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AbstractÐUnilateral olfactory deprivation in the rat induces changes in the catecholaminergic system of the olfactory bulb.
Nevertheless, evidence suggests that unilateral deprivation does not fully prevent stimulation of the deprived bulb. The
present report analyses the response of the catecholaminergic system of the olfactory bulb in fully deprived rats obtained
by bilateral naris occlusion. The complete deprivation produces more rapid and dramatic changes in both the intrinsic
and extrinsic catecholaminergic systems of the olfactory bulb. Intrinsic responses involve a rapid decrease in dopaminecontaining cells to about 25% of controls, correlated with a decreased Fos expression in juxtaglomerular cells of all olfactory
glomeruli, with the only exception of those of the atypical glomeruli which maintain unaltered expression of both markers.
In parallel with these events, there is a progressive increase in the density of extrinsic noradrenergic axons arising from
neurons in the locus coeruleus, which shows, in parallel, a progressive increase in Fos expression. This model demonstrates
plastic changes in the catecholaminergic system of the olfactory bulb forming a valid morphological substrate for lowering
thresholds in the processing of olfactory information. In addition to this generalized response, there is another one, directed
to a speci®c subset of olfactory glomeruli (atypical glomeruli) involved in the processing of odor pheromone-like cues
related to behavioral responses, that could be responsible for keeping active this reduced and selected group of glomeruli
carrying crucial olfactory information.
These results indicate the existence of adaptive changes in the catecholaminergic system of the olfactory bulb as a
response to the lack of afferent peripheral stimulation. These changes involve dopamine- and noradrenaline-immunoreactive
elements, in a strategy presumably directed at maintaining to the highest possible level the ability to detect olfactory signals.
q 2001 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Afferent activity regulates a variety of developmental,
cellular, molecular and physiological events in sensory
systems. In the olfactory system, afferent activity is
needed for the development and maintenance of the
normal structural and biochemical features of the olfactory bulb. 7 This has been demonstrated by olfactory
deprivation, a procedure that experimentally alters neural
activity in the bulb, inducing striking neuroanatomical,
neurochemical and functional changes. 7
The degree of stimulation modulates the olfactory bulb
function, and thus, olfactory deprivation enhances
projecting neurons responses to both odors 20 and electrical stimulation of the olfactory nerve. 51 The mechanisms
responsible for these modulatory events involve
catecholaminergic systems: bulbar dopaminergic juxtaglomerular neurons regulate the strength of primary
olfactory input through a presynaptic inhibition of olfactory nerve glutamate release, 5 and noradrenergic central
inputs may increase mitral/tufted cells excitability. 29 In

this context, olfactory deprivation obtained by unilateral
naris closure induces a down-regulation of dopamine
synthesis in juxtaglomerular neurons, as demonstrated
by a reduction in dopamine content and expression of
its biosynthetic enzyme tyrosine hydroxylase (TH) in
the olfactory bulb ipsilateral to the occluded naris, 1,3,9,38
whereas at the same time, there is an increase in noradrenaline content. 6,51
Although the changes in the bulbar content of these
catecholamines are evident after unilateral deprivation,
the decrease in dopamine and TH is heterogeneous, the
loss of these markers being more dramatic in the rostral
and medial areas rather than in caudal and lateral portions
of the olfactory bulb, 3,9,38 and noradrenaline content
shows only a transient increase in the ®rst days after
deprivation. 6,51 These data raise the question of how
effective unilateral naris closure is in fully depriving
olfactory bulb neurons of odorant stimulation. Although
the signal value of the stimulus arriving at the occluded
olfactory bulb could somehow be degraded, anatomical, 8
behavioral 26,45 and immunohistochemical 30 evidence
exists for stimulation of the olfactory bulb ipsilateral to
the occluded naris in unilaterally deprived animals.
On this basis, the current experiments were designed
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to investigate the time-course and extent of the reactive
changes in the catecholaminergic system of the olfactory
bulb after full olfactory deprivation, and to elucidate
whether these changes differ from those reported after
unilateral deprivation. We hypothesized that more
dramatic and rapid adaptive changes would occur in
order to compensate for the lack of afferent stimulation
that in macrosmatic mammals, such as rats, is crucial for
life.
EXPERIMENTAL PROCEDURES

Thirty-®ve adult female Wistar rats weighing 250±280 g were
used. Animals were housed under constant temperature conditions (228C) on a 12-h light/dark cycle with food and water available ad libitum. All efforts were made to minimize the number of
animals used and their suffering during the experimental procedures, in accordance with the guidelines of the NIH, European
Communities Council Directive (86/609/EEC) and current
Spanish legislation for the use and care of laboratory animals
(BOE 67/8509-12, 1988).
Tissue processing
Animals (n  21) were deeply anesthetized with ketamine
(Ketolar, 50 mg/kg body weight) and both external nares were
closed by cauterization using a bipolar coagulator. Sham-lesioned
animals (n  7) were identically treated, except that the cautery
was placed on the top of the nose just above the nares. After
surgery, xylocaine and antibiotic cream were applied to the
wound area to alleviate pain and to prevent infection, respectively. Animals were then returned to their home cage and examined daily. Only those showing complete closure of the nares in
all examinations were used for immunohistochemical analysis.
Additional animals (n  7) that did not undergo surgery served as
controls for each time-period examined. At 12 h, one, two, three,
®ve, seven and 14 days post-surgery (S1/2, S1, S2, S3, S5, S7 and
S14), three deprived animals, one sham operated and one control
were killed for either histochemical or immunohistochemical
analysis.
Animals were i.c. perfused under deep anesthesia (Ketolar
50 mg/kg body weight) with 100 ml Ringer solution followed
by 400 ml ®xative solution made up of 4% paraformaldehyde
and 0.2% picric acid in 0.1 M phosphate buffer, pH 7.3. The
brains were removed from the skull, and both the olfactory
bulbs and regions containing the locus coeruleus were dissected
and post®xed in the same ®xative at 48C for an additional
2 h. Tissue blocks were either sectioned at 50 mm, or cryoprotected by immersion in 30% sucrose in 0.1 M phosphate
buffer, pH 7.3, at 48C until they sank, and were cut at 25 mm
thickness using a cryostat. One series of each region was Nissl
stained with 0.25% thionin for the demonstration of cell bodies
and general histological organization. Adjacent series were
processed for either immunohistochemical or histochemical
procedures. The sections from animals of the same group (either
deprived, sham operated or control) were processed and exposed
to the same antisera simultaneously. In all cases, appropriately
marked sections from control animals were simultaneously incubated in the same vials containing sections from experimental
animals.
Immunohistochemistry. Series of free-¯oating sections were
washed in 0.1 M phosphate buffer, pH 7.3, and incubated for
30 min in 0.1% Triton X-100 and 5% of either normal horse or
normal goat serum in 0.1 M phosphate buffer, pH 7.3. Then,
sections were incubated for 48 h at 48C in a solution containing
the primary antibody diluted in 0.1% Triton X-100 and 1%
normal serum in 0.1 M phosphate buffer, pH 7.3. Primary antibodies used were the following: 1:10,000 mouse anti-TH
(KTHM788, Incstar Corporation, Stillwater, Minnesota, USA),
1:4000 rabbit anti c-Fos which is broadly reactive with c-Fos,
Fos B, Fra-1 and Fra-2 (c-Fos K-25, Santa Cruz Biotechnology,

Table 1. Number of tyrosine hydroxylase-immunoreactive juxtaglomerular cells (mean ^ S.E.M.) per 10 3 mm 2 of glomerular area in 25mm-thick sections of typical and atypical glomeruli at different days
post-occlusion
Days post-surgery
Control
0.5
1
2
3
5
7
14

Typical glomeruli

Atypical glomeruli

17.4 ^ 1.62
17.3 ^ 1.89
13.8 ^ 1.66
10.9 ^ 0.98
9.81 ^ 1.02
7.22 ^ 0.86
4.86 ^ 0.62
4.91 ^ 0.75

19.5 ^ 1.88
18.3 ^ 2.01
17.3 ^ 2.12
20.4 ^ 1.92
20.2 ^ 1.76
20.8 ^ 2.51
18.8 ^ 2.33
21.3 ^ 2.25

Santa Cruz, California, USA), 1:1000 rabbit anti-dopamine-bhydroxylase (Af®niti Research, Exeter, UK) and 1:1000 rabbit
anti-serotonin (Af®niti Research). Thereafter, the sections were
processed according to the avidin±biotin immunoperoxidase
method, 25 as described elsewhere. 12 Sections were then rinsed
in 0.1 M phosphate buffer, pH 7.3, mounted on gelatin-coated
slides, air-dried, dehydrated through graded ethanol series, cleared
in xylene and coverslipped with Entellan (Merck, Darmstadt,
Germany).
Acetylcholinesterase histochemistry. For the demonstration of
acetylcholinesterase activity, the histochemical protocol was
performed following the Koelle method, 18 as modi®ed by
Hedreen et al., 23 as described previously. 13
Quantitative analysis
Quanti®cation of tyrosine hydroxylase-immunopositive cells.
Assessment of the density of juxtaglomerular cells per glomerulus shown in Table 1 was performed as follows. From each THstained series, 15 sections were analysed. In each section 10
typical glomeruli were randomly selected. Since only the caudalmost sections display atypical glomeruli, we analysed all atypical
glomeruli and an identical number of typical ones. The glomerular limits were outlined and their perimeters were measured.
Randomly chosen glomeruli with doubtful limits were discarded
and their immediately neighboring ones were used for the quanti®cation. TH-immunostained juxtaglomerular cells around
glomeruli were counted, and the densities with respect to the
glomerular area were calculated. Those periglomerular cells
with dendrites entering two glomeruli were not included in the
quanti®cation. The same numbers of typical and atypical glomeruli, sections and animals were analysed from controls and experimental groups.
Quanti®cation of Fos-immunopositive cells. Quanti®cation of
Fos-immunopositive cells was performed in all control animals
and experimental animals at three, seven and 14 days of deprivation. A one-in-three complete series of cryostat sections containing the entire locus coeruleus was used in each animal. The
boundaries of the locus coeruleus were determined using Nisslstained adjacent sections in each case. Fos-immunopositive cells
were identi®ed by the evident dark brown reaction products in the
cell nuclei. Images containing the entire extension of the locus
coeruleus in each section were observed on a photomicroscope
(Olympus AX70) and captured using a digital camera (Apogee
Instruments) connected to a Power Macintosh computer. The
images were transformed using NIH-image 1.62 (US National
Institute of Health, Bethesda, Maryland) and Adobe Photoshop
5.5 software (Adobe Systems, Mountain View, California), in
such a way that the background for each section was used to
set the threshold for the analysis, so that all the Fos-immunopositive cells were visible, while the background color was
eliminated. The Fos-positive cells were counted, and the data
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Table 2. Number of Fos-immunoreactive cells in the locus coeruleus
unilaterally (mean ^ S.E.M.) in a one-in-three series of 25-mm-thick
sections at different days post-occlusion
Days post-surgery

Fos-positive cells

Control
3
7
14

75.61 ^ 9.3
173.88 ^ 15.6
249.48 ^ 27.9
374.22 ^ 30.2

are given as the mean number (^ S.E.M.) of cells. These data are
shown in Table 2.
RESULTS

Animals were surgically treated to obtain a bilateral
naris occlusion, and their olfactory bulbs were analysed
and compared with olfactory bulbs from both shamoperated and additional animals (ªnaiveº) that did not
undergo surgery. Preliminary analysis demonstrated
that sham-operated and ªnaiveº animals can be all considered as controls since no differences in bulb morphology, histochemical or immunohistochemical stainings
were observed.
Olfactory bulbs from experimental animals demonstrated a decreased number of TH-immunoreactive juxtaglomerular neurons, which fell to 25% of controls by
seven days after surgery (S7 animals; Table 1; Fig. 1a±
d). This decreased expression of dopaminergic phenotype, although extensive, was not uniform, and selected
cell groups demonstrated similar TH immunolabeling as
in control animals. These groups were not scattered in the
glomerular layer but they were located in speci®c
glomeruli at the caudal half of the olfactory bulb, with
identical morphological and topological features in all
animals (Fig. 2).
Based on studies reporting the existence in the rat of
subsets of glomeruli (atypical glomeruli), differing from
typical ones in their speci®c location, their primary afferents, strong cholinergic innervation and modulation by
intrinsic cell types, 11±13,54 we tried to identify the glomeruli showing an invariable occurrence of dopaminergic
cells. Adjacent sections processed for acetylcholinesterase histochemistry allowed the identi®cation of those
glomeruli with invariable density of TH-immunopositive
neurons as atypical glomeruli. They demonstrated an
unchanged density of TH-immunostained juxtaglomerular cells surrounding them in all animals, at all postsurgical periods (Table 1; Fig. 2).
Since one mechanism of TH transcriptional regulation
is through interaction of its promoter regulatory elements
with Fos proteins encoded by the proto-oncogene c-fos, 30
we examined the relationship between the expression of
Fos and TH. Fos immunostaining in control animals
revealed a moderate number of labeled cells in the
glomerular layer and in the granule cell layer (Fig. 3a).
The olfactory bulbs from S1 and S3 animals displayed a
slightly higher number of Fos-immunostained cells
compared to control animals. From S5 onwards, Fos
immunostaining was progressively reduced in the
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glomerular layer both in number of labeled elements
and in their intensity, whereas the staining in the granule
cell layer was apparently constant (Fig. 3b). The glomerular layer at S7 and S14 showed scarce Fos-immunostained elements with the exception of abundant
Fos-immunoreactive cells in the atypical glomeruli
(Fig. 3c, d).
The invariable presence of TH in juxtaglomerular cells
of atypical glomeruli (Fig. 2) and their continued expression of Fos proteins (Fig. 3c, d) indicate that these cell
groups continue to be activated after bilateral olfactory
deprivation, whereas those in typical glomeruli do not.
Since olfactory receptor cells projecting to both typical
and atypical glomeruli are intermingled in the olfactory
mucosa, 28,39,54 it is conceivable that the maintenance of
cell activity in atypical glomeruli is mediated by other
mechanisms distinct from peripheral inputs.
Among the most extensive centrifugal afferents
involved in modulation of the olfactory bulb activity
(cholinergic, catecholaminergic and serotonergic), we
did not ®nd differences in the distribution and staining
intensity of labeled ®bers after choline-acetyltransferase
immunohistochemistry, acetylcholinesterase histochemistry and serotonin immunohistochemistry. However, in
parallel with the decrease in the expression of dopamine
in bulbar juxtaglomerular neurons, there was a marked
increase in the catecholaminergic innervation of the
olfactory bulb (Fig. 1e, f), revealed by means of either
TH or dopamine-b-hydroxylase immunostaining.
In normal conditions the noradrenergic innervation in
the olfactory bulb, is mainly distributed in the granule
cell layer; other layers such as the mitral cell layer, the
external plexiform layer and the glomerular layer have
much less dense innervation (Fig. 1c, e). After deprivation, there is a gradual increase in the density of noradrenergic axons from S3 up to S14 (Fig. 1d, f).
Although this occurs in all bulbar layers, it is particularly
evident in the granule cell layer, the external plexiform
layer and in speci®c locations of the glomerular layer
corresponding to atypical glomeruli.
Correlated with the locations of this maximal
increased noradrenergic innervation was the presence
of strongly Fos-immunoreactive elements. Thus, at
long deprivation times (S7 and S14), strongly Fosimmunoreactive cells were located in the regions of
more dense noradrenergic innervation: the granule cell
layer, where most, if not all, granule cells were strongly
Fos immunolabeled; and the glomerular layer, speci®cally in the juxtaglomerular cells surrounding the atypical glomeruli. These observations suggest a relationship
between noradrenergic innervation and cell activation
revealed by the strong expression of early genes.
The only source of extrinsic noradrenergic innervation
to the olfactory bulb is the locus coeruleus. This pontine
nucleus contains the most important noradrenergic
neuronal population of the brain, which projects diffusely
to most regions, including the olfactory bulb. We
checked for possible changes related to the activation
of those neurons after olfactory deprivation and found
a progressive increase in the intensity and number of
Fos-immunostained cells in parallel with the deprivation
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Fig. 1. Catecholaminergic elements revealed by tyrosine hydroxylase immunohistochemistry in the olfactory bulb of control animals
(a, c, e) and after 14 days of bilateral olfactory deprivation (b, d, f). (a, b) Low-power photomicrographs of the olfactory bulb
showing the distribution of catecholaminergic cells in control animals (a) and the notable reduction of juxtaglomerular neurons
expressing TH in the glomerular layer after 14 days of bilateral deprivation (b). (c, d) High-power photomicrographs of the olfactory
bulb showing TH staining in normal condition (c) and after 14 days of bilateral olfactory deprivation (d). Note the dramatic reduction
in the number of juxtaglomerular neurons expressing TH in the glomerular layer (GL) and the increased density of catecholaminergic ®bers in the remaining layers of the olfactory bulb. (e, f) Dark-®eld photomicrographs showing catecholaminergic ®bers in
normal condition (e) and the increased density after 14 days of bilateral olfactory deprivation (f). EPL: external plexiform layer;
MCL: mitral cell layer; GCL: granule cell layer. Scale bar (in f)  1 mm (a, b), 200 mm (c, d), 175 mm (e, f).
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Fig. 2. Pairs of photomicrographs from equivalent sections of controls and seven-day-deprived animals showing catecholaminergic
elements in the olfactory glomeruli at the caudal half of the olfactory bulb. Juxtaglomerular cells of the atypical glomeruli (arrows)
demonstrated a maintained expression of tyrosine hydroxylase in both conditions, whereas the expression of this marker in neurons
of adjacent typical glomeruli (arrowheads) is drastically reduced after seven days of olfactory deprivation. (a) Dorsal region of
the olfactory bulb. Control animal. (b) Similar section as in a, in a seven-day-deprived animal. (c) Ventral region of the
olfactory bulb. Control animal. (d) Similar section as in c, in a seven-day-deprived animal. AOB: accessory olfactory bulb. Scale
bar (in d)  125 mm.

time (Fig. 4; Table 2). The increased expression of Fos in
the locus coeruleus can therefore be paralleled by the
reinforcement of the noradrenergic innervation observed
in the olfactory bulb, and it could represent the anatomical basis for a plastic response of this central modulatory
system induced by the lack of stimulation of the olfactory
receptors.
DISCUSSION

Our results reveal that bilateral naris occlusion leads to
more dramatic changes in the catecholaminergic system
of the rat olfactory bulb than previously reported after

unilateral naris closure. Firstly, the number of intrinsic
dopaminergic elements falls to approximately 25% of
controls, whereas previous reports indicate that after
unilateral naris closure the number of TH-containing
neurons is maintained at 40±45% of control levels. 2
Secondly, this dramatic loss of dopamine expression
was faster after bilateral deprivation than in unilaterally
deprived animals where the decrease in TH expression
continues gradually up to four to eight weeks postocclusion, 2,9 whereas we found a maximal depletion
just seven days after surgery. Thirdly, depletion of dopamine expression affects similarly all typical glomeruli,
while after unilateral deprivation, the glomeruli located
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Fig. 3. Photomicrographs showing Fos immunoreactivity in the rat olfactory bulb in control and in seven-day-deprived animals. (a)
Fos immunostaining in the olfactory bulb of a control animal. (b) After seven days of deprivation. Note the reduction in the number
of juxtaglomerular neurons in the glomerular layer. (c, d) Maintained Fos immunostaining after deprivation in the atypical glomeruli
(arrows); a reduction in the number of positive elements is evident in typical glomeruli (arrowheads). c, control; d, seven days of
deprivation; GL, glomerular layer; MCL, mitral cell layer. Scale bar (in d)  200 mm.

at the lateral and caudal portions of the olfactory bulb are
apparently unaffected by deprivation. 9 Fourthly, whereas
in unilaterally occluded animals there is a transient
increase in noradrenaline content in the ®rst days after
occlusion, 6 bilaterally deprived animals demonstrate a
progressive increase in the density of noradrenergic
®bers.
These ®ndings clearly suggest that unilateral naris
closure does not result in a total sensory deprivation. In
fact, region-speci®c levels of maintained activity have
been demonstrated in the ipsilateral bulb to the occluded
naris in unilaterally deprived animals 14 indicating that,
although at a lower rate, the deprived olfactory bulb
continues to receive afferent stimulation. By contrast,
bilateral naris occlusion prevents olfactory mucosa
stimulation, and although odorants re¯uxed through the
nasopharynx could theoretically reach the olfactory
mucosa, our results demonstrate that this pathway, at
least in rat, is not effective in activating the olfactory
system, as indicated by the large and rapid reduction in
TH expression.
Deprivation enhances mitral/tufted cell responses to

both odors 20 and electrical stimulation of the olfactory
nerve. 51 Despite the underlying mechanism not being
clear, it has been suggested that the degree of olfactory
stimulation modulates olfactory system function through
controlling the level of dopaminergic inhibition. 52
Dopaminergic juxtaglomerular cells modulate the olfactory sensory input 24,47 regulating the strength of primary
olfactory input, apparently through a presynaptic inhibition of olfactory nerve glutamate release. 5 A large reduction in dopamine synthesis in typical glomeruli as
observed in this study would therefore enhance the
strength of presynaptic nerve input, thus making odors
previously ineffective at activating a particular cell, now
over-threshold. In a transitory circumstance, this will
result in a partial restoration of olfactory function. In
bilaterally deprived animals, by contrast, this downregulation mechanism would end in the total loss of
TH expression, as observed in our material.
Juxtaglomerular neurons of atypical glomeruli did not
show, however, this characteristic loss of dopamine
expression in any of the deprivation periods analysed.
The association between TH and Fos expression in the
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Fig. 4. Progressive increase in the number of Fos-immunostained elements in the locus coeruleus. (a) Control; (b) three days of
deprivation; (c) seven days of deprivation; (d) 14 days of deprivation. Scale bar  100 mm.

olfactory bulb, 15,19 and the fact that Fos detection has
proved useful for identi®cation of activated neurons 21,34
suggest that these glomeruli remain active under deprivation conditions. Taking into account that olfactory
receptor cells projecting to atypical glomeruli are intermingled with typical receptor cells in the olfactory
mucosa, 28,37,39 we must assume that odorants are similarly impeded to access them. Therefore, the apparent
normality observed in the juxtaglomerular cells of atypical glomeruli, demonstrated by maintenance of TH and
Fos expression, must be mediated through a mechanism
not involving peripheral inputs.
The main centrifugal inputs to the olfactory bulb
remain apparently unaltered after bilateral sensory deprivation, with the only exception of noradrenergic projection which showed a marked increase in its density. A
transient increase in the noradrenaline content in the
deprived bulb has been detected after unilateral deprivation in the ®rst three days after surgical treatment. 6,51
After this adaptatory period, noradrenaline expression
seems to be unaffected by the manipulation and returns
to normal levels. 38 The initial increase in noradrenaline
content can be interpreted as an adaptive mechanism that
tends to regulate the odorant detection thresholds in the
occluded olfactory bulb. After this ®rst stage of noradrenergic system activation, it is conceivable that the
activity of the non-occluded bulb in¯uences indirectly

the activity of the occluded bulb through ®bers connecting both sides of the olfactory system, whether at the
bulbar level such as the interbulbar associational
system, 43 or at higher levels of the olfactory pathway.
This is supported by the fact that unilaterally deprived
animals exposed to odorants demonstrate a centrifugal
stimulation in both normal and deprived olfactory
bulbs. 30 This mechanism could maintain a certain degree
of activity in the occluded bulb, thus preventing, or minimizing, a continued response of the noradrenergic
regulatory system. Accordingly, our results suggest that
bilateral deprivation would induce a similar reaction of
the noradrenergic modulatory system to that found in the
®rst days after unilateral deprivation. However, given the
total lack of stimuli in both olfactory bulbs, the reaction
of the noradrenergic system cannot be compensated, and
its response continues throughout the deprivation time, as
demonstrated by the progressive increase in both dopamine-b-hydroxylase- and TH-stained ®bers in parallel
with the deprivation time.
Activation of the noradrenergic projection, important
in the regulation of olfactory response and crucial in
neural plasticity throughout the brain, 4,27,36 could be
correlated to the maintenance of Fos expression in the
granule cells and in juxtaglomerular cells at the atypical
glomeruli. Although Fos synthesis cannot be considered
as a simple marker of spiking neuronal activity, 42 in
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many neural systems, including the olfactory system, Fos
expression is regulated in association with neuronal
activity. 21,22,41,44 In addition, triggering of Fos expression
seems to be mediated through b-adrenergic receptors, 42
suggesting that the maintained Fos expression in these
cell groups may originate, in this circumstance, from the
noradrenaline released by centrifugal afferents.
Several studies have revealed a spectrum of actions for
noradrenaline in sensory areas of the brain, which
suggests that at the level of single cells, this neuroactive
substance enhances the ef®cacy of synaptic transmission. 29,31,32 A consistent ®nding across a number of
systems is that exogenous noradrenaline or activation
of the locus coeruleus enhances the signal to noise ratio
of evoked responses, typically by decreasing spontaneous activity proportionately more than afferent-evoked
activity. This process appears to be mediated by interactions with both a- and b-adrenergic receptors 17
through which noradrenaline can convert weak or subthreshold stimuli into a threshold response. 35,49
In the olfactory bulb, available data demonstrate that at
the level of the reciprocal excitatory±inhibitory synapses
established between mitral/tufted cells and granule cells,
noradrenaline inhibits monosynaptic excitatory postsynaptic potentials recorded on granule cells through
inhibition of presynaptic voltage-sensitive calcium
channels of mitral/tufted cells, resulting in an inhibitory
neuromodulatory mechanism. 48 This effect is mimicked
by the a-adrenergic receptor agonist clonidine, but not by
the b-adrenergic receptor agonist isoproteronol, 46,48 thus
suggesting that noradrenaline disinhibits mitral cells by
reducing mitral cell excitation of granule cells via a presynaptic a-adrenergic receptor mechanism. 46,48 Therefore, the release of noradrenaline in the olfactory bulb
may enhance mitral cell excitability, increasing their
sensitivity to weak odors 10 or low stimulation from
receptor axons.
The disinhibitory effect of noradrenaline on mitral/
tufted cells can also occur at the level of the glomerular
layer where these projection neurons establish synaptic

relationships with periglomerular cells similar to those
established with granule cells in deeper layers. Although
the noradrenergic innervation in the glomerular layer is
not as extensive as it is in other bulbar layers, our results
demonstrate the presence of a population of glomeruli
with a dense noradrenergic innervation. These atypical
glomeruli are, in addition, characterized by a high cholinergic innervation, and appear to be unaffected by the
olfactory deprivation.
A widespread interaction between cholinergic and
catecholaminergic circuitries has been demonstrated in
the rat CNS. 33,40 In the olfactory bulb, there is evidence of
cholinergic regulation of noradrenaline release from
locus coeruleus terminals. 16 Thereby, the noradrenergic
innervation directed to the ªatypical systemº, a privileged pathway responding to a restricted group of
signals, 53 with a strong centrifugal control and a limited
local modulation that allows a fast and primed input
transmission, 11±13,53,54 would result in the maintenance
or facilitation of the readiness of this segregated olfactory subsystem.
During periods of increased output from locus coeruleus neurons, the response properties of sensory neurons
may be enhanced to the point that these cells are able to
encode more precisely information from the sensory
surround. 50 Then, under sensory deprivation conditions,
the modulatory system originated in the locus coeruleus
will react in two ways using noradrenaline as a tool: (i)
originating a general response, directed to lowering the
thresholds of mitral cells through a generalized granule
cell inhibition, and (ii) a more selective one, keeping at
the highest possible level the readiness to respond to
olfactory signals of particular cell circuitries (atypical
glomeruli) responsible for the processing of speci®c
cues, crucial for the survival of the animal.

AcknowledgementsÐThis work has been supported by the
Spanish DGES (PB97-0097 and PM99-0068), CICyT (1FD971325) and the ªJunta de Castilla y LeoÂnº.

REFERENCES

1. Baker H., Kawano T., Margolis F. L. and Joh T. H. (1983) Transneuronal regulation of tyrosine hydroxylase expression in olfactory bulb of
mouse and rat. J. Neurosci. 3, 69±78.
2. Baker H. (1990) Unilateral, neonatal olfactory deprivation alters tyrosine hydroxylase expression but not aromatic acid decarboxylase or GABA
immunoreactivity. Neuroscience 36, 761±771.
3. Baker H., Morell K., Stone D. M. and Maruniak J. A. (1993) Adult naris closure profoundly reduces tyrosine hydroxylase expression in the
mouse olfactory bulb. Brain Res. 614, 109±116.
4. Bear M. F. and Singer W. (1986) Modulation of visual cortical plasticity by acetylcholine and noradrenaline. Nature 320, 172±176.
5. Berkowicz D. A., Trombley P. Q. and Shepherd G. M. (1994) Dopaminergic modulation at the olfactory nerve synapse. Soc. Neurosci. Abstr.
20, 328.
6. Brunjes P. C., Smith-Crafts L. K. and McCarty R. (1985) Unilateral odor deprivation: effects on the development of olfactory bulb
catecholamines and behavior. Devl Brain Res. 22, 1±6.
7. Brunjes P. C. (1994) Unilateral naris closure and olfactory system development. Brain Res. Rev. 19, 146±160.
8. Burdach K. and Doty R. L. (1987) Retronasal ¯avor perception in¯uences of mouth movements, swallowing and spitting. Physiol. Behav. 41,
353±356.
9. Cho J. Y., Min N., Franzen L. and Baker H. (1996) Rapid down-regulation of tyrosine hydroxylase expression in the olfactory bulb of narisoccluded adult rats. J. Comp. Neurol. 369, 264±276.
10. Ciombor K. J., Ennis M. and Shipley M. T. (1999) Norepinephrine increases rat mitral cell excitatory responses to weak olfactory nerve input
via alpha-1 receptors in vitro. Neuroscience 90, 595±606.
11. Crespo C., Porteros A., AreÂvalo R., BrinÄoÂn J. G., AijoÂn J. and Alonso J. R. (1996) Segregated distribution of nitric oxide synthase-positive cells
in the periglomerular region of typical and atypical olfactory glomeruli. Neurosci. Lett. 205, 149±152.
12. Crespo C., Alonso J. R., BrinÄoÂn J. G., Weruaga E., Porteros A., AreÂvalo R. and AijoÂn J. (1997) Calcium-binding proteins in the periglomerular
region of typical and atypical olfactory glomeruli. Brain Res. 745, 293±302.

Olfactory deprivation and catecholaminergic system

9

13. Crespo C., Jorge R. J., Alonso J. R., BrinÄoÂn J. G., AreÂvalo R. and AijoÂn J. (1997) Segregated distribution of TH-immunoreactivity in olfactory
glomeruli. NeuroReport 8, 2311±2316.
14. Cullinan W. E. and Brunjes P. C. (1987) Unilateral odor deprivation: effects on the development of staining for olfactory bulb succinate
dehydrogenase. Devl Brain Res. 35, 35±42.
15. Curran T. and Morgan J. I. (1995) Fos: an immediate-early transcription factor in neurons. J. Neurobiol. 26, 403±412.
16. El-Etri M. M., Ennis M., Griff E. R. and Shipley M. T. (1999) Evidence for cholinergic regulation of basal norepinephrine release in the rat
olfactory bulb. Neuroscience 93, 611±617.
17. Foote S. L., Bloom F. E. and Aston-Jones G. (1983) Nucleus locus coeruleus: new evidence of anatomical and physiological speci®city. Physiol.
Rev. 63, 844±914.
18. Geneser-Jensen F. A. and Blackstad T. W. (1971) Distribution of acetylcholinesterase in the hippocampal region of the guinea pig. I. Entorhinal
area, parasubiculum and presubiculum. Z. Zellforsch. 114, 460±481.
19. Ghee M., Baker H., Miller J. C. and Ziffa E. B. (1998) AP-1, CREB and CBP transcription factors differentially regulate the tyrosine
hydroxylase gene. Molec. Brain Res. 55, 101±114.
20. Guthrie K. M., Wilson D. A. and Leon M. (1990) Early unilateral deprivation modi®es olfactory bulb function. J. Neurosci. 10, 3402±3412.
21. Guthrie K. M., Anderson A. J., Leon M. and Gall C. (1993) Odor-induced increases in c-fos mRNA expression reveal an anatomical ªunitº for
odor processing in olfactory bulb. Proc. natn. Acad. Sci. USA 90, 3329±3333.
22. Guthrie K. M. and Gall C. (1995) Functional mapping of odor-activated neurons in the olfactory bulb. Chem. Senses 20, 272±282.
23. Hedreen J. C., Bacon S. J. and Price D. L. (1985) A modi®ed histochemical technique to visualize acetylcholinesterase-containing axons.
J. Histochem. Cytochem. 33, 134±140.
24. Hsia A. Y., Vincent J. D. and Lledo P. M. (1999) Dopamine depresses synaptic inputs into the olfactory bulb. J. Neurophysiol. 82, 1082±1085.
25. Hsu S. M., Raine L. and Fanger H. (1981) The use of avidin biotin peroxidase complex (ABC) in immunoperoxidase techniques. A comparison
between ABC and unlabeled antibody (peroxidase) procedures. J. Histochem. Cytochem. 29, 577±590.
26. Hunt N. L. and Slotnick B. M. (1991) Functional capacity of the rat olfactory bulb after neonatal naris occlusion. Chem. Senses 16, 131±142.
27. Imamura K. and Kasamatsu T. (1991) Ocular dominance plasticity restored by NA infusion to aplastic visual cortex of anaesthetized and
paralyzed kittens. Expl Brain Res. 87, 309±318.
28. Jastreboff P. B., Pedersen P. E., Greer C. A., Stewart W. B., Kauer J. S. and Shepherd G. M. (1984) Speci®c olfactory receptor populations
projecting to identi®ed glomeruli in the rat olfactory bulb. Proc. natn. Acad. Sci. USA 81, 5250±5254.
29. Jiang M., Griff E. R., Ennis M., Zimmer L. A. and Shipley M. T. (1996) Activation of locus coeruleus enhances the responses of olfactory bulb
mitral cells to weak olfactory nerve input. J. Neurosci. 16, 6319±6329.
30. Jin B. K., Franzen L. and Baker H. (1996) Regulation of c-fos mRNA and fos protein expression in olfactory bulbs from unilaterally odordeprived adult mice. Int. J. Devl Neurosci. 14, 971±982.
31. Kossl M. and Vater M. (1989) Noradrenaline enhances temporal auditory contrast and neuronal timing precision in the cochlear nucleus of the
mustached bat. J. Neurosci. 9, 4169±4178.
32. McLean J. and Waterhouse B. D. (1994) Noradrenergic modulation of cat area 17 neuronal responses to moving visual stimuli. Brain Res. 667,
83±97.
33. Milner T. A. (1991) Cholinergic neurons in the rat septal complex: ultrastructural characterization and synaptic relations with catecholaminergic terminals. J. comp. Neurol. 314, 37±54.
34. Morgan J. I., Cohen D. R., Hempstead J. L. and Curran T. (1987) Mapping patterns of c-fos expression in the central nervous system after
seizure. Science 237, 192±197.
35. Mouradian R. D., Sessler F. M. and Waterhouse B. D. (1991) Noradrenergic potentiation of excitatory transmitter action in cerebrocortical
slices: evidence for mediation by an a1 receptor-linked second messenger pathway. Brain Res. 546, 83±95.
36. Osterheld-Haas M. C., Van der Loos H. and Hornung J. P. (1994) Monoaminergic afferents to cortex modulate structural plasticity in the
barrel®eld of the mouse. Devl Brain Res. 77, 189±202.
37. Pedersen P. E., Jastreboff P. J., Stewart W. B. and Shepherd G. M. (1986) Mapping of an olfactory receptor population that projects to a speci®c
region in the rat olfactory bulb. J. comp. Neurol. 250, 93±108.
38. Philpot B. D., Men D., McCarty R. and Brunjes P. C. (1998) Activity-dependent regulation of dopamine content in the olfactory bulbs of narisoccluded rats. Neuroscience 85, 969±977.
39. Ring G., Mezza R. C. and Schwob J. E. (1997) Immunohistochemical identi®cation of discrete subsets of rat olfactory neurons and the glomeruli
that they innervate. J. comp. Neurol. 388, 415±434.
40. Robinson S. E., Malthe-Sorenssen D. and Wood P. L. (1979) Dopaminergic control of the septal-hippocampal cholinergic pathway. J. Pharmac.
exp. Ther. 208, 476±479.
41. Sallaz M. and Jourdan F. (1993) C-fos expression and 2-deoxyglucose uptake in the olfactory bulb of odour-stimulated awake rats. NeuroReport
4, 1±11.
42. Sallaz M. and Jourdan F. (1996) Odour-induced c-fos expression in the rat olfactory bulb: involvement of centrifugal afferents. Brain Res. 721,
66±75.
43. Schoenfeld T. A., Marchand J. E. and Macrides F. (1985) Topographic organization of tufted cell axonal projections in the hamster main
olfactory bulb: an intrabulbar associational system. J. comp. Neurol. 235, 503±518.
44. Sheng M. and Greenberg M. E. (1990) The regulation and function of c-fos and other immediate-early genes in the nervous system. Neuron 4,
477±485.
45. Slotnick B. M. and Pazos A. (1990) Rats with one olfactory bulb removed and the contralateral naris closed can detect odors. Physiol. Behav. 48,
37±40.
46. Trombley P. Q. and Shepherd G. M. (1992) Noradrenergic inhibition of synaptic transmission between mitral and granule cells in mammalian
olfactory bulb cultures. J. Neurosci. 12, 3985±3991.
47. Trombley P. Q. and Shepherd G. M. (1993) Synaptic transmission and modulation in the olfactory bulb. Curr. Opin. Neurobiol. 3, 540±547.
48. Trombley P. Q. (1994) Noradrenergic modulation of synaptic transmission between olfactory bulb neurons in culture: implications to olfactory
learning. Brain Res. Bull. 35, 473±484.
49. Waterhouse B. D., Sessler F. M., Cheng J. T., Woodward D. J., Azizi S. A. and Moises H. C. (1988) New evidence of a gating action of
norepinephrine in central neurons circuits of mammalian brain. Brain Res. Bull. 21, 425±432.
50. Waterhouse B. D., Moises H. C. and Woodward D. J. (1998) Phasic activation of the locus coeruleus enhances responses of primary sensory
cortical neurons to peripheral receptive ®eld stimulation. Brain Res. 790, 33±44.
51. Wilson D. A. and Wood J. G. (1992) Functional consequences of unilateral olfactory deprivation: time course and age sensitivity. Neuroscience
49, 183±192.
52. Wilson D. A. and Sullivan R. M. (1995) The D2 antagonist spiperone mimics the effects of olfactory deprivation on mitral/tufted cell odor
response patterns. J. Neurosci. 15, 5574±5581.

10

J. G. BrinÄoÂn et al.

53. Zheng L. M., Ravel N. and Jourdan F. (1987) Topography of centrifugal acetylcholinesterase-positive ®bres in the olfactory bulb of the rat:
evidence for original projections in atypical glomeruli. Neuroscience 23, 1083±1093.
54. Zheng L. M. and Jourdan F. (1988) Atypical olfactory glomeruli contain original olfactory axon terminals: an ultrastructural horseradish
peroxidase study in the rat. Neuroscience 26, 367±378.
(Accepted 29 September 2000)

