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Mice lacking monoamine oxidase A (MAOA) display high levels
of brain serotonin during the first postnatal week, causing an
exuberant outgrowth of thalamocortical axons (TCAs) in layer IV
of the somatosensory cortex (S1). We asked whether this exu-
berance is attributable to abnormal TrkB signaling, because
modulation of TrkB signaling during a critical period dramati-
cally influences the segregation and the morphology of TCAs in
layer IV of the visual cortex. Using in situ hybridization and
ELISA immunoassays, we showed that the levels of trkB mRNA
and BDNF and neurotrophin-4 (NT-4) proteins are normal in the
thalamus and the cortex of mice lacking MAOA during barrel
field formation. Because the release of BDNF and NT-4 could
be abnormal in MAOA knock-out (KO) mice, we tested whether
abnormal TrkB signaling is required for TCA exuberance in
MAOA-KO mice by generating mice lacking both trkB and

MAOA. Surprisingly, these mice exhibited more severe pheno-
types than those found in MAOA-KO mice: a widespread tan-
gential expansion of TCAs in layer IV of the cortex, resulting in
a fusion of all sensory representations and a radial expansion of
TCAs in layers II–III of the cortex. Careful examination of mice
lacking trkB alone revealed subtle alterations of TCAs, with
abnormal invasion of layer III. This study reveals the following:
(1) expression of trkB, BDNF, and NT-4 are not modulated by an
excess of serotonin during barrel formation, (2) TrkB signaling
limits branching of TCAs in inappropriate supragranular cortical
layers, and (3) serotonin and TrkB signaling act together to
cluster thalamocortical axons in layer IV.
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Mice deficient for monoamine oxidase A [MAOA knock-out
(KO) mice] display abnormally high levels of serotonin (5-HT) in
the brain causing a lack of clustering of both thalamocortical
axons (TCAs) and granular neurons in layer IV of the primary
somatosensory cortex (S1) (Cases et al., 1996). The transient
excess of brain 5-HT during postnatal days 0–7 (P0–P7) is en-
tirely responsible for this phenotype (Cases et al., 1996; Vitalis et
al., 1998). Morphologically, TCAs display abnormal tangential
spreading (A. Rebsam, I. Seif, and P. Gaspar, unpublished re-
sults), and barrels appear fused along S1 (Cases et al., 1996).
These findings could be explained as exuberant outgrowth caused
by an excess of trophic factor.

One hypothesis concerning the mechanism by which TCAs
pattern holds that developing competes for limiting amounts of
target-derived trophic factors, such as neurotrophins. Conse-
quently an excess of neurotrophins should eliminate competition
among thalamic afferents. Indeed, infusion of brain-derived neu-
rotrophic factor (BDNF) or neurotrophin 4 (NT-4) into the

visual cortex of kittens prevents the segregation of dorsal lateral
geniculate nucleus axons into ocular dominance columns, possibly
by increasing axonal arborization (Cabelli et al., 1995; Hata et al.,
2000). These observations, however, do not show whether endog-
enous neurotrophins play a role in TCA segregation. To address
this question, Cabelli et al. (1997) found that infusing TrkB-IgG
(which sequesters TrkB ligands) into the visual cortex blocked the
segregation of TCAs and decreased axonal arborization, suggest-
ing that BDNF (or NT-4) acts principally to regulate the growth
of TCAs within layer IV, similar to its effect in the developing
retinotectal system in Xenopus (Cohen-Cory and Fraser, 1995;
Cohen-Cory, 1999; Alsina et al., 2001).

In the rodent somatosensory system, trkB is transiently ex-
pressed in the somatosensory thalamus from P0 to P5 (Masana et
al., 1993), whereas BDNF and TrkB are expressed in layer IV
target cells from P5 to P10 (Itami et al., 2000). The P0–P10 period
corresponds to the critical period of segregation of TCAs in layer
IV of S1 and to the subsequent arrangement of granular neurons
around these afferents (Rice and Van der Loos, 1977; Senft and
Woolsey, 1991; Agmon et al., 1993, 1995). Thus, it is reasonable
to think that TrkB signaling could promote axonal arborization in
the somatosensory system, as in the visual system. So far, no
obvious structural alterations of S1 have been observed in mice
deficient for trkB, BDNF, NT-4/5, or BDNF and NT-4 (Hender-
son et al., 1995; Itami et al., 2000). No studies have explored the
consequences of infusing exogenous BDNF into S1 during the
critical period.

In this study, we investigated the hypothesis that the exuber-
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ance of TCAs displayed in MAOA-KO mice could be attribut-
able to an abnormal modulation of the expression of the neuro-
trophin receptor TrkB and its known ligands BDNF and NT-4 in
S1. We showed first that the level of expression of trkB mRNA
and BDNF and NT-4 proteins are unchanged in MAOA-KO
mice. Because activity-dependent release of neurotrophins could
be altered in MAOA-KO mice, we tested whether TrkB signaling
is required for abnormal TCA development in MAOA-KO mice
by generating mice lacking both trkB and MAOA. These mice
display more severe alterations of the somatosensory cortex than
those displayed by mice lacking MAOA or TrkB only. Sensory
TCAs extend tangentially over a wider area than in MAOA-KO
mice. More surprisingly, TCAs extend inappropriately into the
supragranular layers II–III. Careful analysis of the somatosen-
sory cortex of trkB-KO mice revealed subtle but significant alter-
ations in the radial spread but not in the tangential segregation of
TCAs. This study indicates a subtle role of TrkB signaling in
limiting sensory thalamocortical outgrowth in inappropriate su-
pragranular layers.

MATERIALS AND METHODS
Mice
trkB knock-out mice were generated with a targeted mutation in the
catalytic domain (Klein et al., 1993) and were obtained on a mixed
C57BL/6-Sv129 genetic background. MAOA knock-out mice displayed a
deletion of exons 2 and 3 of the gene encoding MAOA (Cases et al.,
1995) and were originally obtained and maintained on a C3H/He genetic
background. Mice lacking trkB or MAOA will be referred to as trkB-KO
or MAOA-KO mice. Mice lacking both trkB and MAOA [referred to as
MAOA-trkB double knock-out (DKO) mice] were obtained in the F2
progeny from crosses between females heterozygous for MAOA and
trkB and males hemizygous for MAOA and heterozygous for trkB.
Genitors and pups were PCR genotyped for trkB and MAOA mutations.
For trkB genotyping, the same primers as previously described by Klein
et al. (1993) were used. For MAOA genotyping, two pairs of primers
were used. The first pair was used to detect the presence of the transgene
(5�, CTCAGAAGTCGGATCTGAT in the H2-Kb; and 3�, CAGTA-
GATTCACTACCAGTC in the interferon-� gene). The other pair of
primers corresponded to sequences only present in the normal allele (5�,
GATTCTCTCCTATTGTCTCTG; and 3�, AAAGACAGTTGTGAA-
GCCTCA). Animal procedures were conducted in strict compliance with
approved institutional protocols and in accordance with the provisions
for animal care and use described in the Scientific Procedures on Living
Animals ACT 1986.

Immunocytochemistry and histochemistry
Tissue sample preparation. Postnatal mice were analyzed at P0 (day of
birth), P2, P4, P5, P7, P9, P10, P11, P12, and P13. Pups were anesthetized
and perfused transcardially with fresh fixative (4% paraformaldehyde in
0.12 M phosphate buffer, pH 7.4). After perfusion, brains were removed
from the skull and weighed. In some cases, one hemisphere was sepa-
rated from the rest of the brain by a section through the internal capsule
and flattened between two glass slides separated by spacers. The rest of
the brain was kept as one block. Blocks and flattened hemispheres were
postfixed in fresh fixative and cryoprotected in 30% sucrose in phosphate
buffer for 2–10 d before sectioning. Serial 46-�m-thick frozen sections
were obtained in the coronal or tangential planes. Sections were used for
immunocytochemistry, Nissl-staining, or cytochrome oxidase (CO) his-
tochemistry as described below.

Immunocytochemistry. 5-HT immunocytochemistry (rat monoclonal
antibody, 1:40; Harlan Sera-Lab, Loughborough, UK) was performed on
frozen sections as described previously (Lebrand et al., 1996). Polyclonal
antibodies raised against the serotonin transporter (SERT) (1:3000;
Calbiochem-Merck, Darmstadt, Germany), and metabotropic glutamate
receptor type 5 (mGluR5) (1:2000; Chemicon, Temecula, CA) were also
used on free-floating sections. Briefly, sections were incubated overnight
with the primary antibody diluted in PBS� (0.1 M PBS with 0.2% gelatin
and 0.25% Triton X-100). Then, sections were washed in PBS� and
incubated with secondary antibodies (biotinylated goat anti-rabbit and
biotinylated goat anti-rat, 1:200; Dako, Glostrup, Denmark) for 2 hr at

room temperature. Sections were washed in PBS� and incubated with a
streptavidin–biotin–peroxidase complex (1:200; Amersham Biosciences,
Arlington Heights, IL) for 2 hr at room temperature. Sections were then
reacted with a solution containing 0.02% diaminobenzidine and 0.003%
H2O2 in PBS, pH 7.6. All sections were mounted on 3-aminopropyl-
triethoxysilane-coated slides, air dried overnight, dehydrated, and cover-
slipped in DePeX.

Nissl staining. Complete series of tangential and coronal sections were
Nissl stained as described previously (Rice and Van der Loos, 1977).
Slides were immersed in a solution containing 0.05% thionine in acetate
buffer, pH 5.5, for 2–5 min. Then, sections were differentiated in 70%
ethanol and dehydrated. Slides were coverslipped in DePeX.

Cytochrome oxidase histochemistry. Complete series of tangential and
coronal sections were reacted for CO as described previously (Wong-
Riley and Welt, 1980). In brief, sections were sequentially incubated 10
min in phosphate buffer (0.1 M), pH 7.4, with 10% sucrose, 0.2% cobalt
chloride, and phosphate-buffered sucrose. Then, sections were incubated
at 37°C in phosphate buffer containing 10% sucrose, 0.007% cytochrome
c, 0.002% catalase, and 0.05% diaminobenzidine until desired contrast
was obtained (all products from Sigma, St. Louis, MO).

DiI tracing of somatosensory thalamocortical axons
Labeling of somatosensory thalamocortical axons with lipophilic carbo-
cyanine dye [1,1�-dioctadecyl-3,3,3�,3�-tetramethylindocarbocyanine (DiI);
Molecular Probes, Eugene, OR] was performed in fixed tissues (wild
type, n � 4; MAOA-trkB-DKO, n � 3) at P8. Perfused brains were
sectioned in the coronal plane at the level of the ventrobasal thalamus
(VB). DiI crystals were dissolved in dimethylformamide (DMF) (10%
solution; Sigma). The solution was mixed in a warm solution of 3%
agarose. This allows the excess of DMF to evaporate and to form DiI
microdrops at the surface of agarose. DiI microdrops were picked up on
a broken tip of a glass micropipette and carefully inserted into the VB.
Injected brains were stored at room temperature in the dark for 1–2
months. Then, injected brains were sectioned in the coronal plane on a
vibratome. Sections (200 �m) were collected in PBS and analyzed by
confocal microscopy (Leica, Nussloch, Germany).

In situ hybridization for trkB
trkB cRNA probe, corresponding to the tyrosine kinase domain of the
protein, was used (Klein et al., 1993). The plasmid was linearized with
BamHI for antisense RNA synthesis by T7 polymerase and with EcoRI
for sense RNA synthesis by T3 polymerase. The in vitro transcription was
performed using the Promega (Madison, WI) kit, and probes were
labeled with [ 35S]UTP (�1000 Ci/mmol; Amersham Biosciences). In situ
hybridization for cRNA probes was performed on fresh frozen brain
sections (15-�m-thick). Tissue sections were postfixed for 15 min in 4%
paraformaldehyde, washed in PBS, acetylated, washed in PBS, dehy-
drated, and air dried. Sections were covered with hybridization buffer
containing 5 � 10 4 cpm/�l of the 35S-trkB probes and then incubated
overnight in a humid chamber at 50°C. Washes were performed as
described previously (Fontaine and Changeux, 1989). Autoradiograms
were obtained by apposing the sections to hyperfilms (�-max; Amersham
Biosciences) for several days. Autoradiographic films were developed in
D19 (Eastman Kodak, Rochester, NY) for 3 min at 20°C and fixed in A14
(I lford, Paranus, NJ) for 5 min. For histological analyses, the slides were
dipped in photographic emulsion (NTB2; Eastman Kodak) and exposed
for �10 d. After development of the emulsion, the sections were coun-
terstained with Nissl.

HPLC analysis
P0 and P7 pups were decapitated, and the brains were rapidly removed
and dissected. One cortical hemisphere was dissected out from the
remainder of the brain, and both pieces were rapidly frozen on dry ice.
Samples were kept at �80°C before being subjected to HPLC. Samples
were first sonicated for 5 sec in 10 vol (v/w) of 0.1N perchloric acid and
0.05% sodium metabisulfite. Supernatant (200 �l) was collected after
centrifugation (20 min, 30,000 � g). Supernatant aliquots were neutral-
ized on ice for 10 min by adding 20 �l of 2 M potassium phosphate buffer,
pH 7.4; endogenous ascorbic acid was degraded by adding 10 �l of 0.02%
ascorbate oxidase (5 min). After centrifugation for 20 min at 30,000 � g,
10 �l of the supernatant was collected and injected onto a Beckman
Ultrasphere 5-�m IP column (Beckman Coulter, Fullerton, CA). The
mobile phase consisted of 70 mM KH2PO4 with 14% methanol, 1.25 mM
octane sulfonate, 0.1 mM sodium EDTA, and 2.1 mM triethylamine, with
the pH adjusted to 3.02 with solid citric acid. Serotonin and dopamine
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and their respective metabolites, 5-hydroxyindolacetic acid and dihy-
droxyphenylacetic acid, eluted from the column were quantified by elec-
trochemical detection (at 0.65 V), and concentrations were calculated in
picomoles per milligram of brain (Hamon et al., 1988).

ELISA immunoassay
Preparation of samples for BDNF and NT-4 protein measurement. Brains of
wild-type and MAOA-KO mice aged P3, P4, P7, P10, and P90 were
rapidly removed from their skulls. S1 cortices were rapidly dissected out,
weighed, and snap frozen on dry ice. Samples were stored at �80°C
before homogenization. BDNF and NT-4 were extracted from brain
tissue by homogenization (1 w/10 v dilution) in 100 mM piperizine ethane
sulfonic acid homogenization buffer, pH 7.0, containing 500 mM NaCl,
0.2% BSA, 0.2% Triton X-100, 0.1% NaN3, and fresh protease inhibitors
(2 �g/mg aprotinin, 2 mM EDTA, 10 �M leupeptin, 1 �M pepstatin, and
200 �M PMSF) using ground-glass Dounces (Pollock et al., 2001). Ho-
mogenates were centrifuged at 16,000 � g for 20 min to pellet and stored
at �80°C before BDNF and NT-4 ELISAs. BDNF and NT-4 protein
levels were measured with standard two-antibody sandwich ELISA
(BDNF or NT-4 Emax immunoassay system; Promega). BDNF and NT-4
ELISAs were performed according to the protocol of the manufacturer.
The value for an individual S1 cortex represents the mean of three
independent measures. Final values represent the mean of individual
values obtained at P3–P4 (wild type, n � 6; MAOA-KO, n � 8), P7 (wild
type, n � 4; MAOA-KO, n � 4), P10 (wild type, n � 2; MAOA-KO, n �
3), and P90 (wild type, n � 3, MAOA-KO, n � 4). Final values obtained
at P3–P4, P7, and P90 were compared using an unpaired Student’s t test.

Morphometric analysis
Counts of pyknotic profiles. Coronal sections of P5, P7, and P9 pups,
stained for Nissl, were analyzed using a 40� objective and a millimetric
eyepiece. The number of pyknotic profiles was counted in layers II–III,
layer IV, and layer V of the somatosensory cortex (S1) and in the
ventrobasal thalamic nuclei. In S1, pyknotic profiles were counted at
bregma level �1.94 posterior and �3.1 lateral. Three sections were
counted for each case, and the values from four animals were obtained
for each mouse strain. Values derived from wild-type, MAOA-KO,
trkB-KO, and MAOA-trkB-DKO mice were compared using an un-
paired Student’s t test.

Cortical analysis. The barrel field area was measured from tangentially
sectioned hemispheres of P7 cortices, as described previously (Vitalis et
al., 1998). Reconstructions of the barrel field were obtained from com-
plete series of CO-reacted sections (n � 4 for wild-type, MAOA-KO,
trkB-KO, and MAOA-trkB-DKO mice) and 5-HT-reacted sections (n �
4 for wild-type, MAOA-KO, trkB-KO, and MAOA-trkB-DKO mice).
The neocortex was distinguished from surrounding territories by a dif-
ference in CO activity at its borders or by the presence of a dense
network of serotoninergic terminals and was outlined. From these recon-
structions, the entire neocortical area, the area of intense CO activity (S1
plus S2), and the area of “5-HT hyperinnervation” were measured.
Values derived from each strain were compared using an unpaired
Student’s t test.

Using a Leica digital camera and TCNST software (Leica), the length
and width of individual barrels (B2, C2, D2, B3, C3, and D3) were
measured from tangentially sectioned hemispheres reacted for CO (n �
4 for wild-type and trkB-KO mice). Values derived from each strain were
compared using an unpaired Student’s t test.

The thickness of layers II–IV and layers II–VI were measured in
Nissl-stained coronal sections, using an eyepiece graticule (10 and 20�
objectives). Measures were taken along a line perpendicular to the pial
surface, at two different stereotaxic levels: one in the posteromedial
barrel subfield (PMBSF) (level, �1.94 posterior and �3.1 lateral to
bregma) and the other in the anterior snout (AS) (level, �0.82 anterior
and �3.1 lateral to bregma). Measures were obtained from P9 pups (wild
type, n � 4; MAOA-KO, n � 4; trkB-KO, n � 4; MAOA-trkB-DKO, n �
6). Values derived from each strain were compared using an unpaired
Student’s t test.

The thickness of the SERT-immunoreactive plexuses was measured
from coronal sections of P7 pups using an eyepiece graticule (20�
objective). Measures were taken along a line perpendicular to the pial
surface, at bregma level �1.94 posterior and �3.1 lateral. Four measures
were taken for each case (n � 4 for wild-type and MAOA-KO pups; n �
5 for trkB-KO and MAOA-trkB-DKO pups). Values derived from each
strain were compared using an unpaired Student’s t test.

RESULTS
Does excess 5-HT modulate trkB, BDNF, and NT-4 in
the barrel field?
We tested whether abnormally high levels of 5-HT modulate the
expression of trkB mRNA and the levels of BDNF and NT-4
proteins in MAOA-KO mice.

Expression of trkB mRNA in MAOA-KO mice during the
critical period of barrel field formation
We performed in situ hybridization with riboprobes correspond-
ing to the tyrosine kinase domain of trkB during barrel field
formation from P0 to P15. In agreement with previous observa-
tions (Masana et al., 1993; Singh et al., 1997; Itami et al., 2000), we
found that trkB is present in the somatosensory thalamic neurons
from P0 to P15 and layer IV cortical neurons from P5 to P10
during critical periods of barrel field formation (data not shown).
We also found that increased brain levels of 5-HT, in MAOA-KO
mice, has no visible effect on trkB mRNA expression (data not
shown).

Levels of BDNF and NT-4 protein in MAOA-KO mice during
the critical period of barrel field formation
To determine whether MAOA deficiency modified the levels of
BDNF and NT-4 proteins, we measured the levels of BDNF and
NT-4 in the barrel cortex of wild-type and MAOA-KO mice
using ELISA immunoassays. In the wild-type barrel cortex, the
levels of BDNF and NT-4 proteins were highest between P3 and
P7 and decreased rapidly to adult values by P10 (Fig. 1A,B). This
result is in agreement with previous studies showing that levels of
BDNF and NT-4 proteins peak between P7 and P14 in the rat
neocortex (Das et al., 2001). In MAOA-KO mice, the levels of
BDNF and NT-4 proteins were normal during the period of
barrel field development from P3 to P7 (Fig. 1A,B). However, the
level of BDNF protein did not decrease by P10 and in adults (Fig.
1B), suggesting that abnormal levels of 5-HT such as those
displayed in MAOA-KO mice could not modify the levels of
BDNF after P7. In agreement with this finding, high levels of
5-HT have been shown previously to influence the levels of
BDNF synthesis in specific areas of the adult rat brain (Zetter-
strom et al., 1999).

Together, these results show that trkB mRNA expression and
BDNF and NT-4 protein levels are normal in MAOA-KO mice
during the period of barrel field development. Because activity-
dependent release of BDNF or NT-4 could be altered in
MAOA-KO mice, we generated MAOA-trkB-DKO mice.

General development of trkB-KO and
MAOA-trkB-DKO mice
MAOA-trkB-DKO and trkB-KO mice and their various controls
were obtained in the F2 progeny from crosses between females
heterozygous for both MAOA and trkB and males hemizygous
for MAOA and heterozygous for trkB. The size of the litter and
the weight of the pups of the different genotypes were evaluated
before perfusion. At P0, the size of the litter was similar to
controls (10 � 1.3 pups; mean � SEM) with a normal sex ratio.
MAOA-trkB-DKO and trkB-KO mice were obtained at the ex-
pected frequency.

trkB-KO mice are hypomorphic, and most pups (80% esti-
mated) die during the first postnatal week as a result of feeding
and breathing problems probably attributable to the increased
cell death observed in the CNS (facial motor nucleus) and pe-
ripheral (trigeminal) nervous system (Klein et al., 1993). Despite
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a similar reduction in body and brain weights (Fig. 2A,B) and in
sizes of the facial motor (23–25%) and the trigeminal nuclei
(20–22%), MAOA-trkB-DKO mice survived longer than trkB-KO
mice, with numerous pups dying after P7 (�40%).

In all animals, cortical lamination appeared normal on coronal
sections at the level of the PMBSF and the AS. However, the
thickness of layers II–IV and layers II–VI displayed a significant
reduction at P9 in both trkB-KO and MAOA-trkB-DKO mice
(Table 1). The decrease in the cortical thickness affected mostly
layers II–IV and was slightly more severe in the anterior part of
the cortex corresponding to AS. At this level, the thickness of
layers II–IV displayed a 24% reduction in trkB-KO mice and a
18% reduction in MAOA-trkB-DKO mice compared with wild-
type mice.

Analysis of cell death in S1 and VB
In view of the well established survival-promoting effects of
BDNF and NT-4, we investigated whether any increased cell
death was occurring in trkB-KO and MAOA-trkB-DKO mice
during the critical period of TCA refinement in S1. We counted
the density of pyknotic profiles (Nissl-stained shrunken nuclei) in
layers II–III, IV, and V of S1 at P5 and P9 in our different strains
(Fig. 2C,D). MAOA-KO mice showed a slight reduction in the
density of pyknotic profiles in layers II–III and V at P5 but not at
P9 compared with wild-type mice. In trkB-KO mice, there was a
slight but significant increase in the number of pyknotic profiles

compared with wild-type mice in layer V by P5 and in layers
II–III, IV, and V by P9. The increase in cell death was mostly
restricted to the rostral portion of S1 corresponding to AS.
Interestingly, MAOA-trkB-DKO mice showed similar densities
of pyknotic profiles to those observed in wild-type or MAOA-KO
mice. Importantly, we observed no changes in the density of
pyknotic profiles in layer IV at P5, during the critical period of
barrel field formation.

Similar to what was observed in the cortex, we found a slight
reduction in the number of pyknotic profiles in the VB of
MAOA-KO mice compared with wild-type mice at P5 but not P9
(Fig. 2C,D). In trkB-KO mice, cell death was increased at P9 in
the VB (Fig. 2C,D). MAOA-trkB-DKO mice had comparable
levels of cell death with those displayed by wild-type or
MAOA-KO mice (Fig. 2C,D).

Together, these results suggest that increased 5-HT could delay
or prevent the cell death induced by trkB deficiency in S1 and VB.

5-HT and 5-hydroxyindoleacetic acid brain levels
We looked for general differences in total brain 5-HT and
5-hydroxyindoleacetic acid (5-HIAA) levels at P0 and P7 in the
different strains (Fig. 2E,F). We found similar levels of 5-HT in
the brains of wild-type and trkB-KO pups at P0 and P7. A slight
but statistically significant increase in 5-HIAA levels was ob-
served at P0 and P7 in trkB-KO mice, suggesting that 5-HT
metabolism could be slightly enhanced in trkB-KO mice.
MAOA-KO mice had a 900% increase in 5-HT levels at P0 and
a 400% increase at P7 compared with wild-type mice. Similar
5-HT levels were found in MAOA-KO and MAOA-trkB-DKO
mice at P0, although, at P7, MAOA-trkB-DKO mice had higher
levels of 5-HT. A dramatic decrease in 5-HIAA levels was simi-
larly observed in MAOA-KO and MAOA-trkB-DKO mice. In
contrast, we found no statistically significant increase in dopamine
and 3,4-dihydroxyphenylacetic acid levels in trkB-KO and MAOA-
trkB-DKO pups compared with wild-type and MAOA-KO pups,
respectively (data not shown).

Deficiency of trkB in MAOA-KO mice increased the
alterations of the barrel field observed in
MAOA-KO mice
Cytochrome oxidase histochemistry
CO histochemistry allows the visualization of regions with
heightened metabolic activity and is classically used to examine
barrel field organization. At this level, CO activity is localized in
both dendrites of cortical neurons and TCA terminals (Wong-
Riley et al., 1980). In trkB-KO mice, the intensity of CO activity
was similar to that of wild-type mice, and barrels were normally
organized in the entire barrel field in the representations corre-
sponding to the main whiskers (PMBSF), tactile hairs located on
the anterior snout (AS), the lower lip (LL), the hindpaw (HP),
and the forepaw (FP) (Fig. 3A,B). However, there was a 27–32%
reduction in the area of the barrel field representation. This
decreased area was proportional to the reduction of the size of
the flattened hemisphere (27–31% reduction of PMBSF area),
suggesting that the reduction of the barrel field area was attrib-
utable to the hypotrophy of the brain. Individual barrels displayed
a similar reduction proportional to the reduction of the barrel
field (reduction of barrel lengths: B2, 29–33%; C2, 25–29%; D2,
27–32%; B3, 28–34%; C3, 28–34%; D3, 28–34%; reduction of
barrel widths: B2, 25–30%; C2, 24–31%; D2, 25–29%; B3, 28–
32%; C3, 28–33%; D3, 28–34%) (data not shown). In MAOA-KO
mice, the somatosensory map was profoundly modified as reported

Figure 1. Levels of BDNF (A) and NT-4 (B) proteins in S1 of wild-type
(WT ) and MAOA knock-out mice using ELISA immunoassays. All
values are expressed in picograms per milligram of protein. All values
represent the means � SD (wild type: P3–P4, n � 6; P7, n � 4; P10, n �
2; P90, n � 3; MAOA-KO: P3–P4, n � 8; P7, n � 4; P10, n � 3; P90, n �
4). *p 	 0.05 indicates that the results are statistically significant between
the groups analyzed (Student’s t test).
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previously (Cases et al., 1996) (Fig. 3A,C). Most of the PMBSF
and AS representations were fused, and separations were only
maintained between the representations of AS and LL, LL and FP,
and FP and HP. In the mixed genetic background used in this
study, there was a variation in the intensity of the phenotype. In
most cases (6 of 10), some barrels located in the PMBSF remained,

and blobs of CO activity corresponding to the fusion of several
barrels were observed in all cases analyzed in PMBSF and in the
caudal portion of AS (Fig. 3C). This genetic variation of the
consequence of MAOA inactivation has been reported previously
(Vitalis et al., 1998; Salichon et al., 2001). In MAOA-trkB-DKO
mice, the intensity of CO activity was greatly reduced in the cortex

Figure 2. Comparison of the general development of wild-type (WT ), MAOA-KO, trkB-KO, and MAOA-trkB-DKO mice. A, B, Body (A) and brain
(B) growth curves in wild-type, MAOA-KO, trkB-KO, and MAOA-trkB-DKO mice during postnatal development. Values are expressed in grams and
represent the mean � SD. Note the similarity between trkB-KO and MAOA-trkB-DKO mice in both body and brain growth. C, D, Cell death in S1 and
the VB of wild-type, trkB-KO, MAOA-KO, and MAOA-trkB-DKO mice at P5 and P9. C, D, The number of pyknotic nuclei (Nissl-stained shrunken
nuclei per 100,000 �m 2 of tissue) was counted in layers II–III, IV, and V of S1 and in VB. Values are mean � SEM of four animals. *p 	 0.05 and **p 	
0.001 indicate that the results are statistically different between the groups analyzed (Student’s t test). C, At P5, the number of pyknotic nuclei is slightly
increased in layer V of trkB-KO mice. Interestingly, MAOA-trkB-DKO mice do not display this increase. D, At P9, the number of pyknotic nuclei is
increased in layers II–III, IV, and V and in VB of trkB-KO mice. As at P5, MAOA-trkB-DKO mice do not display this increase in cell death. E, F,
Whole-brain amounts of 5-HT and 5-HIAA in the brains of P0 and P7 wild-type, trkB-KO, MAOA-KO, and MAOA-trkB-DKO mice. E, At P0 and
P7, 5-HT levels are similar in wild-type and trkB-KO mice. At P0, MAOA-trkB-DKO mice have similar 5-HT levels to those displayed by MAOA-KO
mice. However, at P7, 5-HT levels are significantly higher in MAOA-trkB-DKO mice than in MAOA-KO mice (41% increase; �p 	 0.005; Student’s
t test). F, 5-HIAA levels are significantly increased in P0 and P7 trkB-KO mice compared with wild-type mice (31 and 47% increase, respectively; �p 	
0.05; Student’s t test). 5-HIAA levels are drastically reduced at P0 and P7 in MAOA-KO and MAOA-trkB-DKO mice. Values are expressed in
nanograms per gram of wet brain and represent the mean � SD (P0: wild type, n � 4; trkB-KO, n � 4; MAOA-KO, n � 4; MAOA-trkB-DKO, n �
3; P7: wild type, n � 6; trkB-KO, n � 5; MAOA-KO, n � 7; MAOA-trkB-DKO, n � 3).
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compared with wild-type, trkB-KO, or MAOA-KO mice. On flat-
tened sections, the edges of the barrel field representation were
difficult to identify precisely in one-half of the cases analyzed (four
of eight). However, separations between AS and LL, LL and FP,
and FP and HP were visible in the cases, presenting a sufficient CO
activity (Fig. 3D).

To gain more insight into the alterations of the barrel field in
MAOA-trkB-DKO and trkB-KO mice, we next used specific
markers of thalamocortical axons and cortical neurons.

Organization of thalamocortical axons in trkB and
MAOA-trkB-DKO mice

Thalamic neurons do not synthesize 5-HT but accumulate 5-HT
through the SERT located on thalamocortical axons and termi-
nals from embryonic day 15 to P10 (Lebrand et al., 1996, 1998).
We took advantage of this transient expression to specifically
visualize TCAs with 5-HT or SERT immunoreactivity (IR) in
trkB-KO and MAOA-trkB-DKO mice.

Table 1. Cortical thickness in wild-type, MAOA-KO, trkB-KO, and MAOA-trkB-DKO pups at age P9

Genotype

Thickness of cortical layers (�m)

II–IV II–VI

�0.82 �1.94 �0.82 �1.94

Wild type (n � 4) 403 � 16 386 � 17 1122 � 30 1071 � 50
MAOA-KO (n � 4) 395 � 20 360 � 25 1100 � 40 1091 � 30
trkB-KO (n � 4) 305 � 7**,°° 305 � 21*,° 937 � 15**,°° 935 � 50**,°°
MAOA-trkB-DKO (n � 6) 328 � 15* 303 � 20*,° 1024 � 27*,● 943 � 36*

Measures were obtained from Nissl-stained coronal sections at two different stereotaxic levels: �1.94 mm posterior and �3.1 mm lateral, and �0.82 mm anterior and �3.1
mm lateral to bregma. Values are means � SEMs.
*Statistical difference relative to the wild-type group ( p 	 0.05; Student’s t test).
**Statistical difference relative to the wild-type group ( p 	 0.01; Student’s t test).
°Statistical difference relative to the MAOA-KO group ( p 	 0.05; Student’s t test).
°°Statistical difference relative to the MAOA-KO group ( p 	 0.01; Student’s t test).
●Statistical difference relative to the trkB-KO group ( p 	 0.01; Student’s t test).

Figure 3. Flattened sections of P9 wild-type (WT ) ( A), trkB-KO (B), MAOA-KO (C), and MAOA-trkB-DKO (D) pups reacted for cytochrome
oxidase activity. Reconstruction of S1 has been made in A. A, B, Note the blobs of cytochrome oxidase activity in the PMBSF and the AS representation
in wild-type (A) and trkB-KO (B) mice. C, Section showing a complete blurring of the AS representation and a remaining barrel-like organization in
PMBSF of an MAOA-KO pup. D, Section showing a complete lack of barrel and barrel-like CO active blobs in PMBSF and AS representation of an
MAOA-trkB-DKO pup. Note the decrease of CO activity displayed in the MAOA-trkB-DKO pup. Arrows indicate large septae that separate AS and
LL, LL and FP, and FP and HP. Scale bar, 1 mm.
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Tangential organization of thalamocortical axons in trkB-KO and
MAOA-trkB-DKO mice. At P7, flattened sections of wild-type
cortex immunoreacted for 5-HT showed a dense network of
immunolabeled terminals in the primary somatosensory cortex
(S1), the secondary somatosensory area (S2), the primary audi-
tory (A1), and the primary and the secondary visual (V1 and V2)
cortices. In S1, barrels were clearly delineated in PMBSF, AS, FP,
HP, and LL representations. Sections of trkB-KO mice showed
clear individual barrels in PMBSF and AS (Fig. 4, compare A, B).
In MAOA-KO mice, strong 5-HT immunolabeling delineated the
three primary and the two secondary sensory cortices (Fig. 4C).
In S1, the barrel field representation was fused, although, in 70%
of the cases, few barrels and blobs of immunolabeling remained
(Fig. 4C), similar to what was observed with CO activity. In
MAOA-trkB-DKO mice, the barrel field representation was
more severely altered than in MAOA-KO mice (Fig. 4, compared
C, D). 5-HT immunostaining revealed the fusion of all of the
presumptive primary cortices (Fig. 4D). Whereas the fusion of
S1, A1, and S2 was always observed, limits between the visual and
the somatosensory or the visual and the auditory cortices re-
mained defined in some cases (four of nine) (data not shown).
The fusion of 5-HT-immunostained areas appeared also on coro-
nal sections (see Fig. 6). On flattened sections, the area displaying
5-HT immunoreactivity as a proportion of the entire neocortical
area was dramatically increased (43–44%) in MAOA-trkB-DKO
mice compared with MAOA-KO or wild-type mice. The discrep-
ancy between the extension of cortical areas observed using 5-HT

immunostaining (see above) and using CO histochemistry could
suggest that CO histochemistry reveals the CO activity displayed
by layer IV neurons rather than thalamocortical axons in MAOA-
trkB-DKO mice.

Radial organization of thalamocortical axons in trkB-KO mice.
Developing TCAs were organized similarly in wild-type and
trkB-KO mice at P0 and P2 (data not shown). By P4, a few barrels
corresponding to the main whiskers were segregated in layer IV
of wild-type mice (Fig. 5A,B), with axons extending to the pial
surface. In contrast, in trkB-KO mice, TCAs showed no segrega-
tion at P4 (Fig. 5C,D). By P7 in wild-type mice, barrels were
segregated in the entirety of S1 (as judged on tangential sections).
In coronal sections, axons rarely extended into the upper part of
layers II–III and were never seen in contact with the pial surface
(Senft and Woolsey, 1991; Agmon et al., 1993, 1995) (Fig. 5). In
trkB-KO mice, barrels were normally segregated in the entirety of
S1 by P7. However, their morphology appeared less refined,
numerous TCAs terminated into the upper part of layers II–III,
and a few TCAs maintained contacts with the pial surface (Fig.
5). The radial length of SERT-IR plexus was 19–21% greater in
trkB-KO mice than in wild-type mice. Together, these results
show that trkB-KO mice display subtle alterations of thalamocor-
tical projections.

Radial organization of thalamocortical axons in MAOA-trkB-
DKO mice. In MAOA-KO and MAOA-trkB-DKO mice, TCAs
were normally restricted to the lower tier of the developing
cortical plate at P2 (Fig. 6A,B). Tangentially, 5-HT- and

Figure 4. Flattened sections of P7 wild-type (WT ) (A), trkB-KO (B), MAOA-KO (C), and MAOA-trkB-DKO (D) pups immunoreacted to 5-HT. A–C,
In wild-type (A), trkB-KO (B), and MAOA-KO (C) pups, 5-HT-IR is strong in S1, V1, and A1 cortices and in the S2 and V2 cortices. A, B, In wild-type
(A) and trkB-KO (B) pups, barrels are clearly defined in S1. C, In MAOA-KO pups, a barrel-like organization remains in the caudalmost portion of
S1. D, The fusion of all barrels in S1 is observed in MAOA-trkB-DKO pups. Strikingly, a fusion is also observed between the primary and secondary
areas. In particular, S1 is fused with A1, S2, and V2. Note a similar reduction in the size of the flattened hemisphere in trkB-KO and MAOA-trkB-DKO
pups. Scale bar, 1 mm.
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SERT-IR appeared as a uniform band in the neocortex without
entering medially the motor cortex and laterally the limbic cortex.
By P4, in MAOA-KO mice TCAs were mainly restricted to layer
IV, whereas, in MAOA-trkB-DKO mice, TCAs appeared as a

thick uniform band of staining extending radially from the lower
layer IV to the pial surface (Fig. 6C,D). By P7, the segregation of
the main 5-HT-immunolabeled cortical areas was evident in
MAOA-KO mice (Fig. 6E), and a few barrels could be discerned
in PMBSF (Fig. 4C). TCAs were mainly restricted to layer IV
(Fig. 6E) and displayed the same organization as observed at P2
or P4. In MAOA-trkB-DKO mice, 5-HT-immunolabeled territo-
ries appeared as a continuous band, and TCAs extended widely
into layers II–III well beyond the layer IV (defined by mGluR5-
IR; see below) (data not shown).

DiI tracing of TCAs of MAOA-trkB-DKO mice at P8 showed
the nature and the morphology of the fibers (Fig. 7). In wild-type
mice, TCAs were primarily confined in layer IV and the lower
part of layer III, and very few TCAs extended in layer II or toward
the pia (Fig. 7A,B). In MAOA-trkB-DKO mice, TCAs invaded
massively layers II–III (Fig. 7C,D). Morphologically, TCAs in
layers II–III displayed a poor degree of branching, and no growth
cones could be observed (Fig. 7D). Occasionally, TCAs were seen
in contact with the pial surface, turning along layers I–II (Fig.
7C,D,G) and reentering the deeper cortical layers.

These results show that thalamocortical alterations are more
severe in MAOA-trkB-DKO mice compared with MAOA-KO or
trkB-KO mice in both the radial and tangential planes, indicating
that, in normal conditions, TrkB signaling and 5-HT could act
together in the segregation of TCAs in layer IV.

Organization of the cortex in trkB-KO and
MAOA-trkB-DKO mice
Organization of cortical neurons. A barrel consists of a dense ring
of granular neurons (spiny stellate) arranged in a cylindrical-
shaped aggregate. Each barrel surrounds an area of low cell
density, the hollow, and individual barrels are separated by septae
(Fig. 8A). This cytoarchitectonic differentiation occurs normally
in trkB-KO mice (Fig. 8B). In contrast, MAOA-trkB-DKO mice
display similar cortical alterations to those described previously in
MAOA-KO mice (Fig. 8C,D). The granular cells in layer IV do
not cluster into barrels but instead form a continuous band with
a homogeneous density (Cases et al., 1996). In 60% of
MAOA-KO mice with a mixed background (n � 10), barrel-like
structures were observed in the PMBSF (Fig. 8C) (Salichon et al.,
2001). This was never seen in MAOA-trkB-DKO mice (n � 8),
suggesting that cytoarchitectonic alterations were more severe
than in MAOA-KO mice (Fig. 8D).

We used mGluR5-IR to identify a presence and a physiological
differentiation of layer IV in MAOA-trkB-DKO mice. mGluR5-IR
has been shown to be enriched in barrel centers and to be localized
in the neuropil and on the surface of cell bodies and dendrites in
layer IV (Blue et al., 1997; Munoz et al., 1999). At P7, mGluR5-IR
was organized in barrels in both wild-type (Munoz et al., 1999)
(data not shown) and trkB-KO (data not shown) mice, whereas, in
MAOA-KO mice (data not shown), mGluR5-IR formed a uniform
band, suggesting that the segregation of dendrites in barrels is
altered. In MAOA-trkB-DKO mice, mGluR5-IR displayed a sim-
ilar uniform organization restricted radially to layer IV, allowing us
to precisely localize layer IV (data not shown).

Organization of the subcortical stations
Previous studies have shown that the subcortical stations of the
somatosensory system, the barrelettes in the brainstem and the
barrelloids in the ventrobasal thalamic nucleus, display no
major alterations in MAOA-KO mice (Cases et al., 1996),
although subtle alterations were reported in the representation

Figure 5. Comparison of the development of sensory thalamocortical
axons in wild-type (WT ) (A, B, E) and trkB-KO (C, D, F ) pups at P4
(A–D) and P7 (E, F ) as revealed by SERT immunolabeling. A, B, Coronal
sections showing barrel segregation in layer IV at P4. B, Higher magni-
fication of barrels shown in the area outlined in A. Note that thalamocor-
tical axons extend in layers II–III toward the pial surface. C, D, Coronal
section showing a lack of segregation in layer IV at P4. D, Higher
magnification of layer IV shown in the area outlined in C. E, In wild-type
pups, at P7, SERT-IR labels individual barrels in S1. SERT-IR is mainly
restricted to layer IV, with few SERT-IR branches extending radially
in layer III. F, In trkB-KO pups, at P7, barrels are well individualized in
layer IV, although the SERT-IR plexus extends abnormally in the
upper layer III. E, F, Cortical layers are indicated. Scale bar: A, C, 2
mm; B, D, 450 �m; E, F, 250 �m.
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of the barreloids corresponding to the small whiskers (Salichon
et al., 2001). Similarly, we detected no gross alterations in the
organization of the barrelettes and the barreloids in MAOA-
KO, trkB-KO, and MAOA-trkB-DKO mice using mGluR5-IR
for the barrelettes and CO activity for the barreloids (Fig. 9).

DISCUSSION
We demonstrated that the aberrant tangential outgrowth of
TCAs in layer IV of MAOA-KO mice does not require TrkB
signaling because the combined disruption of trkB and MAOA
does not rescue the MAOA phenotype. Instead, in MAOA-trkB-

Figure 6. Comparison of the development of sensory thalamocortical axons in MAOA-KO (A, C, E) and MAOA-trkB-DKO (B, D, F ) pups at P2, P4,
and P7 as revealed by 5-HT-IR. A, B, Coronal sections of MAOA-KO (A) and MAOA-trkB-DKO (B) pups at P2 showing a similar pattern of 5-HT-IR.
Note the very dense immunolabeling in the developing cortical plate. C, D, Coronal sections of MAOA-KO (C) and MAOA-trkB-DKO (D) pups at P4
showing an abnormal organization of 5-HT-IR in MAOA-trkB-DKO mice. In MAOA-KO mice, 5-HT-IR is mainly restricted to layer IV. In
MAOA-trkB-DKO mice, 5-HT-IR extends to the pial surface. E, F, Coronal sections of MAOA-KO (E) and MAOA-trkB-DKO (F) pups at P7. In
MAOA-KO pups, 5-HT-IR is restricted to the presumptive locations of the HP and PMBSF representations and A1 (large arrows delineate these areas).
Note also the cortical areas that do not display 5-HT-IR in layer IV. In layer VI, 5-HT-IR appears as a segmented band. In MAOA-trkB-DKO mice,
the 5-HT-IR plexus appears as a continuous band of staining covering all neocortical areas, from HP (top arrow) to A1 (bottom arrow). Note also the
fusion of 5-HT-IR plexuses in layer VI. dLGN, Dorsal lateral geniculate nucleus; MD, mediodorsal nucleus; SUB, submedial nucleus; TC, thalamocortical
axons. Scale bar: A, C, 2 mm; B–F, 570 �m.
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DKO mice, TCAs are more exuberant in both the tangential and
radial planes and abnormally invade the supragranular cortical
layers. In trkB-KO mice, TCAs innervate the supragranular lay-
ers, albeit to a lesser extent than in MAOA-trkB-DKO mice.
These alterations are not secondary to an increased cortical cell
death. In fact, cell death is reduced in MAOA-trkB-DKO mice
compared with trkB-KO mice alone, suggesting a role for 5-HT in
preventing apoptosis induced by trkB deficiency.

The trophic effect of 5-HT is not linked to
TrkB signaling
Increasing serotonin levels in the primary somatosensory cortex
during early postnatal life by disruption of the MAOA gene
prevents the clustering of both granular neurons and TCAs (Cas-
es et al., 1995). Recent in vitro experiments indicate that 5-HT
directly affects the growth of TCAs, increasing the length of the
primary processes, increasing the total length of all processes, and

increasing the number of branch points per cell and per primary
neurite (Lieske et al., 1999). These effects on neurite outgrowth
appear to be mediated by the 5-HT1B receptor subtype (Lotto et
al., 1999). These results indicate that 5-HT could act as a trophic
factor for TCA outgrowth.

Several findings have implicated TrkB signaling in cortical
differentiation. Infusion of NT-4 or BDNF in the developing
kitten visual system abolishes the segregation of TCAs, possibly
by increasing their branching (Cabelli et al., 1995). In agreement
with others, we find that trkB expression in TCAs and layer IV
neurons correlates with the time at which TCAs and cortical
neurons cluster into barrels. The similar effects of 5-HT excess
and BDNF–NT-4 infusion on TCAs raise the possibility that
5-HT may positively regulate TrkB signaling and that ablation of
trkB may ameliorate the MAOA phenotype. However, this does
not occur. There is no difference in trkB expression patterns or in

Figure 7. DiI tracing of thalamocortical ax-
ons in wild-type (WT ) (A, B, E) and MAOA-
trkB-DKO (C, D, F, G) pups at P8. A, B, In
wild type, thalamocortical axons are clus-
tered into barrels, and their terminals are
mainly restricted to layer IV and do not
massively extend in the supragranular layers.
B, Higher magnification of A. C, D, G, In
MAOA-trkB-DKO mice, thalamocortical
axons densely innervate layer IV but also
supragranular layers II–III. D, Higher mag-
nification of C. G, Higher magnification of a
section taken from another MAOA-trkB-
DKO pup. D, G, Small open arrows point to
portions of axons that are oriented perpen-
dicular to the pial surface. Small filled arrows
point to portions of ectopic thalamocortical
axons that are oriented parallel to the pial
surface in layers I–III (D, G). A–D, G, Large
arrows indicate the pia. E, F, Bright-field
photomicrographs of coronal sections show-
ing the area of DiI diffusion in the thalamus
of the wild-type pup (E) and the MAOA-
trkB-DKO pup (F) shown in A, B and C, D
respectively. These sections are 400 �m ros-
tral to the site of injections. Scale bar: A, C,
150 �m; B, D, G, 60 �m; E, F, 2 mm.
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BDNF and NT-4 protein levels in the barrel cortex or the thal-
amus of MAOA-KO mice during the critical period. Hence,
5-HT does not influence TrkB signaling, and the trophic effect
exerted by 5-HT on TCAs does not require TrkB signaling.

Analysis of trkB deficiency on the development of the
somatosensory system
trkB deficiency on barrel neurons
TrkB signaling is known to increase neuronal survival (Alcantara
et al., 1997; Xu et al., 2000) and dendritic growth (Gates et al.,
2000; Xu et al., 2000; Yacoubian and Lo, 2000) and to control the
expression of LTP in developing cortical neurons (Sermasi et al.,
2000). In agreement with Alcantara et al. (1997), we did not find
an increase in cell death in layer IV of S1 in trkB-KO mice during
the period of barrel formation. Furthermore, we confirm the
normal topographic arrangement of granular neurons in trkB-
deficient mice (Henderson et al., 1995). Gross analysis of the
dendritic clustering of granular neurons using mGluR5 immuno-
reactivity (Blue et al., 1997; Munoz et al., 1999) demonstrates
clear barrels from P5 to P7 in trkB-KO mice.

trkB deficiency on periphery-related afferents
TrkB is expressed by somatosensory thalamic neurons during the
critical period for the refinement of TCAs (see above). It is
possible therefore that, as suggested by Cabelli et al. (1995, 1997),
limiting amount of cortical neurotrophins could act on TCAs to
control their branching. By this hypothesis, the deletion of trkB

could decrease the branching of TCAs and reduce barrel size, as
observed in mice pharmacologically depleted of 5-HT (Bennett-
Clarke et al., 1994). However, 5-HT and SERT immunolabeling
reveals normal TCAs clustering and normal cluster size in
trkB-KO mice, confirming the findings of Henderson et al. (1995)
that TrkB signaling is not necessary for overall barrel field map-
ping. However, we find that TCAs in trkB-KO mice abnormally
extend into layers II–III, suggesting that TrkB signaling partici-
pates, at least to some extent, in restricting TCAs to layer IV.

The slowing, branching, and terminating of thalamic axons in
layer IV implies that thalamic axons are influenced by molecules
produced by the cortex. These molecules could be produced by
layer IV neurons and attract TCAs and/or stabilize their synaptic
contacts. Alternatively, supragranular layers may produce mole-
cules that are repulsive for TCAs and/or not favorable for syn-
aptic stabilization. Hence, several alternative hypotheses could be
proposed for TrkB in establishing the laminar specificity of TCA
terminations. First, TrkB signaling could control the elimination
of exuberant branches, and deletion of trkB could stabilize an
ectopic projection to layers II–III. In support of this hypothesis,
TCAs extend in the supragranular layers in wild-type mice be-
tween P3 and P5 (Catalano et al., 1996) (Rebsam, Seif, and
Gaspar, unpublished results).

Alternatively, TrkB signaling in layer IV could inhibit the
outgrowth of TCAs in inappropriate layers of the cortex by either
a direct inhibition of axon extension by TrkB in the supragranular

Figure 8. Segregation of granular neurons in wild-type (A), trkB-KO (B), MAOA-KO (C), and MAOA-trkB-DKO (D) mice at P9. A, Tangential
section of a flattened cortex showing the clustering of granular neurons in PMBSF and AS of a wild-type pup. B, Normal segregation of granular neurons
in PMBSF and AS in a trkB-KO pup. Note that barrels appear slightly smaller than in wild type (A). C, Altered segregation of granular neurons in an
MAOA-KO pup. Note a residual clustering of granular neurons in the region corresponding to the straddlers and the first arcs of the PMBSF. D, A
complete lack of clustering of granular neurons is observed in MAOA-trkB-DKO mice. Scale bar, 1.2 mm.
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layers or promoting axon branching and synaptogenesis in layer
IV. The high levels of TrkB in TCAs and layer IV neurons during
the first postnatal week suggest that the latter possibility is more
likely. In vitro experiments demonstrated that TCAs grow into
cortical explants and terminate in layer IV, regardless of whether
ingrowth is initiated from the pial surface or the white matter
(Bolz et al., 1992; Molnar and Blakemore, 1995, 1999; Molnar et
al., 1998). Furthermore, the selective depletion of layer IV neu-
rons provokes a massive invasion of superficial cortical layers by

TCAs (Noctor et al., 2001; Palmer et al., 2001). These data strongly
suggest the presence of a layer IV stop signal that positively
regulates terminal branching and synaptogenesis of TCAs.

It is possible that, rather than being the stop signal itself, TrkB
signaling induces molecules whose expression patterns determine
TCA termination. Numerous adhesion molecules participate in
the regulation of axon collapse and branching, including L1,
neural cell adhesion molecule, cadherins, semaphorins, and
ephrins (Hsueh and Sheng, 1998; Obst-Pernberg and Redies,

Figure 9. Subcortical organization of the somatosen-
sory pathway. Barreloids (A–D) in the thalamus and
barellets (E–H) in the brainstem are visualized in wild-
type (WT ) (A, E), trkB-KO (B, F ), MAOA-KO (C, G),
and MAOA-trkB-DKO (D, H ) mice. A–D, Coronal
sections of wild-type (A), trkB-KO (B), MAOA-KO
(C), and MAOA-trkB-DKO (D) pups at P9 reacted for
CO activity showing the organization of the barreloids
in VB. Note that barreloids corresponding to the larger
whiskers are well organized in each case. E, F, Coronal
sections of wild-type (E), trkB-KO (F), MAOA-KO (G),
and MAOA-trkB-DKO (H) pups at P7. mGluR5-IR
shows a normal organization of the barrelettes in the
nucleus oralis. Scale bar, 0.2 mm.
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1999; Chavis and Westbrook, 2001). Repulsive molecules of the
semaphorin or ephrin family may delineate cortical territories
through which thalamic axons grow, thereby influencing invasion
by TCAs and their laminar specificity (Bagnard et al., 1996, 2001;
Skaliora et al., 1998; Vanderhaeghen et al., 2000). Within these
globally permissive zones, fibers could be further sequestered
based on their sensitivities to other diffusible factors, cell surface
molecules, or extracellular matrix cues. By this scenario, the
expression of these trkB-inducible molecules may be altered in
trkB-KO and MAOA-trkB-DKO mice, leading to a lack of re-
finement of TCAs in layer IV.

Synergistic effect of excess 5-HT and lack of trkB
MAOA-trkB-DKO mice show an exaggeration of both the
MAOA-KO and the trkB-KO phenotypes. All primary and sec-
ondary sensory representations fuse, and there is a large increase
in the density of TCA terminals in the superficial layers of
MAOA-trkB-DKO mice. The mechanisms underlying these al-
terations are not known, and many suggestions could be pro-
posed. However, perhaps the most likely is that 5-HT and TrkB
act in concert to restrict the termination pattern of TCAs in the
tangential and radial planes, respectively. 5-HT could act directly
on TCAs, preventing their ability to respond to certain cortical
cues, and TrkB may help delineate the cortical territory over
which TCAs normally terminate. When either gene is removed by
itself, the result is a more subtle alteration in the mapping of
TCAs. When the two mutations are combined, the growing TCAs
are free to invade a larger area of the cortex. Although this
hypothesis can explain the increase in TCA termination in supra-
granular layers, it is not obvious why the various sensory areas
should fuse in the MAOA-trkB-DKO mice. It would appear that
the definition of areal boundaries by TCAs is under the control of
numerous molecules, and compensation occurs if only one is
ablated.

An alternative possibility for the synergistic effects of MAOA
and trkB ablation is that cells normally producing the stop signals
die in MAOA-trkB-DKO mice. We found a slight increase in cell
death in layers II–III and IV in trkB-KO mice. In contrast, no
increased cell death was observed in MAOA-trkB-DKO mice.
This shows that excess 5-HT is able to rescue the increased cell
death induced by trkB deficiency in the somatosensory cortex.
Interestingly, this has also been observed in other discrete neu-
ronal populations, such as the hippocampus or the cingulate
cortex (T. Vitalis, unpublished results). Together, this suggests
that 5-HT could have a neuroprotective effect on discrete neuro-
nal populations.
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