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Abstract

The serotonergic system plays a key role in the modulation of

olfactory processing. The present study examined the plastic

response of this centrifugal system after unilateral naris

occlusion, analysing both serotonergic afferents and receptors

in the main olfactory bulb. After 60 days of sensory depriva-

tion, the serotonergic system exhibited adaptive changes.

Olfactory deprivation caused a general increase in the number

of fibres immunopositive for serotonin but not of those

immunopositive for the serotonin transporter. HPLC data

revealed an increase in serotonin levels but not in those of its

major metabolite, 5-hydroxyindole acetic acid, resulting in a

decrease in the 5-hydroxyindole acetic acid/serotonin ratio.

These changes were observed not only in the deprived but

also in the contralateral olfactory bulb. Double serotonin–

tyrosine hydroxylase immunolabelling revealed that the

glomerular regions of the deprived olfactory bulb with a high

serotonergic fibre density showed a strong reduction in tyro-

sine hydroxylase. Finally, the serotonin2A receptor distribution

density and the number of juxtaglomerular cells immuno-

positive for serotonin2A receptor remained unaltered after

olfactory deprivation. Environmental stimulation modulated

the serotonergic afferents to the olfactory bulb. Our results

indicate the presence of a bilateral accumulation of serotonin

in the serotonergic axon network, with no changes in sero-

tonin2A receptor density after unilateral olfactory deprivation.

Keywords: 5-hydroxyindole acetic acid, olfactory system,

serotonin, serotonin receptor, serotonin transporter, unilateral

deprivation.
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Afferent activity is needed for the development and main-
tenance of the normal structural and biochemical features of
the olfactory system (Brunjes 1994). Dramatic alterations
occur in the main olfactory bulbs (MOBs) ipsilateral to
deprivation of rats and mice after occlusion of an external
naris. Marked anatomical changes, including volume reduc-
tion, occur after deprivation from birth up to postnatal day
(P)20. However, naris closure performed after P20 results
in few anatomical changes (Brunjes 1994). One day of
deprivation (from P1 to P2) causes the attenuation of
electrophysiological and metabolic neural activities in the
rat MOB (Korol and Brunjes 1990). Forty-five days of odour
deprivation affects the maturation of newborn granule cells,
causing a decrease in the complexity of their dendritic
arborization and spine density (Saghatelyan et al. 2005).
Some changes are dependent on a temporal window. Thus,
volume reduction is not observed in the MOB after naris

closure on P40, although down-regulation of activity has
been clearly demonstrated using 2-deoxyglucose uptake
analysis (Korol and Brunjes 1990). Finally, some changes
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occur after both neonatal and adult deprivation, including a
specific down-regulation of dopamine synthesis in juxta-
glomerular neurones (Baker 1990; Cho et al. 1996; Briñón
et al. 2001). In fact, as a result of the robust decrease in
tyrosine hydroxylase (TH) expression, these changes have
been used as a marker for assessing the efficacy of the
occlusion procedure (Guthrie et al. 1990; Wilson and Wood
1992). All these data indicate that bulbar elements are
severely affected by deprivation and that they undergo
considerable changes during postnatal life, depending on the
prevailing olfactory environmental conditions and MOB
development (Brunjes 1994).

The modulation and processing of olfactory information
that occurs in the bulb are not only mediated by local circuits;
the centrifugal systems innervating the MOB are also crucial
elements in these events (Moriizumi et al. 1994). The
serotonergic pathway is one of the centrifugal systems fully
extrinsic to the MOB. In rats, serotonergic fibres display
specific laminar and regional distributions in the MOB
(McLean and Shipley 1987a; Gómez et al. 2005). Among
the great variety of serotonin (5-HT) receptors identified in
the mammalian central nervous system (Barnes and Sharp
1999), the 5-HT2A receptor is one of the most widely
expressed in the MOB (McLean et al. 1995; Jansson et al.
2001). Study of this receptor in the MOB of deprived rats is
relevant for two reasons: first, its expression is tightly related
to serotonergic innervation (Jansson et al. 2001) and, second,
electrophysiological studies have demonstrated that the 5-
HT2A receptor responds to serotonin-mediated depolarizing
excitatory responses (Hoyer et al. 2002).

Although little is known about the specific neurophysio-
logical effects of 5-HT on the activity of MOB neurones
(Hardy et al. 2005), it is clearly involved in olfactory
processing at bulbar level in the rat (Moriizumi et al. 1994;
Yuan et al. 2003). It has been hypothesized that 5-HT
modulates the synaptogenesis of olfactory receptor axons with
their MOB targets (Moriizumi et al. 1994). Moreover, 5-HT
affects cyclic AMP levels and hence the activity of mitral cells,
the main projecting neurones of the MOB (Yuan et al. 2003).

Although centrifugal systems modulate the development
and maintenance of the MOB, only noradrenaline levels
have been reported to undergo an increase in olfactory
deprivation studies (Kawano and Margolis 1982; Wilson and
Wood 1992). We have recently observed that both the
noradrenaline content and noradrenergic fibre density
increase in the rat MOB 60 days after naris occlusion
(Gómez et al. 2006). Moreover, the existence of noradren-
ergic innervation in the olfactory glomeruli, not observed in
control animals, indicates a profound fibre reorganization
after olfactory deprivation (Gómez et al. 2006). Because 5-
HT levels are altered after peripheral deprivation in other
sensory systems (Kossut et al. 1981; Qu et al. 2000) and the
action of 5-HT depends on environmental sensory signals,
we surmised that the deficit in afferent olfactory activity

might cause alterations in serotonergic elements, including
both afferents and receptors. Moreover, several studies have
demonstrated a relationship between dopamine and 5-HT
(Zhou et al. 1991; Rozas et al. 1998). In the MOB,
serotonergic innervation is heterogeneous among the olfac-
tory glomeruli (Gómez et al. 2005), and the reduction in
dopamine expression in juxtaglomerular neurones is also
irregular within the glomerular layer (GL) (Philpot et al.
1998). We hypothesized that there could be a specific
distribution pattern of TH immunostaining and serotonergic
fibre density in particular regions of the GL. Accordingly, the
aim of this study was threefold: (i) to establish possible
adaptations of the serotonergic projections to the ipsilateral
and contralateral MOBs after conditions of deprivation, (ii) to
analyse the modifications occurring in the 5-HT2A receptor in
deprived and contralateral olfactory bulbs, and (iii) to
compare the distribution of serotonergic afferents and TH
immunostaining in the GL of the ipsilateral MOB.

Materials and methods

Animals and neonatal naris occlusion

Pregnant female Wistar rats were housed singly with food and

water available ad libitum, and their cages were checked daily to

determine the date of birth. On the day of birth (P0), rat pups were

anaesthetized by hypothermia and underwent either unilateral naris

closure through a brief cautery to the right external naris (deprived

condition), or a sham operation with identical treatment, except

that the cautery was placed on the top of the nose just above the

naris. Normal body temperature was then restored by placing the

pups under a heating lamp. When the pups were moving freely,

they were returned to their home cages to recover with their

mothers. The lesions were examined daily under a magnifying

glass, and only those animals showing complete closure of the

naris in all examinations were used for the analysis. In all cases,

the experimental procedures conformed to National Institutes of

Health 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).

Immunohistochemistry

Ten unilaterally deprived Wistar rats (five males and five females),

four sham-operated animals (two males and two females) and six

‘naive’ animals that did not undergo surgery (three males and three

females) were perfused when they reached P60. They were deeply

anaesthetized with a mixture (3 : 4) of ketamine hydrochloride

(Ketolar; Parke-Davis, Barcelona, Spain) and tiacine hydrochloride

(Rompún; Bayer, Leverkussen, Germany) using 1 mL of the

mixture per kg body weight, and perfused intra-aortically with

100 mL 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 MOBs 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)
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sucrose until they sank. After cryoprotection, 30 lm coronal

sections were cut on a freezing sliding microtome (Jung SM

2000; Leica, Nussloch, Germany). The sections were collected in six

series in 0.05% sodium azide (w/v) in PB at 4�C.
Immunohistochemical staining was carried out in coronal serial

sections following the avidin–biotin–peroxidase method (Hsu et al.
1981). Sections were rinsed in PB three times each for 10 min and

sequentially incubated in: (i) 1 : 3000 rabbit anti-5-HT (Affiniti,

Exeter, UK), 1 : 10 000 rabbit anti-5-HT transporter (5-HTT) (Zhou

et al. 1996b), 1 : 10 000 rabbit anti-TH (Jacques Boy, Rheims,

France) or 1 : 500 mouse anti-5-HT2A receptor (BD Pharmingen,

San Diego, California USA) in PB with 0.2% Triton X-100 for 48 h

at 4�C; (ii) 1 : 200 biotinylated goat anti-rabbit IgG (Vector,

Burlingame, CA, USA) for 5-HT, 5-HTT and TH immunohisto-

chemistry, or 1 : 200 biotinylated goat anti-mouse IgG (Vector) for

5-HT2A receptor immunohistochemistry in PB for 1 h at 25�C; and
(iii) 1 : 200 Vectastain Elite ABC reagent (Vector) in PB for 1 h at

room temperature. Between each step, the sections were carefully

rinsed three times each for 10 min in PB. The reaction product was

visualized by incubating the sections in 0.025% 3,3¢-diaminobenzi-

dine 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, three times each for 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 : 7000 mouse anti-

TH (Incstar, Stillwater, MN, USA) and either 1 : 7000 rabbit anti-5-

HTT (Zhou et al. 1996b) or 1 : 3000 rabbit anti-5-HT (Affiniti) in

PBS with 0.2% Triton X-100 and 5% normal goat serum for 48 h at

4�C; and (iv) 1 : 200 Cy2-conjugated goat anti-rabbit IgG (Jackson

ImmunoResearch, West Grove, PA, USA) and 1 : 200 Cy3-

conjugated goat anti-mouse IgG (Jackson ImmunoResearch) in

PBS for 2 h at room temperature. Between each step, the sections

were carefully rinsed three times each for 10 min in PBS. Finally,

sections were examined with both a microscope (Provis AX70;

Olympus, Tokyo, Japan) equipped with epifluorescence and

appropriate filter sets, and a confocal microscope (TCS SP2; Leica,

Mannheim, Germany).

Sections destined for 5-HT2A receptor and propidium iodide (PI;

Sigma, St Louis, MO, USA) double fluorescence staining were

treated in a manner similar to that previously described for 5-HT–

TH staining. The antibody used in step (ii) was 1 : 500 mouse anti-

5-HT2A (BD Pharmingen). The secondary antibody was 1 : 200

Cy2-conjugated goat anti-mouse immunogammaglobulin (Jackson

ImmunoResearch) incubated in PBS for 2 h at room temperature.

An additional incubation for 30 min with 1 : 2000 PI in PBS was

performed. The PI staining allowed us to differentiate the 5-HT2A-

immunopositive cells more clearly. These preparations were

observed and analysed by confocal microscopy.

Specificity of the antibodies used

5-HT2A receptor (Pharmingen)

Mouse monoclonal antibody raised against amino acids 1–72 of

5-HT2A receptor of human origin. The original characterization of

the antibody was done in rat brain. It has been tested in rat and

western blot positive controls have been performed in rat brain

synaptic membranes. It has been used in several previous studies

(Wu et al. 1998; Yuan et al. 2003; Li et al. 2004).

5-HT (Affiniti)
Rabbit polyclonal antibody raised against the 5-HT–glutaraldehyde–

haemocyanin complex. Its immunoreactivity is completely blocked

by 6-hydroxy-1,2,3,4-tetrahydro-a-carboline. It does not cross-react
with other enzymes from the same biosynthetic pathway (radio-

immunoassay and immunohistochemistry controls).

5-HTT
Rabbit polyclonal antiserum (Zhou et al. 1996b) raised against a

fusion protein of the first 71 amino acids of the N-terminal peptide

expressed in recombinant DNA-transformed bacteria. Sodium

dodecyl sulphate–polyacrylamide electrophoresis/western bloting

indicated that 5-HTT antibody recognized the fusion protein

expressed in the bacteria, and a 64-kDa band with a similar

density profile in the rat brain, but was negative in liver and

muscle.

TH (Incstar)
Mouse monoclonal antibody generated against TH that has been

isolated and purified from rat PC12 cells. The antibody has been

tested for immunostaining in rat catecholamine neurone systems

with free-floating avidin–biotin affinity peroxidase staining and for

immunostaining with the free-floating indirect fluorescent label

technique. This antibody has been used previously (Crespo et al.
1997; Lacroix and Rivest 1997; Threlfell et al. 2004).

TH (Jacques Boy)
Rabbit polyclonal antibody generated by the injection of purified TH

from rat tissue in rabbit.

Image analysis

Serotonergic fibre density was measured using two different

computer programs. 5-HT-immunopositive axons in the GL and

5-HTT-immunopositive fibres in the whole MOB formed such a

dense network that it was impossible to individualize each single

axon. Accordingly, fibre density was calculated in the GL using

ImageJ software (Scion Corporation, Bethesda, MD, USA) as

described previously (Gómez et al. 2005). Fibre density in the

infraglomerular layers [external layer (EPL), mitral cell layer

(MCL), internal plexiform layer (IPL) and granule cell layer

(GCL)] was lower and therefore each fibre could be analysed

separately with Neurolucida and Neuroexplorer software (Micro-

BrightField, Colchester, VT, USA). A previous study (Gómez et al.
2005) revealed differences in the distribution pattern of serotonergic

fibres in the GL of the MOB in control animals. However, possible

differences in the distribution pattern of serotonergic fibre density in

the infraglomerular layers of the MOB or possible changes in this

pattern after deprivation have not been studied. Thus, an analysis

comparing different rostrocaudal levels and different regions was

performed. To accomplish this, similar sections of the MOB at three

rostrocaudal levels were chosen, and at each level four windows of

75 · 225 lm were delimited in the zone of the infraglomerular

layers most densely innervated by serotonergic fibres (correspond-

ing to the MCL, IPL and the outermost region of the GCL) using
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Neurolucida. One window was drawn in each of the medial, lateral,

dorsal and ventral regions, such that all these regions were included

in the evaluation. All 5-HT-immunopositive fibres inside the

window were drawn. The results from the three groups of MOBs

(deprived, contralateral and control) were analysed and compared

using Neuroexplorer software, obtaining the fibre density in each

rectangular area as total fibre length per area.

The protocol used to obtain the density of TH and 5-HTT

immunolabelling was similar to that previously described for

5-HT-immunoreactive (5-HT-IR) fibre density in the GL (using

ImageJ software), but in this case binary images were obtained

automatically through Leica confocal software and both 5-HTT and

TH were analysed in the same area. In the binary images, only

immunostained elements appeared as pure green (in the case of

5-HTT) or pure red (for TH), while the background appeared as

black. The surface to be analysed was delimited and percentage area

occupied by 5-HTT-IR fibre density was calculated as the product of

green/total pixel ratio per 100 and the percentage area occupied by

TH immunoreactivity as red/total pixel ratio per 100 in the selected

area.

The number of juxtaglomerular somata expressing 5-HT2A

receptors was obtained using Neurolucida and Neuroexplorer

software at the same rostrocaudal level of the three groups of

MOBs. These sections correspond to level III in Gómez et al.
(2005). Each juxtaglomerular cell immunopositive for 5-HT2A

receptor was included in the analysis. The results are expressed as

number of cells/section.

Finally, the difference in size between the three groups of MOBs

was studied by analysing the area of the bulbar layers with

Neurolucida and Neuroexplorer software.

HPLC

Ten unilaterally deprived Wistar rats (five males and five females),

four sham-operated animals (two males and two females), and six

‘naive’ animals (three males and three females) of identical ages

(P60) were killed by cervical dislocation and decapitation. Their

brains were rapidly removed and the MOB dissected out on ice. The

tissue was homogenized, and 5-HT and 5-hydroxyindole acetic acid

(5-HIAA) 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%), adjusted to pH 3

with phosphoric acid. The flow rate was 1 mL/min. The HPLC

system consisted of a pump (Waters 510; GenTech Scientific, Inc.,

New York, USA) 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 with

a gain of 500 nA. The current produced was monitored by means of

integration software (Unipoint; Gilson, Middleton, WI, USA).

Autoradiography

Seven unilaterally deprived Wistar rats (four males and three

females), two sham-operated animals (one male and one female),

and four ‘naive’ animals (two males and two females) were killed by

decapitation and their brains were rapidly removed from the skulls,

frozen on dry ice, and stored at ) 80�C until sectioning. Coronal

MOB sections (14 lm thick) obtained with a cryostat (Leica) were

thaw-mounted on gelatin-coated slides and stored at ) 80�C until

use. In all cases, at least five sections per rat were analysed for total

binding and another five sections per rat were used to define non-

specific binding.

[125I]RTI-55 (Lew et al. 1996) was used to assess binding density
for 5-HTT. Sections were allowed to defrost and then preincubated

for 30 min in a buffer composed of 0.1 M NaH2PO4 and 0.1 M

sucrose in water (pH 7.4) at room temperature. 5-HTT binding was

defined with 50 pM [125I]RTI-55 in the presence of 1 lM

GBR 12909, whereas non-specific binding was determined with

10 lM fluoxetine (McGregor et al. 2003). Following incubation for

1 h at room temperature, the slides were washed (one for 1 min,

then twice each for 20 min) in ice-cold buffer, followed by one dip

in ice-cold distilled water, after which they were dried under a gentle

stream of cool air. The slides were stored overnight in a desiccator,

and then apposed to Kodak X-OMAT AR film (Eastman Kodak,

Rochester, NY, USA) for 7 days in the presence of standard

microscales. Autoradiographs were developed using D-19 developer

and were fixed with Hypam Rapid Fixer (Chen and Lawrence 2000).

Autoradiographic images were captured under constant illumin-

ation and analysed using the Scion Image Analysis Program (Scion

Corporation). Binding densities were calculated by converting the

optical density of the images to dpm/mm2 with the aid of a standard

curve generated with calibrated 14C microscales, as described

previously (Chen and Lawrence 2000).

Statistical analysis

The SPSS statistical software program (SPSS, Chicago, IL, USA) was

used. Non-parametric data from 5-HT immunohistochemistry experi-

ments were analysed by the Kruskal–Wallis test followed by Mann–

Whitney U two-group comparisons. One-way ANOVA followed by

Dunnett’s test was performed for the comparison of parametric values

from 5-HTT and 5-HT2A receptor immunohistochemistry, auto-

radiography and HPLC between the deprived, contralateral and

control MOBs. Because unilateral olfactory deprivation causes a

decrease in the volume of the deprived MOB, the effect of size

reductionwas considered and a second group of densities corrected for

this ‘shrinkage effect’ was also analysed in all comparisons, including

deprived MOBs. The data are expressed with respect to both real and

‘corrected’ conditions, and the consequences of size reduction were

evaluated for each statistical analysis. Previous studies have shown

sexual dimorphism in the MOB (Weruaga et al. 2001; Gómez et al.
2005). Moreover, 5-HT is involved in several sexually dimorphic

illnesses and behaviours, such as depression, aggression or smoking

(Chiavegatto and Nelson 2003; Li 2003; Noble 2005). Therefore, sex

comparisons for all data collected were performed using the unpaired

Student t-test.

Results

Our main findings were that lack of stimulation of the
olfactory epithelium changed the serotonergic afferents but
not 5-HT2A receptors in deprived and contralateral MOBs,
and that there was an opposite distribution pattern between
TH-immunopositive cells and serotonergic fibre density in
the GL of deprived MOBs. Serotonergic centrifugal input
was analysed in the MOBs of animals with naris occlusion
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and compared with that in the MOBs of both sham-operated
and ‘naive’ animals. No differences were found between the
sham-operated and ‘naive’ animals, nor between the right
and left sides of these animals. Thus, all the MOBs from
these animals were considered as controls. In addition, no
differences between the MOBs of males and females were
found when sex comparisons were performed in each
experimental group, and so both males and females were
grouped together in the statistical analyses comparing
control, contralateral and deprived MOBs.

After the brains had been removed, the sensory-deprived
MOBs showed a remarkable and macroscopically distin-
guishable reduction in size compared with the control and
contralateral MOBs. The MOBs destined for HPLC analysis
were weighed and a reduction of approximately 20%
was found (mean ± SEM 30.2 ± 1.1 vs. 24.4 ± 1.6 mg;
p < 0.01, Dunnett’s test). The decrease in weight was
accompanied by a reduction in bulbar size. As an example,
a coronal section from a defined rostrocaudal level, level III
from Gómez et al. (2005), had a mean ± SEM surface of
6.1 ± 0.1 mm2 in control animals, whereas a similar section
from a deprived MOB measured 4.6 ± 0.1 mm2 (p < 0.01,
Dunnett’s test). Moreover, TH immunohistochemistry
revealed that animals subjected to unilateral deprivation
showed decreased numbers of TH-IR juxtaglomerular
neurones in the GL of the deprived MOB (Fig. 1). A similar
number and distribution of TH-immunostained cells were
observed in the MOBs of control animals and in the
contralateral MOBs of sensory-deprived animals (Figs 1a
and b), whereas the deprived MOBs from experimental
animals exhibited an extensive, but not uniform, decreased
expression of the dopaminergic phenotype (Fig. 1c). The
reduction in TH was more prominent in the medial and
dorsal regions of the caudal half of the deprived MOB than in
the lateral and ventral regions of the same rostrocaudal
levels. These observations confirmed that all experimental
animals had been adequately deprived.

5-HT-IR fibre density increases in the MOB after

unilateral olfactory deprivation

Although the laminar distribution and fibre morphology of
the serotonergic innervation found in control animals
(McLean and Shipley 1987a; Gómez et al. 2005) persisted
after olfactory deprivation, comparisons between the MOBs
of odour-deprived and control animals revealed a clear
increase in the density and number of 5-HT-immunopositive
fibres in the MOBs of experimental animals (Fig. 2).

The increase in 5-HT-IR fibre density in the infraglomer-
ular layers of the MOBs of deprived animals was marked,
and was especially evident in the MCL, the IPL and in the
outermost region of the GCL (Figs 2a–c). Neurolucida data
indicated that the 5-HT-IR fibre densities in these layers of
the deprived and contralateral MOBs were almost three-fold
higher than those in the control MOBs (Table 1 and Fig. 2d).

Analysis of axonal length/area at three different rostrocaudal
levels (Fig. 2e) and in four different regions (Fig. 2f) showed
that the 5-HT-IR fibre density in these layers was homogen-
eous throughout the MOB in both the control and deprived
animals. When the correction factor for the area reduction in
the deprived bulbar layers was applied, all differences were
valid at the same level of significance (Table 1 and Fig. 2). It
may therefore be concluded that unilateral deprivation causes
a general and regular increase in 5-HT-immunopositive fibres
in the most innervated infraglomerular layers of MOBs of
deprived animals and that the increase in 5-HT-IR fibre
density in the deprived MOB is not merely due to the
decrease in bulbar size.

In the GL, the increase in 5-HT-IR fibres in the deprived
MOB was also prominent (Figs 2a–c). ImageJ analysis
revealed that the 5-HT-IR fibre density wasmore than two-fold
higher in the glomeruli of deprived MOBs than in those of
control MOBs. Fibres occupied 3.36 ± 0.65% (mean ± SEM)
of the glomerular area in control animals, whereas they
occupied 8.29 ± 0.98% in the glomeruli of deprived animals
(p < 0.05, Mann–Whitney U test). The reduction in GL area
was slight and the differences in 5-HT-IR fibre density were

Fig. 1 TH immunoreactivity decreases after olfactory deprivation.

TH immunohistochemistry in the medial region from control (a),

contralateral (b) and deprived (c) MOBs. Note the reduction in TH

immunoreactivity in the GL of the deprived MOB. Scale bar 100 lm.
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still significant when the corrected data were compared, thus
indicating a real increase in the number of 5-HT-IR fibres in the
olfactory glomeruli. This increase was homogeneous through-
out the GL, because the heterogeneity in serotonergic fibre
density among glomeruli found in control animals (Gómez
et al. 2005) remained after deprivation.

Increase in 5-HTT-IR fibre density disappears with size

correction

Similar to 5-HT labelling, the 5-HTT-IR fibre density was
higher in deprived than in control MOBs (Figs 3a–c). This
difference was observed in all bulbar layers and was
especially noticeable in the EPL (Figs 3d and e). Quantitative

(a)

(d) (e) (f)

(b) (c)

Fig. 2 5-HT-IR fibre density after unilateral olfactory deprivation.

Double 5-HT-immunolabelled and PI-stained coronal sections from

control (a), contralateral (b) and deprived (c) MOBs. Note the increase in

the number of fibres immunolabelled for 5-HT (green) in both olfactory

bulbs from deprived animals and the decrease in layer thickness in the

deprived MOB, whereas the contralateral MOB preserved its size. Scale

bar 50 lm. (d–f) Graphs show 5-HT-IR fibre densities in the MCL, IPL

and outermost region of the GCL of the different MOB groups (con-

trol, contralateral, deprived and corrected deprived). Because odour

deprivation decreases the overall size of the MOB, the increase in the

5-HT-IR fibre density might simply arise from general shrinkage of this

bulbar region. To explore this possibility, we normalized fibre density

with respect to the reduction in size of the MOB. ‘Corrected deprived’

refers to data from deprived MOBs adjusted for volume shrinkage in the

layers studied. (d) Total differences between the four groups of MOBs.

(e, f) Analysis of 5-HT-IR fibre density at three rostrocaudal levels (e) and

in four different regions (f). Values are mean ± SEM. *p < 0.05,

**p < 0.01 versus control. Mann-Whitney U test.

Table 1 ImmunohistochemIcal, HPLC and autoradiographic data relating to serotonergic afferents in the four groups of MOBs

5-HT-IR fibre density

(lm length/lm2)

RTI-55 binding

(dpm/mm2)

5-HT

(ng/g tissue)

5-HIAA

(ng/g tissue)

Control MOB 7.13 · 10)3 ± 0.78 · 10)3 33.33 ± 1.02 269.62 ± 8.85 131.10 ± 3.86

Contralateral MOB 18.5 · 10)3 ± 2.85 · 10)3** 35.73 ± 1.16 329.41 ± 20.39* 128.76 ± 8.15

Deprived MOB 18.24 · 10)3 ± 2.1 · 10)3** 39.61 ± 1.49** 382.14 ± 26.13** 158.78 ± 10.18**

Corrected deprived MOB 15.26 · 10)3 ± 1.93 · 10)3** 30.92 ± 1.16 321.12 ± 21.96* 133.42 ± 8.55

Values are mean ± SEM. *p < 0.05, **p < 0.01 versus control MOBs. Dunnet’s test except for 5-HT fiber density data in which Mann-Whitney U

test was used.
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analysis revealed that 5-HTT-IR fibre density increased in the
MCL, the IPL and the outermost zone of the GCL from
mean ± SEM 0.07 ± 0.003 pixels/pixels2 (px/px2) in control
animals to 0.09 ± 0.005 px/px2 in deprived bulbs (p < 0.01,
Dunnett’s test). However, the differences in 5-HTT-IR fibre
density disappeared after area correction (p ¼ 0.933, Dun-

nett’s test). In fact, the layers that showed a strong increase in
5-HTT immunohistochemical staining exhibited a strong
reduction (mean ± SEM 3.00 ± 0.09 mm2 in controls vs.
1.82 ± 0.06 mm2 in deprived MOBs; p < 0.01, Dunnett’s t-
test). These results indicate that the alteration in 5-HTT-IR
fibre density in deprived MOB is due to the change in bulbar

(a)

(d) (e)

(b) (c)

Fig. 3 Increase in 5-HTT-IR fibre density disappears with size cor-

rection. 5-HTT-immunopositive fibres of equivalent regions from con-

trol (a), contralateral (b) and deprived (c) MOBs. 5-HTT-IR fibre

density was higher in all layers of the deprived MOB than in those from

control or contralateral MOBs. Higher-power magnifications show the

difference in 5-HTT fibre density in the EPL of control (d) and deprived

(e) MOBs. Scale bar 100 lm for (a–c) and 50 lm for (d) and (e). (f)

Comparison of 5-HTT-IR fibre density in the MCL, IPL and outermost

region of the GCL in the four groups of MOBs. Values are mean ± -

SEM. **p < 0.01 versus control.
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size, and not to a change in the actual number of 5-HTT-
immunopositive fibres (Table 1 and Fig. 3). Moreover,
contrary to the 5-HT immunoreactivity, 5-HTT-IR fibre
density did not undergo a significant increase in the
contralateral MOBs in comparison with control MOBs
(mean ± SEM 0.065 ± 0.002 px/px2 vs. 0.07 ± 0.003 px/
px2). This observation shows that the response of the
serotonergic system is fairly similar between contralateral
and deprived MOBs under deprivation conditions.

The results obtained in the autoradiographic analysis were
consistent with those of the immunohistochemistry. Repre-
sentative autoradiograms (Figs 4a and b) demonstrated the
binding of [125I]RTI-55 mainly at the level of the GL and
GCL, whereas the EPL was almost devoid of binding.
Significant increases in [125I]RTI-55 binding were found in
the deprived MOBs in comparison with controls (mean ±
SEM 39.6 ± 1.5 vs. 33.3 ± 1.0 dpm/mm2; p < 0.01, Dun-
nett’s test (Fig. 4 and Table 1), and no significant differences
were observed between contralateral and control MOBs
(mean ± SEM 35.7 ± 1.2 vs. 33.3 ± 1.0 dpm/mm2, p ¼
0.252, Dunnett’s test). In addition, similar to the immunoh-
istochemical results, the EPL of the deprived animals showed
a dramatic increase in [125I]RTI-55 binding (Fig. 4b). Finally,
similar to the immunohistochemical analysis, correction for
the bulbar area in the deprived MOBs abolished the statistical
differences between this and the control and contralateral
groups (mean ± SEM 30.9 ± 1.2 vs. 33.3 ± 1.0 dpm/mm2

and 30.9 ± 1.2 vs. 35.7 ± 1.2 dpm/mm2; p ¼ 0.256 and p ¼
0.218 respectively, Dunnett’s test).

Naris closure causes an increase in 5-HT but not in

5-HIAA content

The results obtained with HPLC correlated well with the
immunohistochemical data. Thus, HPLC analysis indicated
that olfactory deprivation resulted in an increase in 5-HT
content in both the deprived and contralateral MOBs
compared with controls (Fig. 5a and Table 1). However,
although the difference was not statistically significant for the
level considered, the increase in 5-HT concentration was

higher in the deprived than in the contralateral MOBs. The 5-
HT concentration in the deprived MOB was 41.6% higher
than in controls (mean ± SEM 382 ± 26 vs. 270 ± 9 ng/g;

Fig. 5 Lack of olfactory stimulation causes an increase in 5-HT but not

in 5-HIAA levels. HPLC analysis of 5-HT (a) and 5-HIAA (b) concen-

trations and the 5-HIAA/5-HT ratio (c) in control, contralateral,

deprived and corrected deprived MOBs. In this case, the correction

was performed in relation to the weight of the bulbs. Values are

mean ± SEM. *p < 0.05, **p < 0.01 versus control.

(a) (b) (c)

Fig. 4 [125I]RTI-55 binding density results agree with immunohisto-

chemical analyses. Autoradiograms of coronal sections from control

(a) and deprived (b) MOBs. Scale bar 1 mm. (c) Quantitative com-

parison of specific [125I]RTI-55 binding in the olfactory bulbs from

control and unilaterally deprived rats. Values are mean ± SEM.

**p < 0.01 versus control.
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p < 0.01, Dunnett’s test) (Table 1 and Fig. 5a), whereas the
contralateral MOB showed an increase of 22% (329 ± 20
vs. 270 ± 9 ng/g; p < 0.05, Dunnett’s test) (Table 1 and
Fig. 5a). The levels of the major 5-HT degradation product,
5-HIAA, were also higher in the experimental MOBs than in

the controls (159 ± 10 vs. 131 ± 4 ng/g; p < 0.01, Dunnett’s
test) (Table 1 and Fig. 5b). In this case, the 5-HIAA content
in the contralateral MOB of deprived animals did not change,
being similar to that found in control MOBs. After correction
of the data for the reduction in weight of the deprived MOB,

(a) (b)

(c) (d)

(e)

(g)

(f)

Fig. 6 TH immunostaining and 5-HTT-IR fibre density in the GL of

deprived MOBs show an inverse distribution pattern. Double immu-

nofluorescence of TH (red) and 5-HTT (green) in medial (a, c, e) and

lateral (b, d, f) regions of the GL of the same section of a deprived

MOB. Note the opposite distribution pattern between TH-immuno-

positive juxtaglomerular cells (a, b) and 5-HTT-IR fibre density (c, d)

between the medial and lateral regions of a deprived MOB. Scale bar

200 lm. (g) Density of 5-HTT-IR fibres and TH-IR cells as percentage

of area occupied in different regions of the MOB.
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the differences between the deprived and contralateral MOBs
were no longer statistically significant. The increase in 5-HT
content was similar in both the deprived and contralateral
MOBs and 5-HIAA was not increased either in the contra-
lateral or in deprived MOBs compared with levels in control
MOBs (Table 1 and Fig. 5). The 5-HIAA/5-HT ratio in the
deprived and contralateral MOBs was decreased in compar-
ison with that in control MOBs (mean ± SEM 0.42 ± 0.02
and 0.40 ± 0.03 vs. 0.50 ± 0.02; p < 0.05, Dunnett’s test)
(Fig. 5). These findings show that, even though the 5-HT
content was higher in MOBs from deprived animals than in
the controls, transmitter turnover was decreased, suggesting a
down-regulation of 5-HT activity.

5-HT and TH immunohistochemistry show an opposite

distribution pattern in the GL of deprived MOBs

Olfactory deprivation decreased TH immunoreactivity in the
GL of the deprived MOBs, but this decrease was not
homogeneous throughout the population of olfactory glom-
eruli. Moreover, serotonergic innervation is also heterogene-
ous among the olfactory glomeruli, both in control (Gómez
et al. 2005) and in deprived animals. Comparisons between
serotonergic innervation and TH immunoreactivity in the GL
of deprived MOBs revealed that the regions with a higher
number of either 5-HTT-IR or 5-HT-IR fibres (medial and
dorsal regions) had few TH-IR cells and thus demonstrated a
strong reduction in TH. Similarly, regions with few seroton-
ergic fibres (lateral region and some parts of the ventral

region) had a higher number of TH-IR juxtaglomerular cells
(Fig. 6). The 5-HTT-IR density/TH-IR density ratio was 6.2
and 6.7 in the medial and dorsal regions respectively,
whereas values in the lateral and ventral regions fell to 0.61
and 0.8 respectively (Fig. 6).

The 5-HT2A receptor remains unaltered after deprivation

Analysis of sections of MOBs from control animals revealed
that mitral cell somata were weakly immunostained for 5-
HT2A receptor (Fig. 7a) and the most conspicuous elements
were their primary dendrites, traversing the EPL and
arborizing inside the olfactory glomeruli. The maximum
immunoreactivity for 5-HT2A receptors in the MOB was thus
observed in the EPL (Figs 7a–d). The somata of some
juxtaglomerular cells were also immunopositive for this
receptor in the GL.

5-HT2A receptor distribution remained unchanged after
naris occlusion, but the background staining in the EPL
changed from animal to animal. Although the staining was
heterogeneous among animals, the background intensity was
often higher in deprived than in control and contralateral
MOBs (Figs 7e–g). In addition, with respect to somata
surrounding olfactory glomeruli, the lowest number of juxta-
glomerular cells immunopositive for 5-HT2A receptor was
found in the contralateral MOBs (mean ± SEM 34.3 ± 3.7).
This number was higher in the control MOBs (41.0 ± 6.7) and
the highest number was observed in the deprived MOBs
(48.3 ± 4.9). However, statistical analyses failed to reveal

Fig. 7 Immunohistochemical analysis of 5-HT2A receptors in coronal

sections of MOB from control and unilaterally deprived rats. (a) Dis-

tribution of 5-HT2A receptors in different layers of the MOB. Note that

the highest intensity was observed in the EPL. (b–d) Higher-power

magnifications showing a glomerulus without 5-HT2A-immunopositive

juxtaglomerular cells (b), a glomerulus with abundant 5-HT2A receptor-

IR juxtaglomerular cells (arrowheads) (c), and immunopositive neur-

ites in the EPL in perpendicular (arrowheads) or parallel (white arrows)

orientation to the dorsoventral axis of the olfactory bulb (d). (e–g) 5-

HT2A receptor labelling in the EPL of a control (e), contralateral (f) and

deprived (g) MOB. A higher intensity of labelling was observed in the

deprived MOB in comparison with the other two. Scale bar 100 lm for

(a), 50 lm for (b–d) and 50 lm for (e–g).
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significant differences between the three groups (p ¼ 0.224,
Dunnett’s test). Thus, the number of 5-HT2A receptor-IR cells
remains unchanged or is sometimes increased after unilateral
olfactory deprivation.

Discussion

The main finding of the present study is the demonstration
of the capacity of the serotonergic centrifugal input to the
MOB for plastic adaptation. The results of our analyses
(immunohistochemical, autoradiographic and biochemical)
were consistent and showed that unilateral naris closure
causes significant alterations in 5-HT activity in both
deprived and contralateral MOBs.

Serotonergic input and 5-HT2A receptors after

deprivation

Immunohistochemical analysis revealed that the deprived
and contralateral MOBs showed the same general laminar
distributions of serotonergic fibres as those in control animals
(McLean and Shipley 1987a; Gómez et al. 2005). However,
a clear increase in 5-HT-IR fibres was observed in all MOB
layers 60 days after olfactory deprivation. This was con-
firmed by HPLC, which revealed an increase in neurotrans-
mitter (5-HT) content in the deprived and contralateral
MOBs. However, these changes were not accompanied by
increases in 5-HTT-IR fibres, 5-HTT-specific binding or
5-HIAA content. Because 5-HT immunohistochemistry is
conditioned by variations in 5-HT levels, it has been reported
that an increase in 5-HT-immunopositive fibres alone is not
enough to indicate plasticity in serotonergic innervation
(Huether et al. 1997). Thus, combined measurement of
5-HTT density, and 5-HT and 5-HIAA levels is a useful
approach for estimating alterations in serotonergic inner-
vation in a given projection field (Zhou et al. 1996a, 1998).
In this sense, the lack of variation in 5-HTT density in the
deprived animals argues against the possibility of increased
serotonergic innervation. Increases in the number of 5-HT-
immunopositive fibres probably point to a major storage of
5-HT in serotonergic terminals. This is consistent with the
reduction in the 5-HIAA/5-HT ratio observed in both
contralateral and deprived MOBs, reflecting decreased
neurotransmitter turnover and so down-regulated 5-HT
activity (Asikainen et al. 1995; Devoino et al. 2003).

Deprivation studies performed in other sensory systems
have revealed changes in 5-HT levels (Kossut et al. 1981;
Simpson and Davies 2000). However, olfactory deprivation
resulted in more dramatic changes than those observed in
other sensory systems, involving not only biochemical but
also clear morphological changes, including increased 5-HT
immunoreactivity. These alterations may indicate changes in
the activity of raphe cells, the origin of serotonergic
centrifugal projections to the MOB (McLean and Shipley
1987a). However, our first analyses of raphe nuclei did not

reveal differences between control and deprived animals in
terms of expression of cFos, a marker of neuronal activity
(Guthrie et al. 1993; Gammie and Nelson 2001).

Naris closure did not produce clear differences in 5-HT2A

receptor immunoreactivity in the deprived MOB, but in a few
animals 5-HT2A receptor density increased after olfactory
deprivation. Although the action of this receptor in the MOB
is not well known, in general terms 5-HT2A receptors
mediate depolarizing excitatory responses (Barnes and Sharp
1999) that seem to be an essential modulator of 5-HT-
mediated function (Celada et al. 2004). If the modulatory
action of 5-HT2A receptors is also depolarizing and excita-
tory in the MOB, and if its transduction mechanism is similar
to that described above, then olfactory deprivation will be
responsible for the maintenance, or in some cases the
increase in, the excitatory modulation mediated by 5-HT2A

receptors in the olfactory bulb.

Changes in the contralateral MOB

The observed changes in the contralateral MOB seem to be
in conflict with the results of previous reports indicating that
this structure could be used as a control for unilateral
deprivation, as no changes were observed between the
contralateral and control MOBs (Brunjes et al. 1985; Guthrie
et al. 1990). The discrepancy between our results and those
of others authors can be explained in a number of ways. First,
the serotonergic projections from the raphe nuclei to the
MOB are both ipsilateral and, to a lesser extent, contralateral
(McLean and Shipley 1987a). Second, although the projec-
tion from the olfactory epithelium to the MOB is completely
ipsilateral (Shipley and Ennis 1996), olfactory information
crosses the hemisphere at the anterior olfactory nucleus level
(Cleland and Linster 2003); thus the information received by
central olfactory structures and their presumed response must
be bilateral (Itaya 1987). Because anterograde tracer injec-
tions in the MOB have not revealed any signal in the raphe
nuclei (Itaya 1987; Carmichael et al. 1994), it seems unlikely
that the raphe nuclei would receive olfactory information
directly through the MOB but through a relay in central
olfactory structures (Brunjes and Frazier 1986). Accordingly,
it seems that the olfactory information received by the raphe
nuclei comes from both MOBs and that their response should
also be bilateral. Third, unilateral olfactory deprivation
studies have reported changes not only in the contralateral
anterior olfactory nucleus, where olfactory information has
already been bilateralized (Barbado et al. 2001, 2002), but
also in the contralateral MOB (Johnson et al. 1996; Mand-
airon et al. 2003). Fourth, the contralateral MOB receives
information from the other side through neurones of both
ipsilateral and contralateral anterior olfactory nuclei (Haberly
and Price 1978). Thus, altered activity in the deprived MOB
(Wilson et al. 1990) is likely to modify the contralateral level
of activity and, eventually, the modulation performed by the
serotonergic system. Accordingly, the presence of changes in
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the serotonergic activity of deprived and contralateral MOBs
may result from a bilateral feedback response from raphe
neurones to the olfactory system as a consequence of
changes in the activity of deprived and contralateral MOBs.

Action of 5-HT in the GL

The GL has the highest serotonergic innervation (McLean and
Shipley 1987a; Gómez et al. 2005). One of the most dramatic
effects caused by olfactory deprivation is a reduction in TH
expression in juxtaglomerular cells (Baker 1990; Philpot et al.
1998). There is previous evidence suggesting a relationship
between the dopaminergic and serotonergic innervations of the
same target region. The destruction of dopaminergic cells in
the substantia nigra causes a serotonergic hyperinnervation in
this region and in its projection field, the striatum (Zhou et al.
1991; Rozas et al. 1998). In fact, mice showing the greatest
reductions in striatal TH immunoreactivity also showed the
highest serotonergic fibre density (Rozas et al. 1998). The
higher serotonergic innervation observed in the medial and
dorsal regions of the GL in both control MOBs (Gómez et al.
2005) and deprived MOBs coincides with the most severe
down-regulation of TH expression in the juxtaglomerular
neurones of these regions following olfactory deprivation
(Philpot et al. 1998; Briñón et al. 2001).

The changes in 5-HT activity after olfactory deprivation
and the opposite distribution pattern between serotonergic
fibre density and TH immunolabelling in the GL suggest that
5-HT could be involved in regulation of the entry of olfactory
stimuli to the MOB through the olfactory nerve. This is
supported by several observations. The depletion of seroton-
ergic fibres induced by injection of 5,7-dihydroxytryptamine,
a serotonin-specific neurotoxin, causes atrophy of the GL in
the MOB as a consequence of the loss of peripheral afferent
terminals, whereas no changes are observed in the dendritic
arborizations of mitral or tufted cells (Moriizumi et al. 1994).
This indicates that in the GL 5-HT is closely related to
olfactory nerve inputs. Moreover, TH-immunopositive jux-
taglomerular cells make synaptic contacts directly with the
olfactory nerve (Kosaka et al. 1998), and it has been reported
that catecholaminergic juxtaglomerular neurones regulate the
impulse intensity of primary olfactory afferents by presy-
naptic inhibition of the olfactory nerve (Berkowicz and
Trombley 2000). The pattern of distribution of 5-HT and TH
in the GL suggests that 5-HT could be involved in the
regulation of olfactory inputs originating in the olfactory
epithelium through modulation of the activity of catechol-
aminergic juxtaglomerular neurones.

5-HT and postnatal development

Changes in the serotonergic system could not only be due to
the lack of olfactory stimulation but also to changes in
developmental plasticity. Naris closure has few anatomical
consequences if performed after the first few weeks of
postnatal life, suggesting a sensitive period in MOB devel-

opment (Brunjes 1994). These time-dependent effects indi-
cate that the rapid development that occurs during early life
is sensitive to the reduction in sensory input caused by naris
closure (Brunjes 1994; Philpot et al. 1997). Serotonergic
innervation to the MOB increases in density from birth to
adulthood, with the increase in the weight of the MOB
(McLean and Shipley 1987b). In fact, the laminar distribu-
tion observed in the adult stage is due to rapid growth into all
MOB layers during the first 2 weeks, but after the second
postnatal week this increase gradually stabilizes in all layers
except the GL, where serotonergic fibre density continues to
increase rapidly (McLean and Shipley 1987b). It has been
hypothesized that the different laminar fibre density could be
the result of prolonged focal release of a trophic factor by
glomerular-associated neurones or to the earlier production
of an inhibitory factor by infraglomerular neurones (McLean
and Shipley 1987b). Although different substances can act on
the serotonergic system, the first endogenous, neuronally
derived brain compound that has been shown to regulate both
serotonergic fibre sprouting and 5-HT release and activity in
the central nervous system is brain-derived neurotrophic
factor (BDNF) (Altar et al. 1994; Mamounas et al. 1995,
2000; Goggi et al. 2002). Other factors that have been
described to stimulate or to inhibit serotonergic axon
sprouting in different brain regions are the highly polysial-
ylated neural cell adhesion molecule, neurotrophins NT-4/5
and tenascin (Altar et al. 1994; Brezun and Daszuta 1999).
Supporting this hypothesis, some studies have indicated that
BDNF and tenascin concentrations change both during
development and after olfactory deprivation (Katoh-Semba
et al. 1997; Deckner et al. 2000; McLean et al. 2001;
Saghatelyan et al. 2004). Early olfactory deprivation there-
fore can vary the concentration of trophic or inhibitory
substances, causing the observed alterations in postnatal
development of the serotonergic system in the MOB.

Olfactory deprivation vs. bulbectomy

5-HT has been broadly implicated in major depression.
Olfactory bulbectomy is one of the animal models used for
the study of depression and evaluation of therapies (Kelly
et al. 1997). Changes in the modulation of 5-HT output are
responsible for the alterations in depressive behaviour
occurring after bulbectomy (Cairncross et al. 1979; Zhou
et al. 1998). Although contradictory data have been pub-
lished, most studies have shown that olfactory bulbectomy
causes a decrease in extracellular basal 5-HT levels (Kelly
et al. 1997; van der Stelt et al. 2005). In the frontal cortex,
decreases in 5-HT tissue concentrations (Redmon et al.
1997) and increases in 5-HT2 receptor levels (Earley et al.
1994) have been reported. Our results demonstrate that the
anosmia caused by olfactory deprivation changes 5-HT
levels and maintains or increases 5-HT2A receptor expres-
sion, reminiscent of findings in the frontal cortex of
bulbectomized rats. Moreover, the typical hyperactivity of
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bulbectomized rats (Klein and Brown 1969) can also be
induced by injection of 5,7-dihydroxytryptamine into the
MOB (Cairncross et al. 1979), indicating that the reduction
in 5-HT levels in the MOB produces some effects similar to
those seen after bulbectomy. The parallelism between
serotonergic responses to olfactory deprivation and bulbec-
tomy indicates that anosmia causes changes in the release
and storage of 5-HT, either in the olfactory bulb (deprivation)
or in nearby regions, such as frontal cortex (bulbectomy). It
is not presently known whether plastic changes in the
serotonergic system are directly or indirectly involved in the
aetiology or evolution of depression, but it seems evident that
olfactory-deprived rodents represent a useful model with
which to understand the reach and mechanisms of plasticity
in the serotonergic system.

The present results indicate that 5-HT does not only
modulate olfactory transmission in the MOB, but that this
centrifugal system is modulated by the activity of the MOB
and responds to olfactory deprivation. Analyses of deprived
and contralateral MOBs have revealed variations in 5-HT
release and storage that do not result in feedback changes of
the 5-HT2A receptor.
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