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CHANGES IN THE SEROTONERGIC SYSTEM AND IN BRAIN-DERIVED
NEUROTROPHIC FACTOR DISTRIBUTION IN THE MAIN OLFACTORY
BULB OF pcd MICE BEFORE AND AFTER MITRAL CELL LOSS
C. GÓMEZ,a G. G. CURTO,a F. C. BALTANÁS,a
J. VALERO,a E. O’SHEA,b M. I. COLADO,b D. DÍAZ,a
E. WERUAGAa AND J. R. ALONSOa,c*

In this work, the effects of mitral cell loss on the bulbar
elements of the serotonergic projections to the main olfactory bulb (MOB) were studied with the Purkinje cell degeneration (pcd) mutant mouse model. In pcd mice, specific
neuronal populations degenerate, including Purkinje neurons in the cerebellum (Mullen et al., 1976) and mitral cells
in the olfactory bulb (Greer and Shepherd, 1982), with no
direct alterations in other neuronal types of the MOB,
including tufted cells, which account for the other population of projecting neurons.
Neurodegeneration occurs along specific periods, allowing a detailed and exact characterization of the changes
occurring in the brains of these animals. The time course of
mitral cell loss in pcd mice revealed no neuronal loss in P50
vs. controls; a moderate reduction in numerical density at
the P70 stage, whereas only a few mitral cells remained in
P90 pcd mice, most of them in an advanced stage of
degeneration (Greer and Shepherd, 1982; Valero et al.,
2006). Thus, the pcd mouse model allowed us to study the
changes in the serotonergic system both before and after
the loss of the main projecting cells of the MOB, that is,
mitral cells. In this sense, pcd mutant mice offered us the
possibility of knowing whether the potential changes in the
serotonergic innervation to the MOB could actually be due
to the lack of olfactory information to higher olfactory centers caused by the loss of mitral cells or whether it might be
due to other reasons, such as possible changes caused by
the pcd mutation itself.
Several authors have studied the plastic changes occurring in the MOB of pcd animals, not only according to
the process of the neurodegeneration of mitral cells
(Valero et al., 2006, 2007) but also concerning to the
centrifugal innervation that the MOB receives from higher
olfactory structures, such as the anterior olfactory nucleus
or the piriform cortex (Recio et al., 2007; Airado et al.,
2008) after the loss of mitral cells. Those and other authors
(Lledó et al., 2005; Gómez et al., 2006, 2007) have reported that the modulation and processing of olfactory
information that occurs in the bulb are not only mediated by
local circuits but that the centrifugal systems innervating
the MOB are also crucial components in these events. In
fact, centrifugal systems play important roles in olfactory
function, including odor detection and discrimination, and
are critical for olfactory learning and/or recall of specific
olfactory memories (Lledó et al., 2005).
The serotonergic pathway is one of these centrifugal
systems innervating the MOB. Serotonin (5-HT) axons
arise from the raphe nuclei and reach the MOB, displaying
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Abstract—The serotonergic centrifugal system innervating
the main olfactory bulb (MOB) plays a key role in the modulation of olfactory processing. We have previously demonstrated that this system suffers adaptive changes under conditions of a lack of olfactory input. The present work examines the response of this centrifugal system after mitral cell
loss in the Purkinje cell degeneration (pcd) mutant mice. The
distribution and density of serotonergic centrifugal axons
were studied in the MOB of control and pcd mice, both before
and after the loss of mitral cells, using serotonin (5-HT) and
5-HT transporter immunohistochemistry. Studies of the amount
of 5-HT and its metabolite, 5-hydroxyindole acetic acid (5-HIAA),
were performed by means of high-performance liquid chromatography (HPLC), and the relative amounts of brain-derived
neurotrophin factor, BDNF, and its major receptor, tropomyosin-related kinase B (TrkB), were measured by Western blot.
Our study revealed that the serotonergic system develops
adaptive changes after, but not before, mitral cell loss. The
lack of the main bulbar projection cells causes a decrease in
the serotonergic input received by the MOB, whereas the
number of serotonergic cells in the raphe nuclei remains
constant. In addition, one of the molecules directly involved
in serotonergic sprouting, the neurotrophin BDNF and its
main receptor TrkB, underwent alterations in the MOBs of the
pcd animals even before the loss of mitral cells. These data
indicate that serotonergic function in the MOB is closely
related to olfactory activity and that mitral cell loss induces
serotonergic plastic responses. © 2011 IBRO. Published by
Elsevier Ltd. All rights reserved.
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a specific laminar distribution (McLean and Shipley,
1987a; Gómez et al., 2005) and carrying out different
modulatory roles. Although little is known about the specific neurophysiological effects of 5-HT on the activity of
MOB neurons (Hardy et al., 2005; Petzold et al., 2009), it
is clearly involved in olfactory processing at bulbar level
(Moriizumi et al., 1994; Yuan et al., 2003; Petzold et al.,
2009). It has been proposed that 5-HT would modulate the
synaptogenesis of continuously renovating olfactory receptor axons with their MOB targets (Moriizumi et al.,
1994; Petzold et al., 2009). It has also been demonstrated
that iontophoretic application of 5-HT or stimulation of the
midbrain raphe results in a modulation of the firing of
bulbar juxtaglomerular and mitral cells (Von Baumgarten et
al., 1963; Bloom et al., 1964; Hardy et al., 2005; Petzold et
al., 2009). In this sense, it has been shown that electrical
stimulation of the dorsal raphe nuclei, which results in an
enhanced release of 5-HT in the olfactory bulb, induces an
immediate attenuation of glomerular responses, indicating
that 5-HT exerts a notable control of sensory input during
the first stage of synaptic processing of odor information:
the olfactory glomeruli (Dugué and Mainen, 2009; Petzold
et al., 2009).
Because 5-HT levels are altered after unilateral olfactory deprivation (a physiological condition comparable with
the loss of mitral cells because olfactory transmission to
higher olfactory centers is also decreased) (Gómez et al.,
2007) and because the action of 5-HT is also altered in the
cerebellum of the pcd mutant mice after the loss of Purkinje cells (Ghetti et al., 1988; Triarhou and Ghetti, 1991;
Le Marec et al., 1998), we surmised that the deficit in mitral
cells might cause alterations in the serotonergic elements
innervating the MOB of pcd animals. The probable alterations could be due to changes in the source of the serotonergic fibers, the raphe nuclei, or to alterations in molecules or factors involved in the regulation of the activity of
the serotonergic system.
Although different substances can affect the serotonergic system, the first endogenous, neuronally derived brain
compound that has been shown to regulate both serotonergic fiber sprouting and 5-HT release and activity in the
CNS is brain-derived neurotrophic factor (BDNF) (Altar et
al., 1994; Mamounas et al., 1995; Goggi et al., 2002). We
speculate that a specific distribution or level of BDNF
and/or tropomyosin-related kinase B (TrkB) receptor (its
main target) may be present in pcd mutant mice and that
this would affect the serotonergic fibers in these animals.
Accordingly, the aims of this study were threefold: (a) to
establish possible adaptations of the serotonergic projections in the MOBs of the pcd animals before and after the
loss of mitral cells; (b) to analyze possible morphological
modifications in the serotonergic populations of the raphe
nuclei; and (c) to study whether possible alterations in
serotonergic innervation are paralleled by changes in the
distribution and relative expression levels of BDNF and
TrkB receptors in the MOB, also before and after the loss
of mitral cells.
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EXPERIMENTAL PROCEDURES
Animals
C57BL/65 mice (Mus musculus, L.1758) heterozygous for the
pcd1J mutation (pcd/⫹) were obtained from Jackson Laboratories
and were mated with DBA/2J females, which did not have the pcd
alteration. Because pcd/pcd animals are not easy to breed, we
sorted the littermates according to their genotypes for use as
control (⫹/⫹) and experimental animals (pcd/pcd) and also to
expand the colony (⫹/pcd). Animal genotyping was performed by
PCR amplification of specific microsatellite sequences, as previously described (Valero et al., 2006).
Control and pcd mice at two different ages (postnatal day 40,
P40, and postnatal day 100, P100) were used in this study. P40
animals were used because they have completed the development of their serotonergic fibers (McLean and Shipley, 1987b) but
still have not lost any mitral cell, whereas P100 pcd mice have
already lost around 90% of mitral cells (Greer and Shepherd,
1982). In addition, in those cases in which differences between
genotypes were detected before the loss of mitral cells, P50 and
P60 animals were also used to check whether the alterations
observed were stable over time. The animals were kept, handled,
and killed in accordance with the European (directive 86/609/
EEC) and current Spanish legislation (RD1201/2005) for the protection of animals, and the protocol was approved by the Bioethical committee of the University of Salamanca.

Immunohistochemistry
Twenty mice (five of each group) were deeply anesthetized with 1
l/g body weight of a mixture of ketamine hydrochloride (¾; Ketolar, Parke-Davis, Barcelona, Spain) and thiazine hydrochloride
(¼, Rompun, Bayer, Leverkusen, Germany), and then perfused
intracardially with 0.9% NaCl, followed by Somogyi’s fixative (Somogyi and Takagi, 1982) without glutaraldehyde (5 ml/g body
weight). After perfusion, the brains were removed and the MOBs
dissected out and postfixed for 2 h in the same fixative. Then, the
tissue blocks were washed in 0.1 M phosphate buffer, pH 7.3
(PB), and immersed in 30% (w/v) sucrose until they sank. After
cryoprotection, 40-m thick coronal sections were cut on a freezing sliding microtome (Leica Jung SM 2000, Nussloch, Germany).
The sections were collected in six series in 0.05% sodium azide
(w/v) in PB at 4 °C.
The immunohistochemical technique was carried out after the
avidin-biotin-peroxidase procedure (Hsu et al., 1981). Sections
were rinsed in PB (3⫻10 min) and sequentially incubated in: (1)
1:3000 rabbit anti-5-HT (Affiniti, SZ 1021, Exeter, UK); 1:10,000
rabbit anti-5-HT transporter (5-HTT) (Zhou et al., 1996a); or 1:500
rabbit anti-BDNF (Santa Cruz Biotechnology, sc-546, Santa Cruz,
CA, USA) in PB with 0.2% Triton X-100 for 48 h at 4 °C; (2) 1:200
biotinylated goat anti-rabbit IgG (Vector, Burlingame, CA, USA);
and (3) 1:200 Vectastain Elite ABC reagent (Vector) in PB for 1 h
at room temperature. Between each step, the sections were carefully rinsed in PB (3⫻10 min). The reaction product was visualized
by incubating the sections in 0.025% 3,3=-diaminobenzidine and
0.003% hydrogen peroxide in PB until the desired staining intensity was reached.

Double-immunofluorescence histochemistry
Sections for 5-HT or BDNF and propidium iodide (PI, SigmaAldrich, St. Louis, MO, USA) double-fluorescence stainings were
rinsed in 0.1 M phosphate-buffered saline (PBS), pH 7.4, (3⫻10
min) and then incubated sequentially in: (1) 1% sodium borohydride in PBS for 20 min at room temperature; (2) 0.2% Triton
X-100 and 5% normal goat serum in PBS for 1 h at room temperature; (3) 1:500 rabbit anti-BDNF (Santa Cruz) or 1:3000 rabbit
5-HT (Affiniti) in PBS with 0.2% Triton X-100 and 5% normal goat
serum for 48 h at 4 °C; and (4) 1:200 Cy2-conjugated goat

22

C. Gómez et al. / Neuroscience 201 (2012) 20–33

anti-rabbit IgG (Jackson ImmunoResearch, 111-225-003, West
Grove, PA, USA) in PBS for 2 h at room temperature. After this
procedure, additional 30-min incubation with 1:2000 PI in PBS
was performed. Between each step, the sections were carefully
rinsed in PBS (3⫻10 min). Finally, sections were examined with
both a microscope (Olympus Provis AX70, Tokyo, Japan)
equipped with epifluorescence and appropriate filter sets and a
confocal microscope (Leica TCS SP2, Mannheim, Germany).

Image analysis
To avoid possible bias, all the image analyses were performed in
a blinded manner. The 5-HT- and 5-HTT-immunopositive axons in
the glomerular layer (GL) formed such a dense network that it was
impossible to individualize each single axon. Accordingly, serotonergic fiber density was measured using ImageJ software (Scion
Corporation, Bethesda, MD, USA), as previously described (Gómez et al., 2005, 2007). Briefly, digital images were taken from
equivalent serial sections of both control and pcd MOBs, chosen
considering anatomical landmarks and their relative position to
bregma. The images were treated to balance the signal-to-noise
ratio in such a way that the positive elements (5-HT- and 5-HTT)
were clearly distinguishable from the background. After this, they
were manually transformed into binary images in which only immunostained elements appeared as black pixels. Then, the surface analyzed was delimited, using the original image as reference, and fiber density was calculated as the black/white pixel
ratio in the chosen area. Fiber density in the infraglomerular layers
(external plexiform layer [EPL] and granular cell layer [GCL]) was
lower, and therefore each fiber could be analyzed separately with
Neurolucida and Neuroexplorer software (MicroBrightField,
Colchester, VT, USA). To accomplish this, similar sections of the
MOBs at three rostrocaudal levels were chosen, and at each level,
two windows of 0.5 mm2 were delimited in the zone of the infraglomerular layers most densely innervated by serotonergic fibers
(EPL and GCL) using Neurolucida. All 5-HT- and 5-HTT-immunopositive fibers inside the window were drawn. The results from the
four groups of MOBs (control P40, control P100, pcd P40, and pcd
P100) were analyzed and compared using Neuroexplorer software, obtaining the fiber density in each rectangular area as the
total fiber length per area.
The number of somata expressing 5-HT in the raphe nuclei
was obtained using Neurolucida and Neuroexplorer software at
three rostrocaudal levels of the P100 control and P100 pcd
groups. Each 5-HT-IR cell was included in the analysis. The
results are expressed as number of cells/section and number of
cells/area.
Finally, size differences among the four groups of MOBs
(control and pcd mice of P100 and P40 ages) were studied by
analyzing the area of the MOB layers using Neurolucida and
Neuroexplorer software.

High-performance liquid chromatography (HPLC)
Six animals from each experimental group (Control P40, Control
P100, pcd P40, and pcd P100) were killed by cervical dislocation
and decapitation. Their brains were rapidly removed, and the
MOB was dissected out on ice. One MOB from each animal was
homogenized, and 5-HT and 5-hydroxyindole acetic acid (5-HIAA)
levels were measured by HPLC with electrochemical detection.
The mobile phase consisted of KH2PO4 (0.05 M), octanesulfonic
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 included a pump (Waters 510; Milford, MA, USA) linked to
an automatic sample injector (Loop 200 l, Waters 717 plus
autosampler), a stainless steel reverse-phase column (Spherisorb
ODS2; 5 m, 150⫻4.6 mm) with a precolumn, and a coulometric
detector (Coulochem II; Esa, 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).

Western blot
The remaining MOBs from each animal (not used for the HPLC
technique) were pooled and homogenized in radioimmunoprecipitation assay (RIPA) buffer supplemented with a protease inhibitor
cocktail (Santa Cruz Biotechnology, sc-24948). Total proteins
were separated using a 15% SDS-PAGE gel for BDNF and 8% for
TrkB detection, and transferred onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). Membranes were
blocked with 5% nonfat milk and 0.1% Tween 20 in PBS for 45 min
and incubated overnight at 4 °C in rabbit polyclonal anti-BDNF
(1:200, Santa Cruz Biotechnology, sc-546) or mouse monoclonal
anti-TrkB (1:500, BD Transduction Laboratories, 610101, Franklin
Lakes, NJ, USA) diluted in the same solution (5% nonfat milk and
0.1% Tween 20 in PBS). The membranes were then incubated
with secondary peroxidase-conjugated anti-rabbit antibody (1:
5000; GE Healthcare/Amersham Biosciences, NA934, Uppsala,
Sweden) or with peroxidase-conjugated anti-mouse IgG (1:
10,000, Promega, W4021, Madison, WI, USA) for 90 min at room
temperature. The signals from the labeled proteins were visualized by chemiluminescence (Western-blotting luminal reagent,
Santa Cruz Biotechnology) exposure on classic films. Then, as a
loading control membranes were rinsed several times in PBS
0.1% Tween 20 and incubated with mouse anti-GAPDH (1:1000,
Applied Biosystems/Ambion, AM4300, Austin, TX, USA) and developed as explained earlier. Paired treatments (Control P40, pcd
P40, Control P100, and pcd P100) were compared on the same
films with standardize differences in exposure between films.
Films of immunoblots were scanned, and digital images were
imported and quantified using ImageJ software. Then, the intensities of bands were compared according to their gray scale.

Statistical analysis
The PASW Statistics 18 software program (SPSS, Chicago, IL,
USA) was used. Nonparametric data from 5-HT immunohistochemistry and HPLC experiments were analyzed using the
Kruskal–Wallis test followed by Mann–Whitney U two-group comparisons. One-way ANOVA followed by the Tukey post-test was
performed for the comparison of parametric values from 5-HTT
immunohistochemistry and Western blot analyses between P40
control, P40 pcd, P100 control, and P100 pcd MOBs. Because
mitral cell loss causes a decrease in the volume of the pcd MOB,
the effect of size reduction was considered, and a second group of
densities corrected for this “shrinkage effect” was also analyzed in
all comparisons that included P100 pcd mutant mouse MOBs. The
data are expressed referring to both real and “corrected” conditions, and the consequences of volume reduction were evaluated
for each statistical analysis.

RESULTS
Our main finding was that the lack of mitral cells affected
the serotonergic afferents in the MOBs of the pcd mutant
animals, but not the number of 5-HT-immunopositive
somata in the raphe nuclei of these animals. In addition,
it was found that all the changes, except those concerning BDNF distribution and TrkB expression levels, were
observed after, but not before, the loss of mitral cells.
We shall describe our results as per the following
aspects:
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The increase in 5-HT-IR fiber density in P100 pcd
animals disappears with size correction
The laminar distribution and fiber morphology of the serotonergic innervation described in control rats (McLean and
Shipley, 1987a; Gómez et al., 2005) was similar to that
found in this study for mice (Fig. 1). However, comparisons
between the MOBs of pcd and control animals revealed an
increase in the density, but not in the number, of 5-HTimmunopositive fibers in the MOBs of P100 pcd mice (Fig.
1c, d, f). These changes observed in the pcd MOBs occurred after the loss of mitral cells, and were only observed
in the P100 animals. In fact, the analyses performed in P40
animals, in which mitral cells persisted in the MOB, did not
reveal differences between the genotypes (Fig. 1a, b, e),
either in the GL (P⫽0.254, Mann–Whitney U test) or in the
EPL (P⫽0.458, Mann–Whitney U test) or in the GCL
(P⫽0.741, Mann–Whitney U test) (Fig. 1a, b, e). Nevertheless, the ImageJ data indicated that 5-HT-IR fiber densities in the GL of P100 animals were 20.92⫾1.74%
(mean⫾SEM) in controls vs. 29.57⫾1.55% in pcd MOBs
(P⬍0.05, Mann–Whitney U test). The neurolucida data
indicated that the highest increase of 5-HT-IR fiber density
occurred in the GCL, being almost four times higher in the
P100 pcd mice than in the control animals (P⬍0.01, Mann–Whitney U test). Therefore, it may be concluded that
mitral cell loss causes a general and regular increase in
5-HT-immunopositive fiber density in the most densely
innervated layers of the MOBs of pcd mice (GL, EPL, and
GCL).
The serotonergic fiber density decreased in control
conditions from P40 to P100, probably due to the increase
in the volume that the MOB undergoes at these ages. In
fact, comparisons between ages showed differences in the
5-HT fiber density of P40 and P100 control animals in all
the layers analyzed (GL: P⬍0.01; EPL: P⬍0.01; GCL,
P⬍0.01, Mann–Whitney U test). However, because the
MOB of the pcd animals grows slower than in control
animals, there were no statistical differences in 5-HT fiber
density between the P40 and P100 pcd animals (GL:
P⫽0.361; EPL: P⫽0.058; GCL: P⫽0.382, Mann–Whitney
U test). These data, together with the fact that after the
application of the correction factor for the volume reduction
in the P100 pcd MOB layers the differences observed
between genotypes were no longer statistically significant
for most of the layers analyzed (GL: P⫽0.627; EPL:
P⫽0.528; GCL: P⫽0.026, Mann–Whitney U test, Fig. 1f),
revealed that the increase observed in 5-HT-IR fiber density in P100 pcd mice was due to the decrease in bulbar
size and not due to real changes in the number of 5-HT-IR
fibers (Fig 1f).
After mitral cell loss, 5-HTT-IR fiber density
decreases in the MOB
Similarly to 5-HT labeling, the 5-HTT-IR fiber density was
similar between the control and P40 pcd animals (Fig.
2a– d). However, unlike 5-HT staining, the 5-HTT-IR fiber
density was lower in the pcd than in control MOBs of P100
animals (Fig. 2e– h). This difference was observed in all
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bulbar layers and was especially noticeable in the EPL and
GCL (Fig. 2g, h). Quantitative analysis revealed that
5-HTT-IR fiber density decreased in the EPL from a
mean⫾SEM of 0.072⫾0.004 m/m2 in control animals to
0.049⫾0.002 m/m2 in P100 pcd bulbs (P⬍0.01, Tukey
test) and in the GCL, from a mean of⫾SEM 0.132⫾0.004
m/m2 in controls to 0.106⫾0.004 m/m2 in P100 pcd
MOBs (P⬍0.05, Tukey test). Evidently, the differences in
5-HTT-IR fiber density were higher after volume correction (EPL: P⬍0.01, GCL: P⬍0.01, and GL: P⬍0.01, Tukey
test), indicating that the loss of mitral cells elicited a statistically significant reduction not only in 5-HTT-IR fiber
density but also in the number of 5-HTT-IR axons, thus
revealing a reduction in the serotonergic innervation received by the MOB with a decreased number of mitral
cells.
Mitral cell loss causes a decrease in
the 5-HIAA/5-HT ratio
The results obtained with HPLC correlated well with the
immunohistochemical data. Thus, HPLC analysis indicated that before the loss of mitral cells (P40) the content
of 5-HT (mean⫾SEM, 375.49⫾20.52 ng/g in controls vs.
510⫾95 ng/g in pcd MOBs) as well as the 5-HIAA content
(mean⫾SEM 192.87⫾12.35 ng/g in controls vs. 215.19⫾
34.58 ng/g in pcd MOBs), and therefore the 5-HIAA/5-HT
ratio (0.52⫾0.03 in controls vs. 0.45⫾0.03 in pcd MOBs),
was similar between control and pcd animals (Mann–Whitney U test) (Fig. 3a– c). In addition, mitral cell loss resulted
in an increase in the 5-HT concentration in the MOB
(mean⫾SEM, 477.67⫾31.52 ng/g in P100 control vs.
676.90⫾52.94 ng/g in P100 pcd MOBs; P⬍0.05, Mann–
Whitney U test). However, like the 5-HT fiber density, after
the correction of the data for the reduction in weight, the
differences between P100 control and pcd MOBs were no
longer statistically significant (P⫽0.855, Mann–Whitney U
test). The level of the major 5-HT degradation product,
5-HIAA, was not statistically different between genotypes
(Fig. 3b), indicating that the 5-HIAA concentration was
similar between P100 control and pcd MOBs. However,
the correction of the data of P100 pcd MOB for the reduction in weight showed a statistically significant lower content of 5-HIAA in the mutant animals than in control MOBs
(P⬍0.05, Mann–Whitney U test, Fig. 3b). The 5-HIAA/
5-HT ratio in the P100 pcd MOBs was decreased in comparison with that observed in control MOBs (mean⫾SEM,
0.47⫾0.03 in control vs. 0.33⫾0.015 in pcd MOBs;
P⬍0.01, Mann–Whitney U test). These findings show that
although the 5-HT content seemed to be higher in MOBs
from pcd animals than in controls, transmitter turnover was
decreased, in agreement with the decrease in the number
of 5-HTT-immunopositive fibers and with the fact that after
the correction for the loss of weight the 5-HT content was
similar between genotypes. Together, these data suggest
that 5-HT activity is downregulated after the loss of mitral
cells.
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Fig. 1. 5-HT-IR fiber staining before and after mitral cell loss. Double 5-HT-immunolabeled and PI-stained coronal sections of MOB from control (a, c) and
pcd (b, d) of P40 (a, b) and P100 (c, d) animals. Note the increase in the density of the fibers immunolabeled for 5-HT (green) as well as the decrease in
layer thickness in the pcd P100 MOB. Scale bar⫽50 m (e, f). Graphs show 5-HT-IR fiber densities in the GL, EPL, and GCL of the different MOB groups,
both before (e) and after (f) the loss of mitral cells. Because mitral cell loss decreases the overall size of the MOB, the increase in the 5-HT-IR fiber density
might simply arise from the general shrinkage of this bulbar region. To explore this possibility, fiber density was normalized with respect to the reduction in
size of the MOB. “Corrected pcd” refers to data from P100 pcd MOBs adjusted for volume shrinkage in the layers studied. Note that before mitral cell loss
no change is observed in the 5-HT-IR fiber density (e) and that the difference detected after mitral cell loss is mainly due to the decrease in the bulbar size
(f). Values are means⫾SEM. * P⬍0.05, ** P⬍0.01 vs. control. Mann–Whitney U test. EPL, external plexiform layer; GCL, granule cell layer; GL, glomerular
layer; MCL, mitral cell layer. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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Fig. 2. 5-HTT-IR fiber density decreases after mitral cell loss. 5-HTT-immunopositive fibers of equivalent regions from P40 control (a), P40 pcd (b), P100
control (e), and P100 pcd (f) MOBs. Before mitral cell loss, 5-HTT-IR fiber density was similar between the control and pcd MOBs (a, b); however, it was lower
in all layers of the pcd MOB after the loss of mitral cells (e, f). Scale bar⫽500 m. Graphs show the comparisons of 5-HTT-IR fiber density in the GL, EPL, and GCL
before (c, d) and after mitral cell loss (g, h). Note that the reduction in 5-HTT-IR fiber density is more intense after correction of the data for size shrinkage in P100
pcd MOB. Values are means⫾SEM. * P⬍0.05, ** P⬍0.01 vs. control. EPL, external plexiform layer; GCL, granule cell layer; GL, glomerular layer.
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clei of the pcd animals (Fig. 4). These data were obtained
by counting the number of serotonergic somata per section
(the mean⫾SEM in dorsal raphe was 389.67⫾21.26 cells/
section for control vs. 337.67⫾9.94 cells/section for pcd,
P⫽0.091, Student’s t-test; and mean⫾SEM in the medial
raphe was 48.67⫾7.3 cells/section for control vs.
58.83⫾8.85 cells/section for pcd, P⫽0.426, Student’s ttest) and per area of both raphe nuclei (Fig. 4c, Dorsal
raphe mean⫾SEM 460.24⫾12.57 cells/mm2 in control vs.
461.80⫾37.07 cells/mm2 in pcd raphe, P⫽0.970, Student’s t-test; medial raphe mean⫾SEM 231.24⫾8.06 cells/
mm2 in control vs. 313.27⫾54.83 cells/mm2 in pcd medial
raphe, P⫽0.213, Student’s t-test). The fact that the number
of 5-HT-IR somata was similar between genotypes indicates that the decrease in serotonergic innervation and
5-HT activity in the MOB of P100 pcd mutant mice is
probably due to a decrease in the number of axonal arborizations and/or fiber pruning in the MOB and not to a
decrease in the number of serotonergic cells projecting to
the bulbar region.
The cell distribution of BDNF is altered in pcd mice
both before and after mitral cell loss

Fig. 3. Loss of mitral cells causes a decrease in 5-HIAA/5-HT ratio.
HPLC analysis of 5-HT (a) and 5-HIAA (b) concentrations and the
5-HIAA/5-HT ratio (c) in P40 control, P40 pcd, P100 control, P100 pcd,
and P100 corrected pcd 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 vs. control.

The number of 5-HT-IR somata in the raphe nuclei
remains unaltered after the loss of mitral cells
To check whether the changes occurring in the bulbar
serotonergic innervation after the loss of mitral cells were
due to alterations in the origin of these fibers, an analysis
of the number of 5-HT-IR cells was performed in the raphe
nuclei of both P100 control and pcd mice. The quantitative
analysis revealed that mitral cell loss did not produce any
morphological change in the dorsal and medial raphe nu-

In control conditions, BDNF was found in some juxtaglomerular and mitral cell somata but mainly in neurites coursing perpendicularly through the EPL and the GL, probably
corresponding to the apical and secondary dendrites of
mitral and tufted cells. In pcd animals, BDNF-IR fibers in
the EPL and in the GL were markedly reduced, whereas
the number of BDNF-IR juxtaglomerular cells increased
throughout the GL of these animals. Although most of the
BDNF-IR cells were located in the juxtaglomerular region,
some somata in the EPL could also be distinguished as
BDNF-immunopositive cells in the pcd animals (Fig. 5).
Contrary to the case of serotonergic innervation, the
changes observed in BDNF distribution not only occurred
after the degeneration of mitral cells (Fig. 5c, d) but were
also observed in the animals (P40, P50, and P60) killed
before the start of the decline in the number of mitral cells
(Fig. 5a, b, e, f). The pcd mice showed a dramatic increase
in the number of BDNF-IR juxtaglomerular somata and a
profound reduction in the number of BDNF-IR-positive
neurites (Fig. 5e, f). These data could be the first indication
that the pcd mutation affects the MOB before mitral cell
degeneration.
The level of TrkB, but not that of BDNF, is altered in
pcd mutant mice
Although immunohistochemical data revealed that BDNF
location was different in control and pcd animals, no biochemical confirmation of an increased or decreased expression of BDNF (both mature and immature forms) was
evident. In fact, labeling consistent with the proBDNF
dimer (M⫽54 kDa) as well as mature BDNF (M⫽13 kDa)
was observed at uniform pixel density, regardless of the
genotype or age of the animals (Fig. 6a, upper panel).
However, analysis of the main receptor of the neurotrophin
BDNF (TrkB) revealed changes in the level of expression
of this protein between genotypes, both at P40 and at
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Fig. 4. The pcd mutation does not affect the density of 5-HT-IR cells in the raphe nuclei. 5-HT-immunopositive cells of a standard coronal section of
the raphe nuclei (both medial and dorsal) (a). Scale bar⫽200 m (b, c). Quantitative comparison of the number of 5-HT-IR cells per section and per
raphe nuclei area from P100 control and P100 pcd mice. Values are means⫾SEM.

P100. The TrkB gene encodes a full-length 145 kDa glycosylated transmembrane tyrosine kinase and truncated
glycoproteins that are identical to the former at the extracellular domain and transmembrane portion but lack the
intracellular portion (95 kDa). Western blot revealed two
bands in the ranges of 116 –145 kDa and 70 –95 kDa (Fig.
6) due to several states of TrkB maturation, subcellular
localizations, and/or glycosylation states. Our results
showed that although both bands (116 –145 kDa and
70 –95 kDa) were increased in the pcd mutant animals,
both at P40 and at P100 (Fig. 6a), the highest increase in
pcd P100 MOBs was detected for the 70 –95 kDa peptide,
that is, in the truncated form of TrkB (Fig. 6b). In fact,
although the full form of TrkB (116 –145 kDa) in control and
in pcd MOBs as well as the truncated form (70 –95 kDa) in
control MOBs followed a similar increasing pattern as the
animals aged (Fig. 6b, c), the loss of mitral cells caused a
dramatically higher increase in the truncated TrkB form
(Fig. 6b). These data indicate that the changes occurring in
the TrkB receptor before mitral cell degeneration persisted
(full form) or were even higher (truncated form) after the
loss of mitral cells.

DISCUSSION
Serotonergic input after mitral cell loss
Immunohistochemical analysis revealed that the MOBs
from control and pcd mice showed the same general laminar distributions of serotonergic fibers as those observed
in control rats (McLean and Shipley, 1987a; Gómez et al.,
2005). However, a clear decrease in 5-HTT-IR fibers was
observed in all pcd MOB layers after mitral cell loss. These
changes were not accompanied by a decrease in the
density of 5-HT-IR fibers. Because 5-HT immunohistochemistry staining is conditioned by variations in the 5-HT
concentration within each individual serotonergic axon, it
has been reported that changes in 5-HT-immunopositive
fibers alone are not enough to indicate plasticity in serotonergic innervation (Huether et al., 1997). Thus, combined
measurement of 5-HTT, 5-HT fiber densities, and 5-HT
and 5-HIAA levels is a useful approach for estimating
alterations in serotonergic innervation in a given projection
field (Zhou et al., 1996b, 1998). In this sense, the decrease
in 5-HTT-IR fiber density in the pcd P100 animals argues
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Fig. 5. The pcd mutation modifies the distribution pattern of the neurotrophin BDNF immunoreactivity. BDNF-immunopositive elements in equivalent
coronal sections of control (a, c, e) and pcd (b, d, f) MOBs before (a, b, e, f) and after (c, d) the loss of mitral cells. Note that the pcd animals have
a lower density of BDNF-IR neurites but a higher number of BDNF-IR cell somata, especially at the boundary between the GL and the EPL (e, f). Scale
bar⫽40 m for (a– d) and 20 m for e and f. EPL, external plexiform layer; GL: glomerular layer; MCL, mitral cell layer. For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.
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Fig. 6. TrkB, but not BDNF, relative protein levels are altered in pcd mutant mice. Western blot analyses of proBDNF and mBDNF did not reveal any
statistically significant difference between the four groups of MOBs analyzed (a, upper panel). The bands corresponding to the full-length (116 –145
kDa) and truncated (70 –95 kDa) TrkB receptor of pcd mice had a higher pixel density than those from control animals (a, lower panel). (b, c). Graphs
illustrate that the increase in the truncated form of TrkB receptor after the loss of mitral cells (b) is higher than that observed for the full-length TrkB
receptor (c).

for a lower serotonergic input, whereas the maintenance of
the number of 5-HT immunopositive fibers probably points
to a major storage of 5-HT in each individual serotonergic
terminal, thus implying a lower neurotransmitter release
and/or a higher 5-HT reuptake. This is consistent with the
reduction in the 5-HIAA/5-HT ratio observed in P100 pcd
mice, reflecting decreased neurotransmitter turnover and
hence downregulated 5-HT activity (Guetti et al., 1988;
Asikainen et al., 1995; Devoino et al., 2003).
Our results agree with previous data reported for the
cerebellum of pcd animals. These mutant mice undergo a
selective degeneration not only of mitral cells (Greer and
Shepherd, 1982) but also of Purkinje cells in the cerebellum (Mullen et al., 1976), among other specific neuronal
populations. Analysis of the serotonergic system in the
cerebella of these animals has revealed a higher 5-HT-IR
fiber density (Triarhou and Ghetti, 1991), a similar 5-HTT
autoradiographic signal after the correction of the data for
the shrinkage effect in the cerebella of pcd mice (Le Marec
et al., 1998), and a reduction of the 5-HIAA/5-HT ratio in
comparison with control mice (Ghetti et al., 1988). Together, these data point to a reduction in serotonergic
modulation, indicating a decrease in serotonergic turnover
in the cerebella of the pcd mutant mice. Comparable results have been found in other animal strains that also lose
the Purkinje cells of the cerebellum. Thus, lurcher mice
show a similar decrease in 5-HTT in the cerebellum (Strazielle et al., 1996) and 5-HT turnover is reduced in Rora
mutant mice (Lalonde and Strazielle, 2006). Our data also
pointed to a decrease in serotonergic action in the MOB of
pcd mutant mice, not only as regards a lower serotonergic
turnover but also concerning the existence of fewer serotonergic fibers than in the MOB of control animals. Therefore, the regulation of the serotonergic centrifugal system
in the MOB and in the cerebella of pcd animals is comparable, the loss of principal cells (mitral cells in the MOB and
Purkinje cells in the cerebellum) being the main characteristic.

Serotonergic input in the olfactory bulb
The changes observed in the serotonergic system after
mitral cell loss are also comparable with those previously
described in rats subjected to olfactory deprivation (Gómez
et al., 2007). After 60-day naris occlusion, both the ipsilateral and contralateral MOBs showed a higher number of
5-HT-IR fibers, a similar number of 5-HTT-IR fibers to the
control MOBs, and a decrease in 5-HIAA/5-HT turnover,
indicating that olfactory deprivation causes a reduction in
serotonergic action in these MOBs. Similarities in the variations of the serotonergic elements in the MOB of olfactory-deprived rats and pcd mutant mice show that alterations
in serotonergic input at olfactory bulb level are not specifically due to the lack of olfactory afferent input but to a
common response to the general reduction in olfactory
bulb activity. In fact, these data indicate that the cause of
the changes in the serotonergic system is a lack of olfactory signal from the MOB to higher olfactory areas. The
similarities found in the serotonergic system of both olfactory-deprived animals and pcd mutant mice are not observed in other modulatory systems. For example, naris
occlusion causes a decrease of TH-expression in the juxtaglomerular neurons of the deprived MOB (Baker, 1990;
Philpot et al., 1998; Gómez et al., 2007), whereas the
bulbar dopaminergic system does not change after mitral
cell loss (Baker and Greer, 1990). These data show that
anosmia (elicited either by a lack of olfactory stimulation or
by the loss of mitral cells) fires the mechanisms involved in
the plasticity of the serotonergic system reported here. The
classic point of view indicates that the olfactory bulb processes sensory information by integrating signals from the
external world and from centrifugal projections coming
from central structures. Our analyses also reveal that serotonergic centrifugal innervation not only modulates olfactory information at bulbar level but that it is also directly
regulated by it.

30

C. Gómez et al. / Neuroscience 201 (2012) 20–33

Previous reports concerning serotonergic action in the
MOB have proposed an inhibitory effect of 5-HT on the
bulbar projecting cells. Iontophoretic applications of serotonergic agonists in rat and rabbit MOBs inhibit spontaneous mitral cell activity (Von Baumgarten et al., 1963; Bloom
et al., 1964). More recent electrophysiological analyses
have demonstrated a double action of 5-HT in the MOB
(Aungst and Shipley, 2005; Hardy et al., 2005). 5-HT activates mitral cells (Hardy et al., 2005) and external tufted
cells (Aungst and Shipley, 2005) directly through its action
on 5-HT2A receptors. However, 5-HT indirectly inhibits
these cells by means of the activation of periglomerular
cells and granule cells, which release GABA and inhibit
mitral cells and tufted cells (Aungst and Shipley, 2005). It is
known that this GABAergic inhibition is stronger than the
direct excitatory action of 5-HT on these same cells
(Aungst and Shipley, 2005). Therefore, it has been proposed that 5-HT would inhibit olfactory signals at the GL
and granule cell layer levels, thus increasing olfactory
discrimination and decreasing olfactory sensitivity and olfactory transmission to the primary olfactory cortex (Aungst
and Shipley, 2005). These in vitro approaches have recently been confirmed in a study that analyzed the consequences of serotonergic activation for odor processing in
vivo (Petzold et al., 2009). Electrical stimulation of the
dorsal raphe nuclei, which enhances 5-HT release in the
MOB, reduces odor-evoked synaptic activity in the olfactory receptor neurons, decreasing glomerular responses
and indicating that the synaptic transmission to mitral cells
is also reduced by 5-HT (Petzold et al., 2009). Moreover,
the odor-evoked synaptic input to glomeruli is amplified by
decreased serotonergic activity (Petzold et al., 2009).
These electrophysiological data agree with behavioral
analyses. Treatment with a selective 5-HT reuptake inhibitor, which increases 5-HT contents in the extracellular
space and hence 5-HT activity in the MOB, results in a
significant decrease in olfactory sensitivity (Lombion et al.,
2008), indicating a reduction in olfactory transmission. All
these data suggest that the effect of a higher serotonergic
activity in the olfactory bulb is a decrease in olfactory
transmission and, contrariwise, that decreased serotonergic activity would enhance the olfactory response. The
decrease in serotonergic action on the MOB after mitral
cell loss observed in our study may be a compensatory
mechanism aimed at increasing the odor-evoked synaptic
input to glomeruli, and hence the olfactory sensitivity and
the olfactory transmission from the olfactory bulb to higher
olfactory structures as result of the progressively decreased MOB output.
Olfactory bulb neurons receive serotonergic innervation from both the dorsal and medial raphe nuclei. The GL
is the layer most densely innervated by the serotonergic
system (2–3 times higher than the infraglomerular layers)
(McLean and Shipley, 1987a). Because the changes in
5-HT-IR fiber density were observed in all the bulbar layers
analyzed, both the glomerular and the infraglomerular layers, we studied both groups of 5-HT-IR neurons in the
brainstem (medial and dorsal raphe nuclei) to check
whether the alterations might be indicative of changes in

the number of raphe cells. Although we cannot exclude
possible biochemical, physiological, and/or metabolic alterations in the serotonergic cells of the raphe nuclei, our
morphological analysis did not reveal qualitative or quantitative differences between the control and pcd animals.
This result indicates that the lower serotonergic fiber density observed in the bulbar layers would be due to modifications in the axonal arborizations and/or fiber pruning
occurring in the MOB and not to a decrease in the number
of their cells of origin.
BDNF metabolism in pcd mice
Our results show that through its action on TrkB receptors
the neurotrophin BDNF, which plays an important role in
the excitability of mitral cells (Tucker and Fadool, 2002),
changes its distribution in pcd animals. Although in control
animals BDNF is mainly expressed in neurites situated in
the EPL and GL and in some mitral and juxtaglomerular
cell somata, pcd mice had a lower number of BDNF-IR
neurites and a higher number of juxtaglomerular cells expressing this molecule. Because two different BDNF-IR
cell populations within the bulb are affected in opposite
ways by the pcd mutation (BDNF-IR neurites in EPL are
decreased, whereas juxtaglomerular cells expressing
BDNF-IR are increased), this explains why no net change
in the density of proBDNF- and mature BDNF-immunopositive pixels was observed in the Western blot analysis. In
fact, although Western blot did show variations among
animals in both the dimeric proBDNF (54 kDa) and in the
mature BDNF (13 kDa) forms, statistical analysis did not
reveal differences in the relative level of these peptides
between the control and pcd MOBs. Similarly to the serotonergic changes, the results on BDNF bulbar location are
in partial agreement with a previous report showing that
olfactory deprivation causes a significant increase in the
number of BDNF-IR mitral cells and a decrease in the
number of BDNF-IR juxtaglomerular cells but not in
the relative level of BDNF in the MOB (Biju et al., 2008). In
addition, deprivation conditions induced in other sensory
systems also alter BDNF and TrkB levels (Tropea et al.,
2001; Seki et al., 2003). For example, it is well known that
BDNF expression and location in the retina and in the
visual cortex are regulated by light (Tropea et al., 2001;
Seki et al., 2003), indicating that BDNF is highly sensitive
to changes in sensory activity. Taking these data together,
our results add new information about the modulation of
BDNF by sensory activity, indicating that this neurotrophin
is clearly regulated by olfactory activity and that variations
in the physiology of the olfactory bulb alter its distribution,
including its location and expression in different cell populations.
One of the most surprising findings observed in our
study is that in the pcd animals both BDNF and TrkB were
altered not only after but also before the beginning of mitral
cell loss. Because BDNF could influence the cell phenotype, synaptic plasticity, and neuronal regeneration in the
olfactory system (Ming et al., 1999), and because it is
involved in the modulation of the electrical activity and
survival of mitral cells (Tucker and Fadool, 2002), slight
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variations in the pcd MOB could modify the metabolism
and signaling pathway of BDNF in this structure. In this
sense, the MOBs of pcd animals undergo subtle changes
even before the loss of mitral cells. Although the loss of
mitral cells mainly takes place in animals from P70 to P90,
in a previous report by our group, we demonstrated that
mitral cells in pcd animals possess nuclear and cytoplasmic alteration signals before the first sign of actual neurodegeneration (Valero et al., 2006). In addition, in the MOB
of P50 pcd mice, there already exists a dramatically higher
number of astrocytes and microglial cells than in control
MOBs of the same age (Baltanás, personal communication). The glial reaction could upregulate the expression of
BDNF (Burbach et al., 2004) and truncated TrkB receptor
(Beck et al., 1993; Ernfors et al., 1993). Finally, our results
show that BDNF expression in the neurites of the EPL,
which are mostly apical dendrites of mitral cells, is also
altered in pcd animals before the loss of mitral cells. This
observation, together with the fact that we observed
changes in MAP2 expression in the EPL of P40 animals
(data not shown) could indicate that although mitral cells
are alive and functional (Greer and Shepherd, 1982;
Valero et al., 2006) in the P40 pcd MOBs, their dendrites
can undergo morphological changes that would affect
BDNF expression. The earlier mentioned evidence (glial
response in the MOB and dendrite, nuclear and cytoplasmic modifications of mitral cells) can be considered preneurodegenerative signals. BDNF is one of the most important cell survival factors in the CNS, protecting neurons
from cell death caused by different types of insults and
different forms of degeneration (Beck et al., 1994; Lindholm, 1994; LaVail et al., 1998; Ohira and Hayashi, 2009),
and its expression is therefore frequently altered in the
presence of neurodegenerative signals. Thus, early signals
of an abnormal neuronal fate could easily correlate with alterations in the expression of BDNF and its main receptor
TrkB. pcd animals would be an excellent model to analyze
this activity-sensitive pathway. P40 pcd MOBs could be undergoing different preneurodegenerative and/or other kinds
of events that would change the bulbar scenario, modifying
the expression and location of BDNF and its main receptor
TrkB.
Relationship between BDNF and 5-HT
The altered BDNF distribution and the modifications in the
relative expression of TrkB in the MOBs of pcd animals
occurred at a younger age than the decreased 5-HT turnover reported earlier. Could the alterations in BDNF pathway signaling be the cause of the decrease in serotonergic
fibers and 5-HT turnover? Many studies have demonstrated a reciprocal relationship between the neurotrophin
BDNF and the neurotransmitter 5-HT (Mattson et al., 2004;
Deltheil et al., 2008; Gardier, 2009). Not only increase or a
depletion of serotonergic fibers induces changes in the
expression of BDNF but this neurotrophin is also critical for
the normal development and function of CNS 5-HT neurons (Lyons et al., 1999; Hensler et al., 2003; Djalali et al.,
2005). Although the exact mechanisms are unclear and
seem to be dependent on the encephalic region and on the
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experimental procedure used to produce variations in
BDNF levels (Chourbaji et al., 2004; Djalali et al., 2005;
Grosse et al., 2005), several authors have demonstrated
that BDNF is necessary for an appropriate reuptake of
5-HT at serotonergic nerve terminals. In fact, changes in
BDNF levels elicit modifications in serotonergic fiber
sprouting and 5-HT turnover (Mamounas et al., 1995;
Celada et al., 1996; Siuciak et al., 1996; Goggi et al., 2002;
Guiard et al., 2008; Deltheil et al., 2008; Gardier, 2009). In
addition, alterations in the normal physiology of the brain
are accompanied by changes in both molecules. For example, olfactory bulbectomy causes variations not only in
BDNF levels but also in 5-HT turnover in brain areas
related to depressive behavior (Hellweg et al., 2007).
These data, together with the fact that BDNF changes in
the MOB of pcd mice take place earlier than those relative
to serotonergic afferents, makes BDNF the most likely
modulator of 5-HT in the MOBs of pcd animals.
Previous authors have indicated that the relative capacity of BDNF to promote 5-HT axonal survival/sprouting
parallels its ability to activate its high-affinity protein kinase
receptor, TrkB (Bothwell, 1995; Mamounas et al., 2000). In
this sense, our results not only demonstrate changes in the
distribution pattern of BDNF in the MOB but also an increase in the truncated form of TrkB receptor, a higher
ratio of truncated/full-length TrkB receptor in P100 pcd
than in P100 control MOBs being observed. Although several roles have been proposed for the truncated TrkB
receptors (Beck et al., 1993; Dorsey et al., 2006; Renn et
al., 2009), the most widely accepted mechanism is that
they would bind and internalize much of the neurotrophin
released into the extracellular space. When less neurotrophin is available, the activation of full-length TrkB receptors
on adjacent neurons would be attenuated (Fryer et al.,
1997). Thus, truncated TrkB receptors function as inhibitory modulators of neurotrophin responsiveness (Eide et
al., 1996). For example, the responsiveness of cortical
tissue to BDNF is decreased when the ratio of truncated to
full-length TrkB receptors increases (Knüsel et al., 1994).
The MOB of P100 pcd animals showed an increase in the
truncated/full-length TrkB receptor ratio, which could mean
that the action of BDNF against its target, the full-length
TrkB receptor, would decrease and the action of BDNFTrkB signaling in the MOB would be reduced, such a
decrease being able to cause the changes in the 5-HT
uptake and the decreased fiber sprouting reported here.
However, because the relationship between BDNF and
5-HT is reciprocal and the effects on the truncated TrkB
receptor were detected just after the loss of mitral cells, it
is uncertain whether the changes in the serotonergic system are the origin or the cause of the modifications in TrkB
receptors.
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