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The monoamines serotonin (5-HT), noradrenaline (NA), and
dopamine (DA), which are present in the developing brain ap-
parently before they assume their neurotransmitter functions,
are regarded as strong candidates for a role in the maturation of
the cerebral cortex. Here we sought to investigate their effects
on the generation and differentiation of cortical cell types. Slice
cultures, prepared from the cortices of embryonic day (E) 14,
E16, and E19 rat fetuses, were kept in defined medium or in
defined medium plus 5-HT for 7 d. E16 cortices were also
exposed to NA or DA for the same period. At the end of this
period, the proportions of the neuronal [glutamate (Glu)-,
GABA-, calbindin-, calretinin-labeled], glial (GFAP), and neuro-
epithelial (nestin) cell types were estimated for all conditions.
We found that in E16 cultures, application of 5-HT, but not of NA
or DA, significantly increased the proportion of Glu-containing

neurons without affecting the overall neuronal population or the
proportions of any other cell types. A similar effect was ob-
served in co-cultures of E16 cortex with slices through the
midbrain raphe nuclei of E19 rats. The total amount of cortical
Glu, as measured with HPLC, was also increased in these
co-cultures. To investigate whether the effect of 5-HT was the
result of changes in cell proliferation, we exposed slices to
bromodeoxyuridine (BrdU) and found that the proportion of
BrdU-labeled cells was similar in the 5-HT-treated and control
slices. These results indicate that 5-HT promotes the differen-
tiation of cortical Glu-containing neurons without affecting neu-
roepithelial cell proliferation.
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All areas of the cortex contain two main types of neurons, the
pyramidal and nonpyramidal cells, in approximately the same
proportions (Rockel et al., 1980). These neurons show character-
istic morphological (Szentágothai, 1973), neurochemical (Parna-
velas et al., 1989), and functional (Gilbert, 1983; McCormick et
al., 1985) properties. Pyramidal neurons, the projection cells of
the cortex, use the excitatory neurotransmitters L-glutamate (Glu)
or L-aspartate at their sites of projection in the cortex and in
subcortical target areas (Fagg and Foster, 1983; Dori et al., 1992).
The nonpyramidal cells are the cortical interneurons that exert an
inhibitory effect on cells of the cortex by releasing GABA (Sillito,
1984). Astrocytes and oligodendrocytes are the main glial cell
types in the cortex (Parnavelas et al., 1983).

All neurons in the cortex have their origin in the ventricular
zone that lines the telencephalic ventricles during embryonic de-
velopment. The mechanisms deployed for generating the cellular
diversity from a seemingly homogeneous population of progenitor
cells in the ventricular zone are not yet known, but several lines of
evidence suggest that both inherited and local environmental fac-
tors are involved (for review, see McConnell, 1991).

Signals arising within the ventricular zone have been shown to

regulate the proliferation and differentiation of neuroepithelial
cells, thus having important roles in the generation of the cell
diversity in the developing cortex. Such signals include neurotro-
phic factors (Temple and Qian, 1995), extracellular matrix mol-
ecules (Ferri and Levitt, 1995), and neurotransmitters (LoTurco
et al., 1995). A number of neurotransmitters have been identified
in the developing nervous system, including the cerebral cortex,
before the formation of synapses, and evidence points to their
involvement in developmental processes before their function in
synaptic transmission (Parnavelas et al., 1988; Lauder, 1993;
Levitt et al., 1997).

The neurotransmitters serotonin (5-HT), noradrenaline (NA),
and dopamine (DA) are contained in axonal systems that origi-
nate in the brainstem and midbrain and provide an extensive
innervation of the cortical mantle (for review, see Parnavelas et
al., 1989). These monoaminergic systems are some of the earliest
transmitter systems to appear in the rostral telencephalon, arriv-
ing at the early stages of neurogenesis, and the development of
their patterns of innervation appears to coincide with neuronal
proliferation and differentiation in the cortex (Levitt and Moore,
1979; Lidov and Molliver, 1982a; Wallace and Lauder, 1983;
Berger and Verney, 1984; Kalsbeek et al., 1988). The early arrival
of these fiber systems has prompted speculation that they may be
involved in the maturation of the cortex, but studies have so far
focused on their effects in synapse formation and plasticity and in
the morphological maturation of cortical cells and their connec-
tions (Kasamatsu and Pettigrew, 1976; Chubakov et al., 1986;
Lauder, 1990; Bennett-Clarke et al., 1994). Here we used orga-
notypic slice cultures of rat cerebral cortex to test the hypothesis
that monoamines influence the differentiation of cortical neurons.
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The results indicated that 5-HT, but not NA or DA, promoted the
differentiation of Glu-containing neurons, whereas it had no effect
on any of the other neuronal or glial cell types.

MATERIALS AND METHODS
Materials. 5-HT, NA, DA, and most culture media and supplements were
purchased from Sigma (St. Louis, MO), with the exception of bovine
holo-transferrin (Life Technologies, Gaithersburg, MD). Antibodies
used in this study were rabbit anti-Glu (Sigma), rabbit anti-GABA
(Sigma), rabbit anti-calbindin-D28KD (CB; SWant, Switzerland), rabbit
anti-calretinin (CR; SWant), rabbit anti-nestin (gift of Dr. R. McKay,
National Institutes of Health), rabbit anti-fibrillary acidic protein
(GFAP; Dakopatts, Copenhagen, Denmark), rabbit anti-5-HT (Incstar,
Stillwater, MN), mouse anti-TUJ1 (gift of Dr. A. Frankfurter), mouse
anti-bromodeoxyuridine (BrdU; Sigma), and biotinylated goat anti-
rabbit and goat anti-mouse (Vector Laboratories, Burlingame, CA).
Other materials used were avidin and biotin (Vector), fetal calf serum
(FCS; Life Technologies), normal goat serum (NGS; Sera-Lab, Sussex,
UK), Gays balanced salt solution (GBSS; Life Technologies), HBSS
(ICN Biochemicals, Montréal, Québec, Canada), 30 mm culture plate
inserts (Millipore, Bedford, MA), and penicillin /streptomycin (P/S;
ICN). Diaminobenzidine (DAB) tablet sets, EDTA, agar, and low gel-
ling temperature agarose were all purchased from Sigma. Materials used
for HPLC were sodium phosphate dibasic (Microselect; Fluka, Buchs,
Switzerland), sodium phosphate monobasic (Ultrapure; J.T. Baker, Phill-
ipsburg, NJ), sodium tetraborate, b-mercaptoethanol (BME), methanol
(Baxter, Deerfield, IL), perchloric acid (69%), phosphoric acid (85%),
and opthalaldehyde (OPA) (Eastman Kodak). All amino acids were
purchased from Sigma.

Preparation of slice cultures. Pregnant Sprague Dawley albino rats were
killed by cervical dislocation at 14, 16, and 19 d of gestation (E14, n 5 20;
E16, n 5 50; E19, n 5 30). The fetuses were rapidly removed and placed
in GBSS at 4°C supplemented with glucose (6.5 mg/ml). The following
procedures were all performed under sterile conditions. The brains were
removed and placed in a 3% solution of agar in 0.1 M PBS, pH 7.2, at
40°C. The agar was subsequently hardened on ice, and the brains were
cut with a Vibroslice (Campden Instruments) at 400 mm. Slices were kept
for 50 min in GBSS/glucose at 4°C to allow for deterioration of enzymatic
activity released by damaged cells. In each experiment, the slices taken
from the cerebral wall of all the embryos of a pregnant rat were dissected
out and placed onto millicell CM membranes in 30 mm petri dishes
containing 1 ml of either defined medium (DM) or DM1monoamine,
plus 5% FCS for the first day in vitro (DIV), after which they were kept
in the absence of serum. DM consisted of DMEM/F12 mixture supple-
mented with 6.5 mg/ml glucose, 0.1 mM glutamine, 100 mg/ml P/S, 100
mg/ml bovine serum albumin, 5 mg/ml insulin, 20 nM progesterone, 16
mg/ml putrescine, 30 nM selenium, 0.4 ng/ml thyroxine, 100 mg/ml
transferrin, and 0.3 ng/ml triiodothyronine. 5-HT (200 mM), NA (100
mM), or DA (50 mM) was added to the medium of E16 slices for the
duration of the culture period, normally 7 d; E14 and E19 cultures were
exposed to 5-HT only. In seven experiments, co-cultures were prepared
in which slices containing the raphe nuclei of E19 rat embryos (Altman
and Bayer, 1995) were placed onto the membranes adjacent to E16
cortical slices; these cultures were grown in DM only. In all cultures, the
medium was exchanged every second day.

Immunohistochemistry. At the end of the culture period, slice cultures
from four experiments were fixed with 4% paraformaldehyde in 0.1 PBS
and processed as whole mounts for Glu or GABA immunohistochemistry
(10 slices each) to qualitatively assess their neurochemical composition.
Slices taken from three experiments (control and 5-HT-treated cultures)
were also fixed, sectioned with a cryostat at 15 mm, and stained with an
antibody against TUJ1, a marker of immature neurons (1:500) (Lee et al.,
1990). All other cultures were dissociated, embedded in agarose, and
immunostained as described by Vaccarino et al. (1995). According to this
method, the medium was washed away with 0.1 M PBS, and slices were
dissociated with 0.25% trypsin containing 0.003% EDTA. In the case of
the co-cultures, the cortical slice was separated from the slice of mid-
brain, using a razor blade, and transferred into a different petri dish
before dissociation. Thirty minutes later, the cell suspension was centri-
fuged at 200 3 g for 3 min. The supernatant was then removed, and the
cells were resuspended and fixed with 4% paraformaldehyde in PBS for
1 hr. They were subsequently washed in PBS and resuspended in a
solution of 1.8% low gelling point agarose in 0.1 M PBS at 45°C. The
agarose solution containing the cells was then poured between two glass

slides separated by two No. 1 coverslips and was left to set in the
refrigerator for 10 min. Pieces of the agarose films containing the cells
were subsequently incubated with one of the following cell-specific
markers: anti-Glu (1:500), anti-GABA (1:500), anti-CB or anti-CR (1:
1000; subpopulations of nonpyramidal cells) (Baimbridge et al., 1992),
anti-nestin (1:1000; neuroepithelial cells) (Lendahl et al., 1990), or anti-
GFAP (1:500; astrocytes). The bound immunoglobulins were visualized
with the avidin–biotin–peroxidase (ABC) method using DAB as sub-
strate. E16 cultures that were kept for 10 DIV were stained only for Glu
and GABA. The stained agarose films were mounted on slides (in
PBS–glycerol), and fields of labeled cells were observed under the
microscope. The total number of cells and the number of immunostained
cells per field were counted in randomly selected fields with the use of a
250-mm-square reticule under a 203 objective lens. A minimum of 10
fields (;500 cells) were counted in each of four separate experiments for
each culture condition, and the proportion of immunostained cells in the
whole cell population was calculated for each experiment. Student’s t test
was used to compare the mean percentages of cells stained with each
antibody in the control group with those in the cortices exposed to
monoamines and in the co-cultures. To assess the state of differentiation
of cortical neurons at the start of the culture, cortices of E14, E16, and
E19 fetuses (three rats at each age) were acutely dissociated, embedded
in agarose, immunostained, and analyzed as described above.

To examine whether the axons of 5-HT-containing neurons in the
raphe nuclei innervated the cortical slices during the culture period,
raphe–cortex co-cultures were fixed with 4% paraformaldehyde in PBS
for 1 hr and removed from the membranes en bloc. They were then
stained as whole mounts with anti-5-HT antibody (1:500 in PBS contain-
ing 0.5% Triton X-100 and 10% NGS overnight at room temperature)
using the ABC method and DAB as substrate.

HPLC. HPLC was used to measure the levels of 5-HT in the culture
medium of cortical slices and the amount of cortical Glu in the co-culture
experiments. The concentration of 5-HT in the culture medium was
measured at 6 hr intervals over the 2 d period between the start of the
culture and the first change of medium. For this procedure, nine cultures
were prepared from three animals, and 200 ml samples were removed
from the culture medium at each time point. Three cultures were sam-
pled at a time, so that the total volume of the medium available to the
slices would not decrease significantly. These samples were diluted 1:10
with 0.1 M perchloric acid with 0.4 mM sodium bisulfite. After low-speed
centrifugation, the supernatants were used for measurements of 5-HT
with HPLC as described by Reinhard et al. (1980). Separation was
achieved with a C18 reverse-phase column (Spherisob ODS2, Hichrom
Ltd., Reading, UK) using a mobile phase of 0.1 M sodium acetate buffer,
pH 7.4, containing 0.1 mM EDTA and 12% (v/v) methanol at a flow rate
of 2.0 ml/min. Quantitation was achieved with a coulometric detector
with the following settings: guard cell, 10.35 V; detector 1, 10.35 V;
detector 2, 20.30 V.

For HPLC measurements of Glu, eight groups each of three control
slices and nine groups of the same number of slices that had been
co-cultured with raphe nuclei (taken from four pregnant rats) were
frozen and stored at 270°C until protein extraction. To extract protein,
frozen cultures were gently removed from the membrane on which they
had been grown, using ice-cold PBS, and their weights were determined.
Ten volumes per weight of 0.2N perchloric acid were added, and the
tissue was sonicated on ice twice for 30 sec. The contents were then
centrifuged at 8000 3 g for 1 min. The supernatants were collected,
filtered through Millipore filters, and frozen. These samples were stored
at 220°C until the amino acid analysis was performed. A modified HPLC
method for isocratic separation and determination of amino acids was
used to measure levels of Glu (Donzati and Yamamoto, 1988). The
method used provided conditions that optimized the sensitivity, resolu-
tion, and stability of precolumn derivatization of amino acids using OPA
and BME. Briefly, precolumn derivatization was performed by a Gilson
231 XL sampling injector with a 20 ml titanium loop (autosampler). A
diluted OPA/BME stock solution was mixed with the sample solution in
a proportion of 2:1. To correct for injection variability, an internal
standard (homoserine) was used in the sample preparation. After a 2 min
incubation time, the samples were injected into an HR-80 reverse-phase
column (ESA). Amino acids were detected with an ESA coulochem II
multi-electrode detector, and the data were collected by a SP4400 inte-
grator (Thermo Separation Products). Glu content, expressed as micro-
moles per liter, was determined by comparing the area under the peak for
each amino acid versus a standard peak for that amino acid. Three
measurements were taken from each culture group, and a mean was
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calculated. Eight such means from the controls and nine from the
co-cultures were used in total, and the two conditions were compared
using Student’s t test.

BrdU immunohistochemistry. In four experiments, slice cultures were
exposed to BrdU (10 25 M) for 16 hr and then fixed with 4% paraformal-
dehyde in 0.1 M PBS for 1 hr; different slices were exposed to BrdU at
each of the 7 DIV. They were subsequently cryoprotected in 20% sucrose
in PBS and sectioned at 10 mm with a cryostat. The sections were
collected onto poly-L-lysine-coated slides and treated with 2N HCl for 1
hr. They were then incubated in 0.1 M borate buffer, pH 8.4 (2 3 15 min),
rinsed with PBS, and stained with anti-BrdU (1:500 in PBS containing
0.25% Triton X-100 and 5% NGS overnight at 4°C) using the ABC
method and DAB as substrate. The calculation of the mean percentage
of labeled cells in the proliferative zones for each day and culture
condition was performed as above.

RESULTS
Slice cultures of developing cortex
We first examined the state of differentiation of cortical neurons
at the start of the culture by staining, using cell-specific markers,
acutely dissociated cells from the cortices of E14, E16 and E19
rats. This experiment showed no Glu-labeled neurons at any of

the three ages, in agreement with a recent study in tissue sections
(Dori and Parnavelas, 1996), although elevated background stain-
ing was observed in cultures prepared from E19 animals; a very
small number of GFAP-containing cells was seen in both the E16
and E19 cultures. No GABA staining was detected in E14 cul-
tures, but at E16 and E19, GABA-containing neurons comprised
7.0 6 0.6 and 8.8 6 0.7% of the cells, respectively. Both CB and
CR neurons were detected as early as E14 comprising 5.4 6 0.3
and 7.0 6 0.6% of all cells. At E19, when more cells appeared
differentiated, these proportions declined to 3.2 6 0.4% for CB
and 4.1 6 0.2% for CR. Nestin-labeled cells made up the vast
majority of cells at E14 (73.6%) and progressively smaller pro-
portions at E16 (43.9%) and E19 (26.7%).

Whole-mount immunostained slices cultured for 7 d revealed
the presence of both Glu- and GABA-containing neurons
throughout the cortical thickness (Fig. 1A,B). The vast majority
of these cells had intensely stained somata and a number of short
and sparsely branched processes. In agarose films, cells labeled
for cell-specific markers (Glu, GABA, CB, CR, nestin, GFAP)

Figure 1. Immunolabeled cells from E16 cortices kept for 7 DIV, as they appeared in whole-mount preparations (A, B) and after dissociation and
embedding in agarose (C, D). In the whole-mount preparations, Glu- ( A) and GABA-containing (B) cells showed darkly stained somata with short and
sparsely branched processes. In agarose films, cells labeled for Glu ( C) and GABA (D) appeared round and darkly stained. Long arrows point to a
number of labeled neurons, and short arrows point to some unlabeled cells. Scale bars: A, B, 20 mm; C, D, 50 mm.
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appeared as round and darkly stained, often in clusters of three or
more cells (Fig. 1C,D). Unlabeled cells showed light background
staining, and their identification was confirmed at times with
phase-contrast microscopy. Counts of labeled and unlabeled cells
were made, and the proportion of each cell population was
determined in control and monoamine-treated cultures (Fig. 2).

In slices prepared from E14 animals, the corresponding pro-
portions of each cell type did not differ significantly in the control
and 5-HT-treated cultures. Glu-labeled neurons were between 20
and 25% of the total cell population, GABA-containing neurons
represented roughly 30%, nestin-immunoreactive cells were
;10%, and CB-, CR-, and GFAP-labeled cells each comprised
,5% of the overall cell population (Fig. 2A).

In cultures prepared from E16 rats, the proportion of Glu-
positive cells was found to be significantly ( p 5 0.001) higher in
the 5-HT group (38.1%) as compared with the control slice
cultures (22.8%), whereas no significant differences were found
for the other cell types (Fig. 2B). The proportion of Glu-positive
cells in E16 slices exposed to 5-HT only during the first 4 d of the
7 d culture period was significantly higher than in the control
slices ( p 5 0.0002), showing no significant difference from the
slices exposed to the indoleamine for the whole period. In con-
trast, cultures exposed to 5-HT during the last 3 d of the culture
period did not show an increase in the proportion of Glu neurons.
No significant changes in any cell population were observed after
exposure to NA or DA (Fig. 2B). The proportion of GABA-
containing neurons reached ;40% in all conditions, a significant
increase ( p 5 0.009) over the proportion estimated in cultures
prepared from E14 animals. Counts of TUJ1-labeled cells in the
5-HT-treated and control cultures also showed no difference
between the two groups, with these cells comprising a little more
than 70% of the overall cell population.

A different picture emerged in cultures prepared from E19
animals (Fig. 2C). In these cultures, when maintained in control
conditions, the proportion of Glu neurons (41.1%) was markedly
higher than in control slices prepared from E14 ( p 5 0.02) or E16
( p 5 0.03) animals; however, there was no significant difference in
the proportions of these neurons between the control and the
5-HT-treated slices. The proportion of GABA-containing neurons
in control cultures was reduced to 23.7% as compared with 41.3%
estimated for E16 slices ( p 5 0.0006), whereas GFAP-labeled cells
increased to 17.3% compared with 2.7% observed in E16 cultures
( p 5 0.0004). Other cell types (nestin, CB, CR) were present in
proportions similar to those found in slices prepared from E16
animals. 5-HT treatment did not alter these proportions.

To examine whether slices prepared from E16 embryos and
cultured for an additional 3 d could acquire the same neurochem-
ical composition as cultures prepared at E19, we kept a number of
these cultures for a total of 10 DIV. When these slices were
dissociated and immunostained, it was found that the proportion
of Glu-containing neurons was significantly ( p 5 0.05) lower than
those observed in E19 cultures and not markedly different from
that estimated in E16 slices kept for 7 DIV. This suggested that
the proportion of Glu-labeled neurons was related to the age of
the animal used to prepare the culture.

The effect of 5-HT on the proportion of Glu neurons appeared
to be dose-dependent. Specifically, the proportion of these neu-
rons in the slice cultures was not altered by application of 20–40
mM indoleamine. At greater concentrations, however, Glu neu-
rons increased in number significantly ( p 5 0.05) compared with
control cultures, reaching highest levels at concentrations ranging
between 120 and 200 mM. Treatment with excess of 250 mM 5-HT
had toxic effects on the slice cultures as assessed by the color of
the medium and the appearance of the cells at the dissociation
stage. HPLC was used to determine the concentration of 5-HT
available to the cultures. In cultures treated with 200 mM 5-HT,
measurements at 6 hr intervals during the 2 d period between the
start of the culture and the first change of medium showed that

Figure 2. The proportions of cells immunoreactive for cell-specific mark-
ers (Glu, GABA, CB, CR, nestin, GFAP) in cortical slices prepared at
E14 (A), E16 (B), and E19 (C) and cultured both in the presence of a
monoamine and under control conditions. The presence of 5-HT in the
medium significantly increased the proportion of Glu-containing cells in
cultures prepared at E16 (B, asterisk indicates statistical significance).
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the concentration was reduced to 153.6 6 14.9 mM by 18 hr after
application and remained virtually unchanged thereafter (mea-
surements ranged between 151 6 12.0 and 169.2 6 11.3 mM). A
range of concentrations were tested for the other monoamines up
to 100 mM for NA and 50 mM for DA. Higher concentrations of
these monoamines had deleterious effects on the slice cultures.

Co-cultures
To confirm the observed increase in the proportion of Glu-
positive cells in cortical slices cultured in the presence of 5-HT,
we exposed slices to their natural source of 5-HT, namely the
serotonergic cells of the raphe nuclei in the midbrain. Co-cultures
of E16 cortical slices and slices taken from E19 raphe nuclei were
grown side by side for 7 d. Co-cultures were then fixed and stained
with anti-5-HT antibody that revealed a number of large immu-
noreactive cell somata in the raphe nuclei giving rise to numerous
5-HT-containing processes (Figs. 3A). These processes were seen
to invade the whole cortical slice (Fig. 3C). In agreement with
earlier descriptions of the 5-HT innervation of the cortex (Pap-
adopoulos et al., 1987), they showed predominantly an orienta-
tion parallel to the pial surface in layer I and vertical or oblique
orientations in the remaining cortical thickness. These seroton-

ergic processes were relatively thick and sparsely branched and
showed a typical beaded appearance and frequent growth cones
at their tips (Fig. 3B). Electron microscopical examination of
single ultrathin sections and of 10 serially cut varicosities showed
that these processes did not form synaptic contacts with other
neuronal elements in the cortical slice.

A number of cortical slices from these co-cultures were disso-
ciated as described above and immunostained, and the mean
proportion of Glu-positive cells was assessed. In these slices, Glu
neurons made up 32% of the cell population as compared with
22.8% in the control group, a difference that was statistically
significant ( p 5 0.002) (Fig. 4A).

We used HPLC as a further means of determining changes in
Glu content in cortical slices brought about by co-culturing with
slices containing the raphe nuclei. The mean concentration of Glu
in the slices of cortex co-cultured with raphe nuclei was 4.123
mmol/ l as compared with 1.711 mmol/ l in the control cultures,
showing an increase of 141% on average ( p 5 0.028) (Fig. 4B).

BrdU labeling
To reveal possible changes in proliferation brought about by
culturing E16 slices in 5-HT-containing medium, we exposed

Figure 3. Co-cultures of cortical slices with slices through the midbrain containing the raphe nuclei. A, Numerous serotonergic neurons were visualized
in the raphe slice. 5-HT-containing fibers innervated the entire cortical slice as shown in a camera lucida drawing ( C); pia is at the top. The 5-HT fibers
in the cortex were thick and varicose, often having growth cones at their tips (B). Scale bars: A, 20 mm; C, 100 mm.
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different cultures to BrdU for 16 hr at each of the 7 DIV and then
fixed them. Cells that had incorporated BrdU were immunohis-
tochemically identified (Fig. 5A). The mean proportion of BrdU-
labeled cells in the ventricular zone ranged from ;50% on the
first DIV to ;10% on the last day in culture, both in control
conditions and in the presence of 5-HT. Analysis of these prep-
arations showed no difference in the rate of proliferation between
the 5-HT-treated and the control groups (Fig. 5B).

DISCUSSION
The monoaminergic pathways are among the earliest axonal
systems to invade the developing cerebral cortex. Because of their
early arrival and widespread distribution throughout the cortex,
these axonal systems are in a position to regulate ongoing devel-
opmental processes, i.e., cell generation, migration, and differen-
tiation. We used a slice culture preparation to investigate the
role(s) of the monoamines 5-HT, NA, and DA in these develop-
mental events during cortical formation. In these preparations,
many features of the normal cellular morphology, intrinsic con-

nections, and pattern of development remain well preserved
(Caeser et al., 1989; Bolz et al., 1990; Roberts et al., 1993);
however, the formation of cortical layers is compromised after
explantation (Götz and Bolz, 1992), pointing to the importance of
extrinsic factors in cortical growth.

Glutamatergic cells
The main finding to emerge from the present study is that
exposure of E16 cortical slices to the indoleamine 5-HT increased
the proportion of Glu-containing neurons (and the total Glu
content), without affecting the proportions of other neuronal or
glial cell types. The catecholamines NA and DA had no effect on
the proportions of the different cell populations.

The 5-HT innervation of the cortex originates in the mesence-
phalic dorsal and median raphe nuclei (Moore et al., 1978).
Immunohistochemical studies of the development of the seroton-
ergic system in the rat brain have shown that 5-HT-containing
neurons can first be detected in the raphe nuclei at E12. The
axons of these neurons begin to elongate shortly thereafter and
ascend through the medial forebrain bundle to enter the rostral
telencephalon around E16 (Lidov and Molliver, 1982a,b; Wallace
and Lauder, 1983; Aitken and Törk, 1988). On arriving in the
cortical anlage, 5-HT axons enter as two tangential sheets, one
above and one below the cortical plate. They then gradually
arborize, sending branches into all cortical layers. Specific 5-HT
receptors have also been localized in the developing cortex of the
rat (Whitaker-Azmitia et al., 1987; Hellendall et al., 1992; Leslie
et al., 1992; Morilak and Ciaranello, 1993), with some subtypes
(e.g., 5-HT3) (Johnson and Heinemann, 1995) expressed in neu-
roepithelial cells in the proliferative zones. Serotonergic recep-
tors have been shown to be “functional” in embryonic life
(Whitaker-Azmitia et al., 1987), further supporting a role for the
serotonergic system in the early stages of cortical development.

The first appearance and subsequent development of the two
neuronal cell types, characterized by the presence of either Glu
or GABA, have been studied in the developing cortex of the rat
in vivo (Van Eden et al., 1989; Dori and Parnavelas, 1996) and in
slice cultures (Götz and Bolz, 1994). In the present study, Glu-
containing neurons were present in slices prepared from all three
embryonic ages (E14, E19, E19) and cultured for 7 d. Their
proportion increased from 20% of all cortical cells in the early
cultures to ;40% in slices taken from E19 rats. This is consistent
with the relatively late appearance of Glu in pyramidal neurons
(Dori and Parnavelas, 1996). Lineage studies have shown that the
expression of the neurotransmitters Glu and GABA in cortical
neurons is specified early in corticogenesis (Mione et al., 1994).
This determination is likely to depend on the interaction between
the inherent properties of the cells and the local environmental
signals to which these cells are exposed. The finding that the
proportion of Glu-containing neurons did not change in E16
slices cultured for 10 instead of 7 d and the fact that this propor-
tion was considerably lower than in slices of comparable “age” but
prepared from older fetuses (E19/7DIV) suggest that it is the
stage of explantation rather than the age of the cells that deter-
mines the size of the Glu neuronal population. They also suggest
that part of the cell population that would differentiate into
glutamatergic neurons in vivo does not do so in this in vitro
situation, implying the importance of some extrinsic factor(s) that
the cells are deprived of after explantation.

The addition of 5-HT into the medium of E16 cultures resulted
in a marked increase in the proportion of Glu neurons. A similar
albeit somewhat smaller increase was also observed in cortices

Figure 4. The effects of co-culturing cortical slices with slices containing
the raphe nuclei. Both the proportion of Glu-containing neurons in the
culture (A) and the Glu content of the culture as measured by HPLC (B)
were significantly increased as compared with cortices kept in control
conditions.
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cultured together with slices containing the raphe nuclei. Sero-
tonergic axons arising in the raphe invaded the cortex as thick and
varicose fibers, occasionally giving rise to short branches. Elec-
tron microscopical examination of single ultrathin sections and of
serial sections of labeled varicosities revealed that these axons did
not engage in synaptic contacts with neuronal elements in the
cortex, consistent with results of earlier studies of synaptogenesis
(Wolff, 1978). This would suggest that 5-HT does not exert its
effect through synapses, in agreement with the notion of nonsyn-
aptic release of transmitters acting as regulatory factors early in
development. Nonsynaptic release of 5-HT from developing neu-
rons has been documented in vitro (Ugrumov et al., 1989). This
release can take place through either varicosities, as proposed by
Reisert et al. (1989), or growth cones, a phenomenon observed
with a number of neurotransmitters (Hume et al., 1983; Locker-
bie et al., 1985), or both.

Why is the effect in the co-culture experiment not as pro-
nounced as that after addition of 5-HT into the culture medium?
This may simply be attributable to differences in the concentra-
tion of 5-HT in the two experimental paradigms, with cells in the
raphe nuclei requiring a certain amount of time after placement
into culture to reestablish a normal level of metabolic activity.
Regardless of the concentration of 5-HT available to cells in the
slice, innervation of the cortex by 5-HT-containing axons resulted
in more than double the amount of Glu as measured by HPLC.

Is the increased proportion of Glu neurons attributable to
increased proliferation in the cortex after exposure to 5-HT? The
selective mitogenic action of 5-HT on progenitors of glutamater-
gic cells is not supported by the experiments of BrdU incorpora-
tion, because levels of incorporation did not differ between the
control and 5-HT-treated groups. If cell proliferation is not af-

fected by 5-HT and the proportions of other neuronal and glial
cell types were not altered, what is the source of the increased
Glu-containing neuronal population? There are two possibilities
that may account for this increase: (1) selective survival of glu-
tamatergic neurons and (2) differentiation of newly generated
neurons. The first possibility can be ruled out, because cell counts
did not reveal differences in the proportions of all other cell types
between the control and 5-HT-treated groups. This would then
argue in favor of either an earlier onset of Glu expression or
increased Glu content in developing cortical neurons or both.
This is supported further by the fact that the proportion of
unstained (non-Glu, -GABA, -CB, -CR, -nestin, -GFAP) cells is
diminished in the 5-HT-treated cultures.

The hypothesis that 5-HT influences the onset of differentia-
tion of prospective target neurons during embryogenesis was first
put forth by Lauder and Krebs (1978) in a study in the superior
colliculus and hippocampus of rats that had received the 5-HT-
depleting drug p-chlorophenylalanine. These authors suggested
that increased differentiation could occur as a direct interaction
between 5-HT axons and proliferating progenitor cells or because
of circulating monoamines influencing dividing cells. Our results,
however, suggest that 5-HT does not act on dividing cells, but
rather acts on newly generated postmitotic neurons. The addition
of 5-HT in the culture medium seemed to compensate for the
isolation of cortical cells from the required signal(s), in that it
increased the proportion of Glu-containing neurons to a level
equal to that observed near the end of the period of neurogenesis.
This suggests that 5-HT may be one of the signals that immature
cells in the cortex require to follow the correct differentiation
pathway, without implying that this neurotransmitter is involved
in the choice of the pathway.

Figure 5. BrdU incorporation in cortical slices. In cryostat sections of cortical slices, BrdU-immunolabeled cell nuclei appeared darkly stained ( A). Scale
bar, 50 mm. The incorporation of BrdU did not differ between cultures exposed to 5-HT and cultures kept in control conditions; in both cases, the
proportion of immunolabeled cells ranged from ;50% (on the first day) to ;10% (on the seventh day); note the very rapid drop in BrdU incorporation
after 3 DIV (B).
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GABAergic and other cell types
The early presence of GABA and GABA-containing neurons in
the cortex has been demonstrated in a number of neurochemical
(Coyle and Enna, 1976) and immunocytochemical (Wolff et al.,
1984; Van Eden et al., 1989; Cobas et al., 1991) studies. In our slice
preparations, GABAergic neurons outnumber Glu-containing neu-
rons, comprising about one third of all cells in the cultures pre-
pared from E14 animals. Their proportion is increased at E16 but
declines to ;20% of the total cell population at E19. Local envi-
ronmental factors that may be involved in the regulation of GABA
expression in the cortex are not known. The present study has
demonstrated that the differentiation of the GABAergic phenotype
is not influenced by the monoaminergic systems, and it precludes
the possibility that the increased number of Glu-containing neu-
rons after 5-HT application is a consequence of a choice that
neurons have between expressing Glu or GABA.

The proportions of cells containing the calcium-binding pro-
teins CB and CR were also not affected by the presence of
monoamines. These proteins, implicated in functions related to
intracellular calcium buffering (Blaustein, 1988; Baimbridge et
al., 1992), are thought to define subpopulations of cortical non-
pyramidal neurons (Demeulemeester et al., 1989). Lineage stud-
ies in the cerebral cortex (Mione et al., 1994) have shown that the
expression of these proteins is not lineage dependent and is likely
to be determined by environmental factors. Evidence of a close
relationship between 5-HT fibers and cortical nonpyramidal neu-
rons containing calcium-binding proteins (Hornung and Celio,
1992) has prompted the suggestion that the expression of these
proteins is influenced by serotonergic afferents; however, the
observed close association is unlikely to be established during
neurogenesis, and our findings do not support such an influence
during that period. In summary, the present study indicates that
5-HT promotes the differentiation of a specific type of neuron in
the early stages of cortical formation.
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