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Neurobiologie, Ecole Supérieure de Physique et de Chimie Industrielles, 10 Rue Vauquelin, 75005 Paris, France

Edited by Carla J. Shatz, Stanford University, Stanford, CA, and approved March 2, 2009 (received for review October 24, 2008)

Cajal-Retzius cells, located in layer I of the cortex, synthesize and
secrete the glycoprotein reelin, which plays a pivotal role in
neuronal migration during embryonic development. Cajal-Retzius
cells persist after birth, but their postnatal role is unknown. Here
we show that Cajal-Retzius cells receive a major excitatory synaptic
input via serotonin 5-HT3 receptors. Blocking this input using
pharmacological tools or neutralization of reelin signaling results
in hypercomplexity of apical, but not basal, dendrites of cortical
layer II/III pyramidal neurons. A similar hypercomplexity is ob-
served in the cortex of the 5-HT3A receptor knockout mouse. The
increased dendritic complexity can be rescued by application of
recombinant full-length reelin or its N-terminal fragment, but not
by the central fragment of reelin, and involves a signal transduc-
tion pathway independent of the activation of the canonical reelin
receptors. Taken together, our results reveal a novel role of
serotonin, Cajal-Retzius cells, and reelin in the postnatal matura-
tion of the cortex.

5-HT3 receptor � Cajal-Retzius cells � postnatal development

Cajal-Retzius cells are among the earliest generated and most
prevalent neurons in the marginal zone, the later layer I of

the cortex. During embryonic corticogenesis, Cajal-Retzius cells
orchestrate the typical inside-out layering of the cortex by
releasing the glycoprotein reelin, which is critical for neuronal
migration and cell positioning by activating the very-low-density
lipoprotein (VLDL) receptor and the apolipoprotein E receptor
2 (ApoER2) (1–6). In vivo, reelin is cleaved by extracellular
metalloproteinases into three fragments of which only the
central fragment R3–6 is able to bind to the ApoER2 and VLDL
receptors (7–9). The N-terminal fragment N–R2 has been shown
to interact with �3�1 integrin receptors (10, 11).

Upon completion of the cortical layer formation, the density
of Cajal-Retzius cells decreases during the first two postnatal
weeks (in rodents) as a consequence of progressive ‘‘dilution,’’
apoptosis, or differentiation into an interneuron-like phenotype
(12–14). During that period, neurons expressing reelin remain
confined to layer I (9, 15). The functional role of Cajal-Retzius
cells during the first 2 postnatal weeks is still obscure. It has been
suggested that, in addition to their role in migration and
positioning of postmitotic neurons, reelin-secreting neurons are
also involved in the formation of vertical cortical columns. For
example, the reeler mouse, an autosomal recessive mutant in
which reelin is defective, displays abnormalities in presubicular
columns, which led Nishikawa et al. (16) to postulate that reelin
may act as a stop signal for dendritic extensions of cortical
neurons. In addition, Janusonis et al. (17) showed that seroto-
nergic input on Cajal-Retzius cells is important for proper
corticogenesis, as disruption of the serotonergic system during
embryonic development results in lower levels of whole-brain
reelin and a disturbed formation of cortical columns in the
presubicular cortex. However, it is not clear whether the man-
ifestations of these postnatal abnormalities are a mere conse-
quence of the absence of reelin during the embryonic stage, or

whether a different postnatal mechanism is responsible for the
changes in cortical column formation.

In rodents, serotonergic innervation of the cortex starts during
late embryogenesis and persists during life (18, 19). Among the
first targets of the serotonergic afferents in the cortex are the
Cajal-Retzius cells. They receive serotonergic projections as
early as E15 in mice and E17 in rats, primarily through axo-
dendritic synapses (17). There are no reports on the expression
of serotonin receptors on Cajal-Retzius cells, although it has
been suggested that they may express 5-HT1A and/or 5-HT3
receptors (17, 20). In this study, we made use of a transgenic
mouse line which expresses enhanced green fluorescent protein
(EGFP) under the control of the 5-HT3A promotor (21) to show
that Cajal-Retzius cells indeed express functional 5-HT3 recep-
tors. Because Cajal-Retzius cells are strategically located in layer
I of the cortex, where the apical dendrites of pyramidal neurons
develop and branch after birth, we tested the hypothesis that
serotonergic input on Cajal-Retzius cells controls the postnatal
maturation of the apical dendritic trees.

Results
Reelin-expressing Cajal-Retzius cells were identified in layer I of
the cortex of newborn (P0) 5-HT3/EGFP transgenic mice. The
expression of reelin was restricted exclusively to layer I (Fig. 1A).
From the population of reelin-positive cells (n � 339), 80%
expressed EGFP (Fig. 1B), and their morphology conformed
with the typical morphology of Cajal-Retzius cells, i.e., a fusi-
form, horizontally oriented soma and extended horizontal den-
drites parallel to the pia and confined to layer I (Fig. 1C). The
presence of functional 5-HT3 receptors was confirmed by elec-
trical stimulation of layer I which resulted in a large and fast
5-HT3 receptor-mediated synaptic current of 2.29 � 0.45 nA
(n � 15; Fig. 1D), which was blocked by the selective 5-HT3
receptor antagonists tropisetron (25 nM, n � 5) and MDL-72222
(100 nM, n � 3). Under current clamp conditions, the synaptic
activation of 5-HT3 receptors was sufficient to induce action
potential firing in Cajal-Retzius cells (Fig. 1D). The rapid
kinetics of the current are reminiscent of the fast 5-HT3 recep-
tor-mediated synaptic current in cortical interneurons (22).
Local, somatic application of 100 �M 5-HT to Cajal-Retzius cells
resulted in a small 5-HT3 receptor-mediated inward current of
41 � 11 pA (n � 11) in only 44% of the cells tested (n � 25; not
shown), corroborating the previous finding that serotonergic
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afferents preferentially innervate the distal dendrites of Cajal-
Retzius cells (17).

To test the hypothesis that Cajal-Retzius cells are involved in
postnatal dendritic maturation of cortical neurons, we made
cortical organotypic slice cultures from newborn (P0) mice,
manipulated either the (serotonergic) input or the output (ree-
lin) of these cells, and assessed the effects on dendritic matu-
ration of layer II/III pyramidal neurons. We quantified the
morphology of layer II/III pyramidal neurons by determining the
dendritic complexity index (DCI; see Materials and Methods).
Figures 2A and 2B show that overall block of 5-HT3 receptor
activity using the selective 5-HT3 receptor antagonist tropisetron
(100 nM) results in an increase in complexity of the apical, but
not the basal, dendrites, to 444 � 94% (n � 39, P � 0.0001) of
control [see supporting information (SI) Table S1 for absolute
values of the DCI]. We also analyzed the morphology of layer
II/III pyramidal neurons from adult 5-HT3A receptor knockout
mice (23). Figures 2C and 2D show that the complexity of the
apical dendrites in adult 5-HT3A receptor knockout mice was
significantly higher (155 � 12%, n � 26, P � 0.014) as compared
with wild-type mice. In summary, in 5-HT3A receptor knockout
mice as well as in organotypic slice cultures of wild-type mice
where 5-HT3 receptors were blocked pharmacologically, we
observed a hypercomplexity of the apical dendrites of layer II/III
cortical pyramidal neurons.

Given that Cajal-Retzius cells are the only cells that express
and secrete reelin at early postnatal ages (9, 15; see also Fig. 1B),
we tested whether reelin secreted by Cajal-Retzius cells is
involved in the control of the maturation of layer II/III pyramidal
neurons. Neutralization of reelin with the specific anti-reelin
antibody G10 resulted in an increase in the complexity of the

apical dendrites to 402 � 109% (n � 9, P � 0.014, Figs. 3A and
B), whereas the complexity of basal dendrites remained un-
changed (85 � 17%, n � 9, P � 0.396). Co-application of
tropisetron (100 nM) and the G10 antibody did not further
increase the complexity of the apical dendrites (486 � 94%, n �
12, P � 0.356 against G10 alone, Fig. 3C), suggesting that 5-HT3
receptors and reelin are key components of a common pathway
regulating dendritic maturation. This was confirmed by adding
recombinant full-length reelin to the organotypic slices while
blocking the 5-HT3 receptor with tropisetron. Under these
conditions, reelin rescued the increase in dendritic complexity
induced by tropisetron (DCI � 122 � 20%, n � 7, P � 0.317, Fig.
3C). Rescue of the tropisetron-induced hypercomplexity by
recombinant reelin was prevented by neutralization of the
recombinant reelin with the anti-reelin antibody G10 (Fig. 3C).

The increased dendritic complexity of layer II/III pyramidal
neurons in the cortex of adult 5-HT3 receptor knockout mice was
also evident in organotypic slice cultures from newborn knock-
out mice (Fig. 3D). DCI values of the apical dendrite of layer
II/III pyramidal neurons, but not of the basal dendrites, were
increased to 233 � 50% (n � 20, P � 0.004) as compared with
wild-type mice. Addition of recombinant reelin rescued the
increase in dendritic complexity in the knockout mice, with the
DCI value being close to control values (95 � 18%, n � 6, P �
0.768, Fig. 3D). It was shown previously that disruption of the
serotonergic innervation in the cortex results in lower levels of
whole-brain reelin (17). In concordance with this finding we
found that the levels of reelin in the cortex of the 5-HT3A
receptor knockout mouse are reduced (Figs. 3E, 3F). Taken
together, our results show that 5-HT3 receptor activity modulates
the levels of reelin, and that addition of recombinant reelin is
neccesary and sufficient to rescue the phenotypes induced by
block or absence of 5-HT3 receptors.

The functional block of the anti-reelin antibody G10, which
specifically targets the N-terminal fragment of reelin (Fig. 4A),
suggests that the control of postnatal dendritic maturation is
mediated by the N-terminal fragment of reelin, N–R2. To test
this, we first cultured slices in the presence of the antibodies R4B
or R5A, which target the central reelin fragment of reelin (R3–6,
Fig. 4A) and thus prevent binding of reelin to the ApoER2 and
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Fig. 1. Cajal-Retzius cells express 5-HT3 receptors. (A) Expression of EGFP (Ai)
and reelin (Aii) in saggital sections of the cortex of 5-HT3A/EGFP mice at P0,
shown at low magnification. Scale bar, 50 �m. (B) Saggital sections of the
cortex taken from 5-HT3A/EGFP mice at P0, showing expression of EGFP (Bi), of
reelin (Bii) and the co-expression (Biii). Arrows indicate cells that co-express
EGFP and reelin. Scale bar, 20 �m. (C) Biocytin-filled EGFP-positive cell in layer
I of the cortex showing the typical morphology of a Cajal-Retzius cell. (D)
Whole-cell patch clamp recordings of 5-HT3 receptor-mediated currents under
voltage clamp (left trace) and 5-HT3 receptor-mediated depolarization under
current clamp (right trace) by electrical stimulation of layer I. Bath application
of 25 nM tropisetron resulted in a complete block of the 5-HT3 receptor-
mediated synaptic current (red trace). Arrows indicate stimulation artifact.

Fig. 2. Role of 5-HT3 receptors in postnatal dendritic maturation. (A) Exam-
ples of reconstructed layer II/III pyramidal neurons from organotypic slices
cultured in the absence (left) and presence (right) of the 5-HT3 receptor
antagonist tropisetron. (B) DCI, expressed as percentage of control, of the
basal and apical dendrites of layer II/III pyramidal neurons cultured in the
presence of tropisetron. (C) Golgi-Cox stainings of adult (P90) wild-type (WT)
and 5-HT3A receptor knockout (KO) mice. (D) DCI calculated for the apical
dendrites of layer II/III pyramidal neurons is significantly higher in 5-HT3A

receptor KO mice as compared with WT mice. Numbers in bars indicate the
number of cells. Asterisks indicate P � 0.05.
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VLDL receptors (9). In contrast to the G10 antibody, which
induced an increase in the DCI (see also Fig. 3B), antibodies
R4B and R5A had no effect on the complexity of apical dendrites
(Fig. 4B). We then tested whether the N-terminal or central
fragments of reelin could mimic the effect of the full-length
reelin in rescuing the tropisetron-induced increase in dendritic
complexity. In the presence of conditioned culture medium from
HEK293 cells transfected with a plasmid encoding the N-
terminal reelin fragment N–R2, the complexity of the apical
dendrites reverted to control values (91 � 31%, n � 11, P �
0.251, Fig. 4C), similar to the effect of full-length reelin (DCI �
122 � 20%, n � 7, P � 0.317, Figs. 3C and 4C). In contrast,
application of the central reelin fragment R3–6 did not rescue
the tropisetron-induced increase in dendritic complexity (DCI �
341 � 80%, n � 16, P � 0.002, Fig. 4C). Taken together, these
results show that the N-terminal fragment of reelin mediates the
control over the postnatal maturation of the apical dendritic tree
of cortical layer II/III pyramidal neurons. The fact that the
N-terminal fragment does not bind to and activate the ApoER2
and VLDL receptors (8, 9) implies the involvement of a different
receptor system such as integrin receptors (10, 11). Indeed, when
blocking the ApoER2 and VLDL receptor using receptor-
associated protein (RAP) (2, 3, 24), the dendritic complexity was

not affected (DCI � 110 � 19%, n � 12, P � 0.08, Fig. 4D). In
contrast, when brain slices were cultured in the presence of
echistatin, a potent inhibitor of �1- and �3-containing integrin
receptors (25), the DCI of the apical dendritic tree was increased
to 374 � 88% (n � 11, P � 0.0004), confirming the notion that
the N-terminal fragment of reelin acts independently of the
canonical reelin receptors.

Discussion
In this study we provide evidence that the N-terminal fragment
of reelin, produced by Cajal-Retzius cells, controls the postnatal
maturation of apical dendrites of cortical layer II/III pyramidal
neurons, and that this maturational process is driven by seroto-
nergic activity via 5-HT3 receptors. The expression of 5-HT3

receptors by Cajal-Retzius cells was first suggested by Tecott et
al. (20), who showed a dense labeling in layer I of the juvenile
rat cortex using autoradiography. In the transgenic 5-HT3A/
EGFP mouse line, we found a similar high density of 5-HT3
receptor-expressing cells in layer I, which we identified as
Cajal-Retzius cells by the expression of reelin, their develop-
mentally regulated decrease, and their morphology.

In addition to the well-documented role of reelin in neuronal
migration during cortical embryogenesis, which requires the

Fig. 3. Role of reelin in postnatal dendritic maturation. (A) Examples of reconstructed layer II/III pyramidal neurons from organotypic slice cultures in the
absence and presence of the anti-reelin antibody G10. (B) DCI, expressed as percentage of control, of the basal and apical dendrites of layer II/III pyramidal neurons
cultured in the presence of G10 alone and in the presence of G10 and tropisetron. (C) DCI, expressed as percentage of control, of the apical dendrites of layer
II/III pyramidal neurons. Slices were cultured in the presence of the 5-HT3 receptor antagonist tropisetron and with either recombinant reelin or recombinant
reelin and the anti-reelin antibody G10. Leftmost bar is identical to that in Fig. 2B and is displayed for comparison. (D) Rescue of the apical dendritic morphology
in 5-HT3A receptor knockout mice. DCI, expressed as percentage of control, of apical dendrites of layer II/III pyramidal neurons from slices cultured in the absence
and presence of recombinant reelin. (E) Western blot analysis of the levels of whole-cortex reelin in wild-type and 5-HT3A knockout mice. (F) Quantification,
expressed as optical density (OD) of the levels of reelin in the cortex of wild-type and 5-HT3 knockout mice (n � 4) at P0. Numbers in bars indicate the number
of cells. Asterisks indicate P � 0.05.
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binding of the central reelin fragment R3–6 to ApoER2 and
VLDL receptors, we propose here a new role for reelin in the
postnatal maturation of apical dendrites of cortical neurons. In
the present study, apical dendritic complexity was not affected
by preventing the binding of R3–6 fragment to ApoER2 and
VLDL receptors using the antibodies R4B and R5A, which
otherwise act as function-blocking antibodies (8, 9) or by cul-
turing slices in the presence of an inhibitor of ApoER2 and
VLDL receptors (2, 3, 24). Moreover, the G10 antibody, directed
against the N-terminal reelin fragment N–R2, induced an in-
crease in apical dendritic complexity. Furthermore, the N–R2
fragment, which does not bind to ApoER2 and VLDL receptors
(9), is sufficient to rescue the hypercomplexity of apical den-
drites induced by block of 5-HT3 receptors. Given that the
N-terminal fragment is able to bind �3�1 integrin receptors (11)
and that blocking �1/�3-containing integrin receptors increases
the dendritic complexity in the same order of magnitude as
does the block of reelin (compare Figs. 4B and 4D), we propose
that the signaling pathway requires binding of the N–R2 frag-
ment to integrin receptors. It is yet unclear how the activation of
integrin receptors by reelin leads to changes in dendritic mor-
phology. It has been shown that dendritic maturation can be
modulated by neuronal activity (26) and that reelin affects
neuronal activity in hippocampus by modulation of NMDA

receptors (27), albeit that these effects are mediated by an
interaction with the canonical reelin receptors which are not
involved in the presently reported effects of reelin (Fig. 4D).
In addition, it has been reported that the expression of integrin
receptors seem to be restricted to the apical dendrites of cortical
layer II/III pyramidal neurons (28, 29). Whether reelin initiates
its action directly on pyramidal neurons or indirectly via modulation
of activity levels of interneurons remains to be determined.

In conclusion, from our work and from other reports it
appears that reelin plays a dual role in cortical development: (i)
reelin orchestrates neuronal migration at embryonic stages via
the central reelin fragment R3–6 and the ApoER2/VLDL
receptor signaling pathway, and (ii) reelin regulates dendritic
maturation at early postnatal stages via the N-terminal reelin
fragment N–R2 and an integrin receptor-mediated signaling
pathway that remains to be further characterized. From obser-
vations of the reeler mouse brain and from in utero silencing of
Dab1 signaling, reelin activation of the ApoER2/VLDL receptor
signaling pathway results in a decreased dendritic complexity in
both hippocampal (30, 31) and cortical pyramidal neurons (32),
opposite to the effect of reelin on postnatal dendritic maturation
that we report here. The most parsimonious explanation for this
apparent discrepancy is that in both the reeler mouse and in the
in utero silenced Dab1 studies, the effects on postnatal dendritic
development are secondary to the absence of reelin signaling at
embryonic stages.

The intimate relation between serotonin and neuronal devel-
opment has been firmly established by a number of studies that
show that serotonin regulates mechanisms of proliferation,
migration, and differentiation (18, 19). Our results suggest that
5-HT3 receptors may, either directly or indirectly, control the
amount of release of reelin. It should be noted that the exact
mechanism of reelin release by Cajal-Retzius cells is not known.
It has been suggested that Cajal-Retzius cells contain axonal
reelin reservoirs (33). In addition, it has been reported that in rat
cerebellar granule neurons release of reelin is independent of
Ca2�-induced exocytosis, and is probably related to a constitu-
tively active pathway involving Golgi secretory vesicles (34). It
remains to be determined whether the release of reelin from
Cajal-Retzius cells is directly controlled by 5-HT3 receptors.
Nevertheless, the fact that the effects of 5-HT3 receptor block
and functional block of reelin on the dendritic morphology of
layer II/III pyramidal neurons are not additive (Fig. 3B), in
addition to the observations that reelin levels are reduced in the
5-HT3A knockout mice and that reelin fully rescues the pheno-
type induced by either pharmacological block of 5-HT3 receptors
or in the 5-HT3A receptor knockout mouse (Figs. 3D and 3E),
strongly suggests that 5-HT3 receptors and reelin are key com-
ponents of a common pathway by which Cajal-Retzius cells
control the postnatal maturation of the dendritic arbors of layer
II/III pyramidal neurons.

Considering the prominent role of both serotonin and Cajal-
Retzius cells in the development of the cortex, the results of this
study suggest that fast serotonergic signaling to Cajal-Retzius
cells in early postnatal life is important for shaping the cortical
microcircuitry. Both serotonin and Cajal-Retzius cells have been
implicated in the formation of cortical columns (16, 17). Nish-
ikawa et al. (16) postulated that reelin regulation of early
postnatal maturation of dendritic arborization is involved in the
development of vertical columnar structures in the mouse pre-
subicular cortex. They hypothesized that reelin may act as a stop
signal for growth and branching of apical dendrites. Further
extension of the distal dendrites of pyramidal neurons reaching
the marginal zone is then stopped by reelin thus preventing
hyperarborization. Moreover, disruption of serotonergic inner-
vation to Cajal Retzius cells results in decreased reelin levels and
aberrant column formation in mouse presubicular cortex (17). In
addition, some of the neurological disorders in which serotonin

Fig. 4. N-terminal fragment of reelin mediates control of dendritic matu-
ration. (A) (Top) Schematic representation of the reelin protein consisting of
an N-terminal fragment followed by eight repeats. Cleavage by metal-
loproteinases (dashed lines) results in two main diffusible fragments: N–R2
(180 kDa) and R3–6 (190 kDa). Arrowheads indicate regions recognized by the
specific anti-reelin antibodies G10, R4B, and R5B. (Bottom) Western blot
analysis of conditioned media from HEK293 cells transfected with plasmids
encoding either the N-terminal fragment (N–R2) or the central fragment
(R3–6). Blots were probed with anti-reelin antibodies directed against the
N–R2 fragment (G10) and against the R3–6 fragment (R4B). (B) Slices were
cultured in the presence of anti-reelin antibodies directed against the N-
terminal fragment (G10) or directed against the central fragment (R4B and
R5A). (C) Rescue of the hypercomplexity of apical dendrites induced by phar-
macological block of 5-HT3 receptors. DCI, expressed as percentage of control,
of apical dendrites of layer II/III pyramidal neurons from slices cultured in the
presence of the following recombinant proteins: full-length reelin, the N-
terminal fragment (N–R2) and the central fragment (R3–6). (D) Role of inte-
grin receptors in the dendritic maturation. Slices were cultured either in the
presence of RAP (50 �g/ml), a blocker of the ApoER2 and VLDL receptors or in
the presence of echistatin (10 �M), an inhibitor of �1/�3-containing integrin
receptors. DCI values are expressed for the apical dendrites as a percentage of
control. Leftmost bars in (B) and (C) are identical to those in Figs. 3B and 3C,
respectively, and are displayed for comparison. Numbers in bars indicate
numbers of cells. Asterisks indicate P � 0.05.
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has been implicated to play a prominent role, such as autism and
schizophrenia, are also characterized by abnormalities in cortical
columns (35). The changes in dendritic morphology of layer
II/III pyramidal neurons upon manipulation of Cajal-Retzius
cells that we report here may partially underlie the previously
reported changes in columnar structure, thereby providing new
insights in the intricate process of postnatal cortical circuit
formation and its pathological consequences.

Materials and Methods
Animals. Experiments were performed using the 5-HT3A/EGFP transgenic
mouse line (21) and the 5-HT3A knockout mouse line (23). The 5-HT3A knockout
mice were maintained on the C57/BL6 background and back-crossed for at
least 35 generations. For electrophysiological and culture experiments, mice
were killed by cervical dislocation, and 250 to 400 �m-thick coronal or saggital
brainslices were cut on a vibroslicer (Leica VT1000S). All experiments were
approved by the ethical committees of the participating institutes.

Organotypic Slice Cultures. Coronal brainslices of newborn (P0) mice were
cultured on cell culture inserts (Falcon, 1-�m pore size) for 6–7 days at 37 °C in
a humidified atmosphere containing 5% CO2. Slices were maintained in
Neurobasal medium (Invitrogen) supplemented with B27 (1:50, vol/vol), 2 mM
L-glutamine, and 100 �g/ml penicillin/streptomycin. Experimental treatments
and controls were carried out simultaneously on parallel cultures. Substances
were added to the culture medium starting at the day of culture, and half of
the culture medium was refreshed every 2 days. Added substances were: 100
nM of the selective 5-HT3 receptor antagonist tropisetron (ICS 205–930;
Sigma), the anti-reelin antibodies G10 (Abcam, Cambridge, UK), and R4B and
R5A (gift from André Goffinet, Louvain, Belgium) at a dilution of 1/1000,
recombinant full-length or cleaved reelin (see below), receptor-associated
protein (RAP, GST-cleaved, Calbiochem), echistatin (Sigma).

Preparation of Recombinant Reelin. Human Embryonic Kidney 293 (HEK293)
cells were maintained in Minimum Essential Medium supplemented with 10%
fetal calf serum (FCS), 2 mM glutamine, and 100 �g/ml penicillin/streptomycin
at 37 °C in a humidified atmosphere containing 5% CO2. Cells were passaged
weekly and medium was refreshed every 2–3 days. Cells were plated in 24-well
plates and were transiently transfected with a vector encoding either mouse
full-length reelin (gift of Tom Curran, Philadelphia, PA), the N-terminal frag-
ment (N–R2), or the central fragment of reelin (R3–6) (gift of André Goffinet,
Louvain, Belgium) using the calcium phosphate precipitation method. After
24 hours, the culture medium was changed to Neurobasal medium (Invitro-
gen) supplemented with B27 (1:50, vol/vol), 2 mM L-glutamine and 100 �g/ml
penicillin/streptomycin. After 2 days, the conditioned Neurobasal culture
medium was harvested once a day for 3 days, pooled, and stored at � 4 °C until
the following day for culturing the organotypic slices (see above). For deter-
mination of reelin levels in mouse cortex, cortices of P0 wild-type and 5-HT3A

knockout mice were rapidly dissected out in ice-cold homogenization buffer
(320 mM sucrose, 10 mM Hepes, and protease inhibitor mixture (Complete,
Roche), pH � 7.4), homogenized and centrifuged at 10,000 g (4 °C, 10 min-
utes). Supernatant were collected and stored at �80 °C until use.

For detection of the reelin fragments from either transfected HEK293 cells
or mouse cortex, 24 �l of conditioned culture medium or cortex homogenate
was mixed with 6 �l 5X sample buffer and boiled for 5 minutes. Proteins (20
�l per lane) were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) on 5% Tris-glycine gel and transferred onto ni-
trocellulose membranes by electrophoresis using a TransBlot Semi Dry (BioRad
Laboratories). The membranes were allowed to dry overnight and then pro-
cessed for immunodetection of reelin. Nonspecific binding sites on the nitro-
cellulose were blocked by immersion of the membranes in 4% nonfat dry milk
(BioRad Laboratories) in Tris-buffered saline (20 mM Tris-HCl, 150 mM NaCl,
pH 7.4) containing 0.1% (vol/vol) Tween-20 (TBST). Membranes were then
incubated for 2 hours at room temperature with the following antibodies:
mouse anti-reelin G10 antibody (Abcam, diluted 1:1000 in the blocking solu-
tion), mouse anti-R4B and mouse anti-R5A antibodies (1/500), and mouse
anti-�-actin (1/4000, Sigma). Blots were then rinsed five times in TBST and
incubated for 1 hour at room temperature with horseradish peroxidase–
conjugated goat anti-mouse IgG (1:3000 in blocking solution). The reelin
bands were detected using the ECL Plus Western Blotting detection reagents
(Amersham) and were visualized with Hyperfilm ECl (Amersham).

Electrophysiology. Acute slices and cultured orgaotypic slices were kept sub-
merged at room temperature (20–22 °C) and were continuously superfused
with artificial cerebrospinal fluid (ACSF) containing the following (in mM):

NaCl (120), KCl (3.5), CaCl2 (2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25),
glucose (25), continuously bubbled with 95% O2-5% CO2 (pH � 7.4). EGFP-
positive neurons in layer I of the cortex and layer II/III pyramidal neurons were
visualized using differential interference contrast videomicroscopy on a Zeiss
FS2 microscope equipped with standard epifluorescence. Patch pipettes were
pulled from boroscilicate glass and had a resistance of 3–6 M� when filled
with internal solution containing the following (in mM): K-gluconate (110),
KCl (30), CaCl2 (0.5), EGTA (5), Hepes (10), and Mg-ATP (2), pH � 7.3 with KOH.
Whole-cell recordings were made using an EPC9 patch-clamp amplifier and
PULSE software (HEKA Electronic, Lambrecht, Germany). Signals were filtered
at 1–5 kHz and sampled at 2–10 kHz. Series resistance ranged from 5–20 M�

and was compensated for at least 80%. Cells were voltage clamped at �60 mV
(corrected for liquid junction potential). A second pipette, connected to a
picospritzer (General Valve, Fairfield, NJ), and containing 100 �M 5-HT (Sigma)
in ACSF was positioned in the vicinity of the cell soma. 5-HT was applied for 500
ms at 35–100 kPa. Synaptic 5-HT3 currents were evoked by a bipolar stimula-
tion electrode placed in layer 1 of the cortex and stimuli (100–400 �A, 200-�s
duration) were delivered using a custom-made current stimulator. During the
recordings, cells were filled with either biocytin (4 mg/ml; Sigma) or the
fluorescent dye Alexa 568 (0.2 mg/ml; Molecular Probes) which were dissolved
in internal solution. Drugs were applied via the superfusion system.

Golgi Stainings. We used a modified method initially described by Gibb and
Kolb (36). Briefly, animals were transcardially perfused with a 0.9% saline
solution. Whole brains were dissected out, immersed in the Golgi-Cox solution
(10.4 g/l K2Cr2O7, 10.4 g/l HgCl2, 8.3 g/l K2Cr2O4 in distilled water) in the dark
for 5 days, immersed in a 30% sucrose solution in distilled water for 5
additional days, and processed. Brains were cut on a vibratome (Leica VT
1000S), and 300-�m thick sections were collected on gelatin-coated slides.
Slides were rapidly dried by applying blotting paper on the surface of the
sections and were immersed in distilled water until processing. Slides were
sequentially immersed in the following solutions: NH4OH (30�), water (1�), D19
(30�), water (1�), 0.5% toluidine blue (15�), ethanol 70% (4�), ethanol 95% (4�),
ethanol absolute (10�), and a solution containing (1:3 xylene, 1:3 ethanol, 1:3
chloroform; 15�) and were cleared in xylene. Slides were cover-slipped with
Depex. Except D19 (Kodak), all products were purchased from Sigma.

Morphological Analysis. Organotypic slices with Alexa 568-filled layer II/III
pyramidal neurons were fixed o/n in 4% paraformaldehyde (PFA)/phosphate
buffered saline (PBS) and scanned on a confocal microscope (Zeiss LSM 510),
equipped with a dry Plan Neofluor 20x/0.75 objective, using the 568-nm line
of an ArKr laser. The morphological analysis was performed using Image J
(National Institute of Health, Bethesda, MD; http://rsb.info.nih.gov/nih-
image/), and the Neuron Morpho plug-in for reconstruction and the LMeasure
software to define the parameters used to determine the dendritic complexity
index (DCI). The DCI was calculated as previously described (37). Briefly, we
assigned each branch tip an order value that equaled the number of branch
points between the tip and the base of its primary dendrite. The DCI was
subsequently calculated according to the following formula:

DCI �
¥ branch tip orders � # of branch tips

# of primary dendrites

� total arbor length

The DCI of each neuron was normalized to the mean DCI of at least six control
neurons cultured and filled during the same culturing- and recording session.
Values are expressed as mean � standard error of the mean and compared
with control values using a Mann-Whitney U test. Values are considered
significant at P � 0.05.

Immunohistochemistry. Newborn (P0), 7-day-old (P7), and adult transgenic
5-HT3/EGFP mice were used to analyze cortical coexpression of EGFP and
reelin. After fixation with 4% PFA/PBS (pH 7.4), 100 �m-thick coronal brain
sections were obtained using a vibratome (Leica VT1000S). After extensive
washes in PBS, the sections were permeabilized by incubation in PBS plus 0.4%
Triton X-100 (PBST) (30 minutes) and blocked in 10% normal goat serum/PBST
(30 min). Slices were then incubated overnight with the rabbit polyclonal
Alexa Fluor 488-conjugated anti-EGFP antibody, 1:400 (Molecular Probes) in
combination with the mouse G10 anti-reelin antibody, 1:1000 (Abcam). Slices
were washed extensively and incubated 2 hours at room temperature with
Alexa Fluor 568–conjugated anti-mouse antibody, 1/500 (Molecular Probes).
The distribution of EGFP- and reelin-expressing cells was analyzed using a
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confocal microscope (Zeiss LSM 510), equipped with a dry Plan Neofluor
40x/1.2W objective, using the 488- and the 568-nm lines of an ArKr laser.
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