprivation caused decreases in DA content as well as in the
number of TH-IR cells in the ipsilateral OB. In addition, deprivation
differentially affected males and females. The contralateral OBs did
not show any difference from the control OBs. It seems that intrinsic
elements of the contralateral MOB were not directly affected by
unilateral deprivation and, in this sense, similar results between
control and contralateral MOBs have been reported in previous studies
(Brunjes et al., 1985; Guthrie et al., 1990) and in the present paper.
However, centrifugal systems are clearly affected bilaterally after
unilateral olfactory deprivation (Gómez et al., 2006, 2007), and
bilateral naris occlusion leads to more dramatic changes in the
catecholaminergic system of the rat MOB than those reported for
unilateral naris closure (Briñón et al., 2001), indicating a signiﬁcant
amount of information crossing between the hemispheres. These data
therefore indicate that the contralateral MOB cannot be considered and
analysed as a control without a detailed analysis.
Sexual dimorphism in control conditions
Sex differences regarding catechol contents in the OB are not the
only sign of sexual dimorphism that has been observed in the
catecholaminergic system (Vaccari et al., 1977; Simerly et al., 1985;
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Fig. 8. Concentration of DA, DOPAC and HVA in control (white barrels), contralateral (grey barrels) and ipsilateral (black barrels) OBs in (a) males and in
(b) females. Results shown as mean + SEM. **P < 0.01, ipsilateral vs. control OB. (c) HVA ⁄ DA and (d) DOPAC ⁄ DA ratios showing the different response of
males and females under olfactory deprivation conditions. Results shown as means + SEM. **P < 0.01, males vs. females within the different OB groups.

Bhatt & Dluzen, 2005). These previous reports, together with our
results, show that the catecholaminergic system is strongly dependent
on sex, probably due to the regulation of TH gene activity by estrogen,
a sex hormone (Thanky et al., 2002). Support for this hypothesis is
that TH mRNA levels in the MOB are also regulated by estrogen
(Dluzen et al., 2002), and therefore events that alter estrogen levels
(usually sexually dimorphic) can modulate OB catecholaminergic
functions which, in turn, are involved in the detection and processing
of olfactory stimuli (Dluzen et al., 2002).
As the OB was dissected out by cutting the olfactory peduncle, the
MOB but also at least a part of the AOB were analysed by HPLC.
Thus, sex differences in catechol contents may have been due to
changes in the MOB and ⁄ or AOB. However, this and previous
immunohistochemical analyses (Baker, 1986) have revealed that the
number of catecholaminergic neurons in the AOB is almost negligible
(< 1%) in comparison with the number of TH-IR cells in the MOB.
Moreover, our results revealed sex differences in the number of TH-IR
cells in the MOB but not in the AOB. Therefore, sex differences in
DA, DOPAC and HVA contents must presumably be due to
differences in the number of dopaminergic neurons in the MOB. This
is not the ﬁrst time that sex differences have been demonstrated in the
main olfactory system (Swann & Fibre, 1997; Weruaga et al., 2001;

Gu et al., 2003; Keverne, 2004) but it is the ﬁrst time that the amount
and the metabolism of a neurotransmitter has been shown to be
sexually dimorphic in the MOB. The dopaminergic system is not only
ﬁnely regulated by afferent stimulation but is also inﬂuenced by sex.
As DA and its metabolites play an important role in the modulation of
olfactory transmission at the bulbar level, the dopaminergic system
could be a suitable anatomical substrate for the reported sex
differences in olfactory sensitivity, memory and discrimination
properties.
Although the most abundant TH-IR cells in the MOB were located
in the GL, sex differences were found in the number of dopaminergic
cells in the EPL. On average, EPL dopaminergic cells were larger than
those in a juxtaglomerular position. Some authors have suggested that
these cells as well as large cells in the GL would be tufted cells
(Macrides & Davis, 1983; Baker, 1986; Gall et al., 1987). In the
present study, we found both cells with the morphological features of
tufted cells and cells whose aspect differed from that of tufted cells. In
fact, PI staining shows tufted and mitral cells as large slightly stained
cells in comparison to the other bulbar cells, and our analysis revealed
TH-IR cells without this PI-staining pattern. In addition, large
populations of tufted (external, middle and inner) cells contain the
neuropeptide CCK (Seroogy et al., 1985), although our analysis did
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not reveal a colocalization of CCK with TH in cells of the EPL or GL.
Although some large TH-IR cells are tufted cells, it seems clear that
other dopaminergic cells are modulatory short-axon cells. It has been
demonstrated that EPL interneurons inhibit bulbar projection cells
(mitral and tufted cells; Toida et al., 1996; Crespo et al., 2001;
Hamilton et al., 2005) and that DA is also an inhibitory modulator of
mitral cells (Gall et al., 1987; Hsia et al., 1999). As TH-IR cells in the
EPL seem to be interneurons and, based on the differences between
sexes in the number of dopaminergic cells and in DA contents, the
dopaminergic inhibitory modulation from EPL cells to the bulbar
projection cells may be higher in the MOB of male rats than of female
rats, probably indicating a stronger lateral inhibition and thus a better
signal discrimination in males than in females (Wilson & Sullivan,
1995). This interpretation is well supported by recent studies which
have demonstrated sex differences in olfactory sensitivity (Baum &
Keverne, 2002; Pierman et al., 2006) and olfactory discrimination
ability (Wesson et al., 2006). Although behavioural interpretations
must be carefully considered because of possible interspecies differences, it is known that female mice show higher olfactory sensitivity
(Baum & Keverne, 2002; Pierman et al., 2006) but lower olfactory
discrimination than males (Wesson et al., 2006), which would agree
with the differences in the dopaminergic system observed in rats in the
present study.
The MOB continuously receives new cells through the rostral
migratory stream (Altman, 1969; Doetsch & Álvarez-Buylla, 1996).
New cells are generated in the subventricular zone, from where they
migrate to the MOB through the rostral migratory stream and then
mature into neurochemically different cell subpopulations (Carleton
et al., 2002). Colocalization BrdU-TH studies have reported that some
of these newly generated cells differentiate into dopaminergic cells
(Winner et al., 2006). Studies conducted over the past several years
have identiﬁed steroid hormones (e.g. adrenal steroids, testosterone
and estrogen) and peptide hormones (such as prolactin) as potential
regulators of neurogenesis (Lennington et al., 2003). For example,
adrenal steroids suppress whereas estrogen increases the production of
new neurons in the hippocampus (Cameron & Gould, 1994; Tanapat
et al., 1999), and prolactin stimulates the production of neuronal
progenitors in the subventricular zone (Shingo et al., 2003). The
newly generated cells in adult animals differentiate mainly into
granule cells and periglomerular cells (Altman, 1969), and here
statistically signiﬁcant sex differences were mainly observed in the
EPL. However, because sex hormones regulate neurogenesis and
hence the arrival of new neurons at the MOB, the differences observed
in the number of dopaminergic cells between males and females could
be due to differences between the sexes in the regulation of
neurogenesis (including proliferation, migration, differentiation and
survival) in both developmental and adult stages.
Effects of unilateral olfactory deprivation
The reduction in DA content that occurred after 60 days of naris
occlusion was correlated with a decrease not only in the number of
TH-IR juxtaglomerular cells found (in this and in previous studies;
Philpot et al., 1998; Briñón et al., 2001) but also in the number of
TH-IR cells in the remaining layers, especially in the EPL. Peripheral
afferent innervation is therefore required for the expression of the DA
phenotype, not only in the GL but in the whole rodent MOB (Baker,
1990; Baker et al., 1993).
Sex differences in the number of TH-IR cells in the EPL from
control OBs coincided with sex differences in DA, DOPAC and HVA
contents. In addition, the similar numbers of dopaminergic cells in the
EPL of deprived males and females agrees with similar bulbar DA and

DOPAC concentrations. It could thus be surmised that DA and
DOPAC contents differed in control male and female animals because
they had different numbers of TH-IR cells. In the same sense, DA and
DOPAC levels would have been similar in deprived males and females
because they had the same number of dopaminergic neurons in the
EPL. Nevertheless, the reduction in DA and its metabolites was much
greater than the decrease in the number of TH-IR cells; in fact, the
density of TH-IR cells in female MOBs did not decrease after
deprivation although that of DA did. DA as well as DOPAC and HVA
content could vary among cells, and hence changes in content of DA
and its metabolites cannot be explained only by differences in the
number of TH-IR cells.
Dopaminergic metabolism in the ipsilateral OB seems to be
different in males and females. DA can be metabolized by monoamine
oxidase and catechol-O-methyltransferase to generate DOPAC and
HVA (Wood & Altar, 1988). The HVA ⁄ DA (in males) and
DOPAC ⁄ DA (in females) ratios, metabolic indices of DA activity,
were more than doubled after deprivation as compared with control
conditions. The decrease in TH expression (Baker, 1990), together
with these results, seems to indicate that olfactory deprivation causes a
similar reduction in DA synthesis in both males and females, whereas
the degradation process of DA is sexually dimorphic. In fact, the
HVA ⁄ DA or DOPAC ⁄ DA ratios were elevated after unilateral
olfactory deprivation because HVA (in males) and DOPAC (in
females) levels were less diminished than those of DA. DOPAC
primarily reﬂects the intraneuronal metabolism of DA, whereas HVA
is a product of intra- and extraneuronal metabolism of released DA
(Altar et al., 1984; Wood & Altar, 1988). The increase in the
DOPAC ⁄ DA ratio in females points to a maintenance of the
intraneuronal metabolism of DA (meaning that the intraneuronal
degradation of DA continues actively after olfactory deprivation,
being independent of DA content, while extraneuronal degradation
decreases with the reduction in DA levels). This agrees with a
previous study reporting that olfactory nerve stimulation regulates DA
content but does not change DOPAC concentrations (Philpot et al.,
1998). The increase in the HVA ⁄ DA ratio and the decrease in DOPAC
levels in male rats point, by contrast, to alterations in intraneuronal
dopaminergic metabolism, whereas extraneuronal degradation seems
to be similar to that observed under control conditions. Taken together,
these data indicate that not only DA synthesis but also DA degradation
reacts to olfactory deprivation. However, alterations in dopaminergic
degradation, namely in dopaminergic metabolism, differ between
deprived males and females, pointing to another sex difference in the
response of the dopaminergic system in the deprived OB.
The sex differences observed in the DOPAC ⁄ DA and HVA ⁄ DA
ratios are interesting because they suggest sex dissimilarities in
monoamine oxidase and ⁄ or catechol-O-methyltransferase enzymes,
in DA transporter or in vesicular function, i.e. in the machinery
required for DA release and ⁄ or degradation (Bhatt & Dluzen, 2005).
Previous studies have shown sexual dimorphisms in the activity or in
the amount of these substances in other encephalic regions (Vaccari
et al., 1977; Rivest et al., 1995; Bhatt & Dluzen, 2005). In fact, it
has recently been demonstrated that men have a markedly greater
DA release than women in the striatum (Munro et al., 2006). In
addition, monoamine oxidase activity is higher in the whole brain of
adult female than of male rats (Skillen et al., 1961), and the same
pattern has been observed in the human central nervous system
(Robinson et al., 1971). It is known that both amount and activity of
DA transporter is greater in the female than in the male rodent
striatum (Rivest et al., 1995; Bhatt & Dluzen, 2005). All these data
suggest that intraneuronal dopaminergic metabolism is greater in
females than in males, which coincides with the sex differences
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found in the DOPAC ⁄ DA and HVA ⁄ DA ratios in the OBs of
deprived animals.
The present results suggest that the dopaminergic system modulates olfactory transmission differently in males and females.
Moreover, in the OB, DA and its metabolites are regulated by
afferent sensory activity and their responses to altered environmental
conditions also differ between the sexes. These differences suggest
that the modulation performed by DA on the olfactory signal is
dependent on sex. Therefore, DA could be a key player in the
different olfactory sensitivities and discriminations shown by male
and female rats.
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