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Abstract—Light and electron microscopic immunocytochem-
ical techniques and Western blotting were used to investigate
the postnatal development of the vesicular GABA transporter
(VGAT) in the rat somatic sensory cortex.

VGAT immunoreactivity was low at birth, it increased
gradually through the first and second weeks of life and
achieved the adult pattern during the third week. At postnatal
day (P)0-P5, VGAT immunoreactivity was associated exclu-
sively to fibers and puncta. Electron microscopic studies
performed at P5 showed that all identified synaptic contacts
formed by VGAT-positive axonal swellings were of the sym-
metric type and that a substantial proportion of the boutons
appeared not to have formed synapses. From P10 onward,
labeled puncta were both scattered in the neuropil and in
apposition to unstained cellular profiles; VGAT was also ex-
pressed in few GABAergic cell bodies. Western blottings at
the same postnatal ages revealed a 55-kDa band whose in-
tensity was weak at PO (17% of adult), it increased constantly
until P15 (P2: 35%; P5: 44%; P10: 68%; P15: 97%), and then
leveled off.

Overall, the present results show that during neocortical
development the expression of VGAT slightly precedes the
complete maturation of inhibitory synaptogenesis and sug-
gest that it may contribute to the formation of neocortical
GABAergic circuitry. © 2003 IBRO. Published by Elsevier
Science Ltd. All rights reserved.
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The role of GABA is prominent in the mature cerebral
cortex in both physiological and pathological conditions
(Cherubini and Conti, 2001) and during early development
(Lauder, 1993; Ben-Ari et al., 1994; LoTurco et al., 1995;
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Barker et al., 1998; Belhage et al., 1998; Owens and
Kriegstein, 2002; Ben-Ari, 2002).

The maturation of the neocortical GABAergic circuitry
is a complex and protracted process (Owens and Krieg-
stein, 2002; Ben-Ari, 2002). Numerous studies have fo-
cused on the beginning of GABA-mediated responses
(Cherubini et al., 1991; Luhmann and Prince, 1991; Agmon
etal., 1996; Owens et al., 1999; Dammermann et al., 2000;
Hanganu et al., 2001; Kilb and Luhmann, 2001), the tem-
poral pattern of formation, maturation and pruning of inhib-
itory synapses (Kristt and Molliver, 1976; Blue and Parna-
velas, 1983a,b; Schutz and Palm, 1989; Micheva and
Beaulieu, 1995, 1996; DeFelipe et al., 1997), and the
expression of synthesizing enzymes and of receptors and
transporters (Lauder et al., 1986; Cobas et al., 1991; Del
Rio et al., 1992; Laurie et al., 1992; Poulter et al., 1992,
1993; Fritschy et al., 1994; Vincent et al., 1995; Evans et
al., 1996; Yan et al., 1997), but several details are still
elusive or controversial (Varju et al., 2001; Ben-Ari, 2002;
Owens and Kriegstein, 2002).

Before their release into the cleft, neurotransmitters
are taken up and accumulated in synaptic vesicles by the
action of integral membrane proteins named vesicular
transporters (Liu and Edwards, 1997; Eiden, 2000). GABA
is transferred into synaptic vesicles by a vesicular trans-
porter termed VGAT, that is crucial for GABAergic function
(Mclntire et al., 1993; Rand et al., 2000; Shingai, 2000;
Takamori et al., 2000) and whose activity depends on pH
and electrical gradients (Mclntire et al., 1997; Sagné et al.,
1997). In the brain and spinal cord of adult rats, VGAT is
localized to inhibitory axon terminals of both GABAergic
and glycinergic neurons, where it is associated with syn-
aptic vesicles (Chaudhry et al., 1998; Dumoulin et al.,
1999). To date, nothing is known of the expression of
VGAT during cortical development. In the developing neo-
cortex, glycine (Gly) receptors are activated by an endog-
enous ligand other than Gly, in all likelihood taurine (Flint et
al., 1998; see also Mori et al. [2002] for data on the rat
hippocampus), in line with the observation that Gly levels
(Aprison et al., 1969) and Gly transporter (GLYT) 1 and
GLYT2 expression (Zafra et al., 1995) are very low at early
postnatal ages. These findings imply that in the developing
neocortex VGAT-mediated Gly transport, if any, would be
negligible and thus indicate that VGAT activity would be
almost exclusively associated with GABA transport.
Knowledge of the developmental profile of VGAT expres-
sion could thus shed some light on the maturation of the
molecular machinery involved in the establishment of cor-
tical GABAergic circuits.
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We therefore used immunocytochemical and Western
blotting techniques to investigate the postnatal develop-
ment of VGAT expression in the rat neocortex.

EXPERIMENTAL PROCEDURES

Sprague—Dawley albino rats (Charles River, Milan, ltaly; n=95)
were used at different postnatal ages. Their care and handling
were approved by the Ethical Committee for Animal Research of
the University of Ancona. All efforts were made to minimize animal
suffering and the number of animals used.

The age groups studied were: PO (postnatal day 0, within 24 h
of birth), P2, P5, P10, P15, P20, P30 and P60 (adult). Five animals
per age group were used for immunoperoxidase studies; two rats
from groups P10, P15 and P20 were used for double-labeling
investigations; and three rats were used at P2 and P5 for electron
microscopy. In addition, seven (at PO—P5) and five (at P10, P15,
P20, P30, and P60) animals were used for immunoblotting stud-
ies. Tissue and homogenates from some of the animals included
in these studies have also been used for other studies (Minelli et
al., 2003a,b).

Tissue preparation

Rats were anesthetized with 30% chloral hydrate and perfused
transcardially with 0.1-M phosphate-buffered saline (PBS; pH
7.4) followed by 4% paraformaldehyde (PFA) in 0.1-M phos-
phate buffer (PB; pH 7.4). For electron microscopy, rats were
perfused with a solution containing 3% PFA and 2% glutaral-
dehyde in PB. For double-labeling, rats were perfused with 4%
PFA plus 0.5% glutaraldehyde in PB. Brains were postfixed for
8-12 h at 4 °C in the same fixative used for perfusion and cut
with a vibratome in the coronal or parasagittal plane into 30—
50-um-thick sections that were collected serially in PBS and
stored at 4 °C until processing. Every fifth section was mounted
on gelatin-coated slides, air-dried and stained with Cresyl Vio-
let. All observations were made in the first somatic sensory
cortex (Sl) or in the presumptive Sl, that early after birth is
characterized by a superficial marginal zone, a densely cellular
cortical plate (CP) and a thick, less densely packed subplate
region in which layers V and VI are distinguishable (Wise and
Jones, 1978; Erzurumlu et al., 1990).

Immunocytochemistry and immunoblotting

Antibodies. The following antisera were used: a rabbit poly-
clonal antibody against the N-terminus of VGAT (Chaudhry et al.,
1998); a mouse monoclonal antibody against GABA (Matute and
Streit, 1986); and a rabbit polyclonal antibody against the C-
terminus of the rat plasma membrane GABA transporter 1, GAT-1
(Minelli et al., 1995).

Immunocytochemistry.  For immunoperoxidase studies, free-
floating sections were pretreated in 1% H,O, (in PBS) for 30 min,
rinsed in Tris 0.5 M plus 0.9% NaCl, preincubated for 1 h in 10%
nonimmune newborn calf serum (NBCS) in Tris with 0.2% Triton
X-100, and then incubated overnight at 4 °C in anti-VGAT primary
antibody. Different working dilutions were tested (from 1:500 to
1:2000); and the best signal/noise ratio was obtained using a 1:1000
dilution. The next day, sections were incubated for 1 h in biotinylated
goat anti-rabbit immunoglobulin G (IgG) (BA-1000; Vector Laborato-
ries, Burlingame, CA, USA; 1:100 in Tris), then for 30 min in avidin—
biotin—peroxidase complex (ABC Elite PK6100, Vector; 1:200 in
Tris), and finally in 0.08% 3,3"' diaminobenzidine tetrahydrochloride
(DAB) in Tris 0.05 M with 0.02% H,0O..

For electron microscopy, sections were first rinsed in 1%
sodium borohydride (in PBS) and then processed as described
for light microscopy (but Triton X-100 was omitted). Sections
were then osmicated in 1% osmium tetroxide and flat-embed-

ded in Araldite. Plastic-embedded sections were studied by a
correlative light and electron microscopic method described in
detail elsewhere (DeFelipe and Fairén, 1993). Briefly, the sec-
tions were photographed under the light microscope and then
cut again into semithin (2 wm thick) sections with a Reichert
ultramicrotome. The semithin sections were examined under
the light microscope and rephotographed. The selected semi-
thin sections were resectioned at 60—70 nm and the thin sec-
tions were collected on Formvar-coated, single-slot grids,
stained with uranyl acetate and lead citrate, and finally exam-
ined with a JEOL 1200 EX electron microscope (JEOL USA
Inc., Peabody, MA, USA). Sections adjacent to those used for
electron microscopy were Nissl-stained and used to identify the
cortical layers.

For immunofluorescence, sections were rinsed in 1% so-
dium borohydride (in PBS), incubated in 20% NBCS in PB with
0.1% Triton X-100 for 1 h and then overnight at 4 °C in a
mixture of VGAT (1:1000) and GABA (1:12000) antibodies (in
1% NBCS). The next day, sections were incubated first in 20%
NBCS and then for 1 h in a mixture of fluorescein isothiocya-
nate (FITC)-conjugated anti-rabbit IgG (FI-1000, Vector) and
tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-
mouse IgG (T-2742, Molecular Probes, Eugene, OR, USA),
both diluted 1:100. Double-labeled sections were examined
using a BioRad Microradiance confocal laser scanning micro-
scope (BioRad, Hemel Hempstead, UK) equipped with an ar-
gon (488 nm) and a helium/neon (543 nm) laser for excitation of
FITC and TRITC, respectively. Red and green immunofluores-
cence were imaged sequentially and emissions were separated
with 515-/30-nm band-pass (FITC) and 570-nm long-pass
(TRITC) filters. Images were acquired using the 60X oil immer-
sion lens (numerical aperture 1,4) with the confocal pinhole
kept at the minimum setting (0.6—1.5 nm). To improve signal-
to-noise ratio, 15 frames per image were averaged by Kalman
filtering. Control sections incubated with two primary and one
secondary antibody or with one primary and two secondary
antisera revealed no appreciable cross-reactivity.

Immunoblotting. Animals were perfused with cold 4-mM
Tris—HCI, pH 7.4, containing 0.32-M sucrose, 1-mM EDTA,
0.5-mM phenylmethylsulphonyl fluoride, and 0.5-mM N-ethylma-
leimide. The cerebral cortex was excised and homogenized by
glass-Teflon homogenizer in 10 vol of ice-cold homogenization
buffer (0.32-M sucrose; 4-mM Tris—HCI, pH 7.4; 1-mM EDTA; and
0.25-mM dithiothreitol). Given the small size of the cerebral cortex
of early postnatal animals and the consequent paucity of the
protein extract we could harvest from it, for each time point studied
we mixed the cortical homogenates obtained from five rats. The
homogenate was centrifuged at 1000xXg for 15 min at 4 °C. The
supernatant was recentrifuged at 105,000xg for 1 h at 4 °C and
the resulting crude membrane pellet (Thomas and McNamee,
1990) was resuspended in homogenization buffer containing pro-
tease inhibitors (leupeptine and pepstatin A, 1 wM). Protein con-
centrations were measured with the Bio-Rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA). Aliquots of crude mem-
brane fraction (containing 30 pg of protein extract) were mixed
with equal volumes of 2X electrophoresis sample buffer with 4-M
urea (final concentration). The samples were subjected to 7.5%
sodium dodecyl sulfate-polyacrylamid gel electrophoresis with a
3% stacking gel under reducing conditions and the separated
proteins were electrophoretically transferred to a 0.45-pm nitro-
cellulose filter (Tobwin et al., 1979). The blots were incubated with
the VGAT (1:1000) or GAT-1 antibody (1:750), then with goat
anti-rabbit IgG conjugated with horseradish peroxidase (PI1-1000,
Vector; 1:250), and finally reacted with chemoluminescence West-
ern blotting kit (RPN 2109, Boehringer Mannheim, Mannheim,
Germany). Labeled bands were visualized with BioRad Chemi-
Doc; densitometric analyses were performed using the BioRad
Quantity One software.
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Fig. 1. Representative low-power photomicrographs showing the distribution of vesicular GABA transporter (VGAT) immunoreactivity (ir) in rat first
somatic sensory cortex (Sl) during postnatal development. VGAT ir at postnatal day (P)0 (A), P2 (B), P5 (C), P10 (D), P15 (E), P20 (F), P30 (G), and
P60 (H). Roman numerals indicate cortical layers; CP, cortical plate. Bar=200 pm.

RESULTS continuous band (Fig. 1A, B; Fig. 2A), and weak in the rest
of the cortical wall, where labeled puncta were scattered in
the neuropil and slightly denser in layer VIb (Fig. 1A, B).

PO—-P2. VGAT immunoreactivity (ir) was intense in Some fibers bearing large swellings were observed in layer
layer I, where numerous heavily stained puncta formed a V and in the CP (Fig. 2C).

Light microscopic studies
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Fig. 2. Morphological details of maturation of vesicular GABA transporter (VGAT) immunoreactivity (ir) in the developing cerebral cortex. Layer | at
postnatal day (P)0 (A) and P20 (B). Upper portion of cortical plate at PO (C). Layers Il/lll at P5 (D) and P30 (E). Layer IV at P5 (F), P10 (G), and P20
(H). Layer V at P5 (1), P10 (J), and P30 (K). (L, M) Two examples of VGAT-positive cells at P10, layer V. Bars=20 pm in (B) for (A, B); 10 um in (C);

10 pm in (J) for (D—J); 15 pm in (K); 10 wm in (M) for (L, M).

P5.  VGAT ir was stronger than at PO—P2 (Fig. 1C). In
layer |, immunoreactive puncta were tightly packed and
intensely stained (Fig. 1C); in layers IV and V, numerous
labeled puncta dispersed in the neuropil, rarely in apposi-
tion to unstained cell bodies (Fig. 2F, 1), and fibers with
intensely stained swellings were observed (Fig. 2F). In the
upper CP, numerous, thin, radially oriented fibers ran to-
ward the pia (Fig. 2D).

P10. Number and staining intensity of VGAT-positive
puncta rose throughout the cortex: layer | displayed the

highest level of VGAT ir, followed by layer IV and then by
the supragranular layers and layer V (Fig. 1D). Lightly
stained neurons were occasionally observed, mostly in
layers V and VI: they had a fusiform or round soma and
displayed one or two thick dendritic processes (Fig. 2L, M).

P15-adult. VGAT ir increased in layer Vb (moderate-
ly at P15 and more evidently from P20 onward) and the
supragranular layers (slightly at P15—-P20 and more evi-
dently at P30), whereas it was less intense in layer I: at
these stages, layers IV, Vb and upper | displayed the
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Fig. 3. Localization of vesicular GABA transporter (VGAT) immunoreactivity (ir) in Sl at P5. (A) Semithin section from layers II/lll. The arrow indicates
an immunoreactive axon terminal; the asterisk a blood vessel. (B) Electron microscope image from the area illustrated in (A). Note the asterisk marking
the same blood vessel. Arrow indicates a terminal of the same axon. (C) Detail of a VGAT-positive axon terminal forming a symmetric synaptic junction
(arrow) with a large dendritic shaft. (D) Detail of a VGAT-positive axon terminal in close apposition to a soma, but forming a symmetric synaptic junction
(single arrow) with a dendrite. Double arrow indicates a close membrane apposition superficially resembling a symmetric contact. Bar=14 um (A); 4

wm (B); and 140 nm (C and D).

highest level of signal, followed by layers II-1ll (Fig. 1E-H).
In all layers, but especially in Vb and IV, positive puncta
were both scattered in the neuropil and around unlabeled
somata and their proximal processes (Fig. 2H, J, K). Few
VGAT-positive neurons were present (Fig. 2L, M). From
P20 onward, thick, radially oriented fibers were frequently
observed in layers lI-lll and VI (Fig. 2E). At P30, the
intensity, distribution and morphology of VGAT ir were
indistinguishable from those observed at P60 (Fig. 1G, H).
The pattern of VGAT ir we observed at these stages is
similar to that previously described in the adult neocortex
(Chaudhry et al., 1998).

Electron microscopic studies. To investigate their na-
ture, we examined several hundreds of VGAT-immunore-
active terminal-like puncta in the neuropil of the SI CP at
P5 using correlative light and electron microscope meth-
ods (Fig. 3B). This time point was chosen as representa-
tive of VGAT ir in the first postnatal week because at this
age ir was stronger.

Many VGAT-positive puncta could be identified as
axon terminals filled with immunostained vesicles,
whereas others could not be identified. Random analysis in
single sections of VGAT-positive puncta identified as axon
terminals revealed that most of them appeared not to have
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Fig. 4. Vesicular GABA transporter (VGAT)-positive cells contain
GABA. Single-plane confocal images showing two cortical neurons in
layer V (postnatal day [P]10) expressing both VGAT (A) and GABA (B)
immunoreactivity. Bar=5 pm.

formed synapses, whereas the remaining formed clearly
identifiable synaptic junctions.

In all VGAT-positive puncta that formed clearly identi-
fied synapses, the postsynaptic density was very thin (Fig.
3C, D), which is typical of GABAergic symmetric synaptic
junctions (Peters et al., 1991; also see Micheva and Beau-
lieu, 1996; and DeFelipe et al., 1997). Postsynaptic den-
dritic profiles included large dendritic shafts (probably api-
cal dendrites), small dendritic shafts and dendritic spines.
Axon terminals forming synapses with the somata of pyra-
midal cells were also seen, but they were relatively few at
this age.

Colocalization studies. Whereas at PO—P5 VGAT ir
was localized only to puncta and fibers, from P10 onward
it was consistently observed also in a few neuronal cell
bodies, whose size and morphology were reminescent of
GABAergic nonpyramidal neurons. To assess whether
VGAT-positive cells contained GABA, we performed dou-
ble-labeling studies at P10, P15, and P20 using GABA
antibody in combination with VGAT antiserum.

In double-labeled sections, VGAT ir was as in DAB-
stained material and allowed the identification of few pos-
itive fusiform or round neurons; GABA-positive neurons
were uniformly distributed throughout the cortex and mor-
phologically heterogeneous (Del Rio et al., 1992; Micheva
and Beaulieu, 1995; De Felipe et al., 1997). All VGAT-
positive neurons (164 from Sl of two rats at each time point
studied) were also GABA immunoreactive (Fig. 4), indicat-
ing that VGAT-positive neurons are GABAergic.

Immunoblotting studies.  To obtain semiquantitative
data on the variations of VGAT expression in the develop-
ing neocortex, we performed Western blottings at the
same time points studied with immunocytochemistry.

At all ages, we detected a band of the apparent mo-
lecular weight of 55—-60 kDa, consistent with that reported
in adult whole brain extracts (Chaudhry et al., 1998; Du-

moulin et al., 1999). The intensity of this band was weak at
PO, it increased progressively until P15 and remained rel-
atively stable at later ages (Fig. 5A). The relative intensity
of the 55-kDa band (expressed as percentage of the adult
levels) was 17% at PO, 35% at P2, 44% at P5, 68% at P10,
97% at P15, 96.5% at P20, and 101.5% at P30 (Fig. 5A).

In addition, we detected a band of approximately 220
kDa, which displayed the highest intensity at PO—P5, de-
creased with maturation and was barely detectable after
P20 (Fig. 5A). The possibility that this band might reflect a
different protein cross-reacting with VGAT antibody seems
unlikely, since: (1) the morphology and distribution of
VGAT+ elements show a high degree of correspondence
with other GABAergic presynaptic markers throughout cor-
tical maturation (see Discussion); and (2) ultrastructural
studies at P5, when immunoblots do exhibit the additional
band, revealed VGAT ir exclusively in axon terminals that
never formed asymmetric contacts. Alternatively, this
heavy band may correspond to a tetramerized form of a
VGAT monomer or to a complex of distinct developmen-
tally regulated proteins interacting with VGAT and regulat-
ing its trafficking (see Bedet et al., 2000). This band may
thus be expression of the progressive maturation of the
cortical GABAergic releasing system and reflect changes
in synaptic vesicle life cycle. It is worth noting that an
additional heavy band at the early and intermediate
phases of brain maturation has been reported also for
plasma membrane glutamate transporters (Furuta et al.,
1997).

Comparison of VGAT and GAT-1. The distribution of
VGAT ir in the developing rat neocortex closely matches
that of the plasma membrane transporter GAT-1 (Yan et
al., 1997; Minelli and Conti, 1999), suggesting that the two
GABA ftransporters share similar developmental profiles.
To gain further information, we used Western blotting to
evaluate in the same material the relative amount of GAT-1
(expressed as percentage of adult levels) at the same time
points at which we studied VGAT expression. At all post-
natal ages, we detected a single band of approximately 67
kDa (Fig. 5B), in line with the estimated molecular weight
of the protein (Guastella et al., 1990). The relative intensity
of the band was 10.2% at birth, 24.7% at P2, 41% at P5,
84.2% at P10, 101% at P15, and 119% at P30 (Fig. 5B).

DISCUSSION

The present immunocytochemical studies reveal that
VGAT ir in the neocortex is weak at birth, it increases
gradually through the first and second weeks of postnatal
life and reaches the adult pattern during the third week.
Immunoblotting studies of VGAT expression carried out at
the same time points show a similar temporal evolution.

During cortical development VGAT expression is
coordinated with that of other GABAergic markers
and slightly anticipates inhibitory synaptogenesis

The maturation of VGAT expression in the rat developing
neocortex shares remarkable similarities with that of glu-
tamic acid decarboxylase (GAD) and GAT-1. GAD activity
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Fig. 5. Expression of vesicular GABA transporter (VGAT) (A) and plasma membrane GABA transporter 1 (GAT-1) (B) immunoreactivity in developing
neocortex. Representative blots (top parts of A and B) showing the temporal intensity variations of immunoreactive bands migrating at approximately
55 kDa (VGAT, in A) and 67 kDa (GAT-1, in B). Note in (A) the presence of an additional VGAT-immunoreactive band of approximately 220 kDa that
decreases with maturation. Reference molecular weights expressed in kilodaltons on the left of each blot. Densitometric semiquantitative analyses are
reported in graphs (bottom part of A and B) showing relative immunoblot densities given as percentage of adult levels considered as 100%.

in neocortex is low at birth, it increases gradually during the
first postnatal week and soars in the second and third
weeks of life (McDonald et al., 1981; Wong and McGeer,
1981). The laminar distribution of both GAD- and GAT-1-
positive elements at different postnatal ages (Wolff et al.,
1984; Yan et al., 1997; Minelli and Conti, 1999) is similar to
that of VGAT. In addition, we showed here that the devel-
opmental changes of GAT-1 and VGAT expression ob-
served in the very same samples are quantitatively similar.
Moreover, the expression of GABA, receptor a1 subunit,
which correlates with the appearance of the physiological
features of the adult type of this receptor, is low in the
perinatal neocortex and increases significantly with post-
natal development (Fritschy et al., 1994). Taken together,
these data indicate that different proteins involved in the
GABAergic synaptic function are highly coexpressed dur-
ing cortical postnatal development and that their expres-
sion is regulated in a strictly coordinated manner (Eastman
et al., 1999; Niehrs and Pollet, 1999).

Despite the low expression of VGAT (and the relative
immaturity of inhibitory synaptogenesis; see below), GABA
levels are relatively high and GABAergic neurons and

receptors are present at perinatal ages (Coyle and Enna,
1976; Coyle, 1982; Lauder et al., 1986; Cobas et al., 1991;
Del Rio et al., 1992; Laurie et al., 1992; Poulter et al., 1992,
1993; Fritschy et al.,, 1994; Vincent et al., 1995). The
evident mismatch between the presence of GABAergic
neurons and GABA and the lack of the molecule respon-
sible for loading GABA into vesicles raises interesting
questions on the mechanism(s) of GABA release during
early postnatal life. Some evidence has been provided in
favor of the hypothesis that growth cones arising from
GABA-containing neurons could be the source of GABA
(Taylor and Gordon-Weeks, 1991), probably by non-vesic-
ular forms of release (e.g. by reverse transporter action;
Attwell et al., 1993; but see Gao and van den Pol, 2000). In
this context, it is worth noting that during the first postnatal
week plasma membrane transporters GAT-1 and GAT-2
are very low or barely detectable (Yan et al., 1997; Minelli
et al., 2003a; and present results), whereas the astrocytic
plasma membrane GABA transporter 3 (GAT-3) (Minelli et
al., 1996) is abundantly expressed in the cerebral cortex
(Minelli and Conti, 1999; Minelli et al., unpublished obser-
vations). Since GAT-3 ir has been shown in GABA-con-
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taining neurons (Minelli et al., 2003a) it is possible that
early in development GAT-3 reverse action may mediate,
at least in part, the non-vesicular release of GABA.

Inhibitory synapses are sparse at birth, when they are
preferentially located in layer | and deep laminae, and their
number gradually increases during the first and second
postnatal weeks (Blue and Parnavelas, 1983b; Micheva
and Beaulieu, 1996; DeFelipe et al., 1997). From the be-
ginning of the third week, layers II-lIl, IV and V exhibit a
major increase in the number of synapses and, together
with layer |, they are the layers where inhibitory synapses
are densest (Blue and Parnavelas, 1983b; Micheva and
Beaulieu, 1996; DeFelipe et al., 1997). The present studies
show that the laminar distribution of VGAT-positive puncta
during cortical development follows the same spatial order
as inhibitory synaptogenesis, but it is slightly anticipated.
Indeed, layer IV exibits prominent VGAT immunolabeling
already at P5, while layer V and supragranular layers
display a substantial increase in VGAT expression be-
tween P10 and P15. In addition, immunoblot analyses
reveal that VGAT expression reaches about half of the
adult levels at the end of the first postnatal week, when
inhibitory synapses are still few, and that the relative
amount of VGAT observed at the early postnatal ages is
higher than that expected on the basis of the number of
inhibitory synaptic contacts reported in ultrastructural stud-
ies (Blue and Parnavelas, 1983b; DeFelipe et al., 1997).
This is in line with the present observation that at P5 most
VGAT-positive axon terminals did not form synaptic junc-
tions. Taken together, these observations suggest that
VGAT expression precedes the complete maturation of the
ultrastructural features of inhibitory synapses.

During the period when the rate of synaptogenesis is
highest, inhibitory synapses peak above adult levels (Blue
and Parnavelas, 1983b; DeFelipe et al., 1997), suggesting
that their pruning occurs later in cortical maturation. Other
studies, however, have failed to detect a significant reduc-
tion in inhibitory synapses during late development
(Micheva and Beaulieu, 1996). Whereas we observed that
GAT-1 expression peaks above adult levels between P20
and P30, neither immunoblotting analyses nor immunocy-
tochemical studies revealed obvious signs of VGAT over-
expression during cortical maturation. A possible interpre-
tation of this apparent inconsistency is that, since the
number of synaptic vesicles per terminal rises progres-
sively from birth to adulthood (Blue and Parnavelas,
1983a; DeFelipe et al., 1997), a reduction in the number of
inhibitory axon terminals might be counterbalanced by an
increase in the density of synaptic vesicles per terminal,
resulting in a quantitatively stable expression of VGAT
during late cortical development.

VGAT may contribute to inhibitory synaptogenesis

GABA plays an important role during early development by
exerting trophic influences, enhancing synaptic thickening
and modulating the expression of GABA receptors (Ben-
Ari et al., 1994, 2002; LoTurco et al., 1995; Belhage et al.,
1998; Owens and Kriegstein, 2002). Whether these effects
are mediated by paracrine or “classical” point-to-point syn-

aptic mechanisms is still poorly understood. On the one
hand, GABA,-mediated currents have been recorded in
proliferating/migrating cortical cells lacking anatomically
defined synaptic contacts and immature cortical neurons
express high-affinity, GABA, receptors that are relatively
insensitive to desensitization and that increase the likeli-
hood of activation by low levels of non-synaptically re-
leased GABA (Araki et al., 1992; Laurie et al., 1992; Ma
and Barker, 1995; Poulter et al., 1993; Owens et al., 1999;
Soria and Valdeolmillos, 2002). On the other, at birth many
CP and subplate neurons exhibit spontaneous GABA,-
mediated postsynaptic currents (Owens et al.,, 1999;
Hanganu et al., 2001) and electrical stimulation of layer |
results in a GABA,-mediated postsynaptic current in neo-
natal cortical pyramidal neurons (Dammermann et al.,
2000). These data suggest that, at least in part, GABA
might exert its functions by synaptic receptor activation.
The presence of VGAT in fibers and axon terminals local-
ized in the same cortical laminae where early GABAergic
synaptic activity has been recorded suggests that the ve-
sicular machinery for the synaptic GABA release is ex-
pressed at perinatal ages and may mediate the spontane-
ous release of GABA, which represents an essential drive
for synapse formation and consolidation during early syn-
aptogenesis.

In conclusion, the overall pattern of VGAT develop-
ment in the cerebral cortex is compatible with the notion
that VGAT represents a good indicator of the functional
maturation of GABAergic synapses. However, the obser-
vation that VGAT maturation preceeds inhibitory synapto-
genesis suggests that this transporter may contribute to
the transition from a functional state dominated by the
trophic role of paracrine GABA signaling, which is typical of
early postnatal development, to one characterized by clas-
sical point-to-point synaptic communication, which is typi-
cal of the more mature (including adult) cortex and in which
GABA becomes the main inhibitory neurotransmitter.

Acknowledgements—This work was supported by a grant from
MIUR (COFINO1) to F.C. We are grateful to Carlos Matute for the
GABA antibody and Enrico Cherubini for critical comments on an
earlier version of this paper.

REFERENCES

Agmon A, Hollrigel G, O’'Dowd DK (1996) Functional GABAergic syn-
aptic connection in neonatal mouse barrel cortex. J Neurosci 16:
4684 -4695.

Aprison MH, Shank RP, Davidoff RA (1969) A comparison of the
concentration of glycine, a transmitter suspect, in different areas of
the brain and spinal cord in seven different vertebrates. Comp
Biochem Physiol 28:1345-1355.

Araki T, Kiyama H, Tohyama M (1992) GABA,, receptor subunit mes-
senger RNAs show differential expression during cortical develop-
ment in the rat brain. Neuroscience 51:583-591.

Attwell D, Barbour B, Szatkowski M (1993) Nonvesicular release of
neurotransmitter. Neuron 11:401—407.

Barker JL, Behar T, Li YX, Liu QY, Ma W, Maric D, Maric |, Schaffner
AE, Serafini R, Smith SV, Somogyi R, Vautrin JY, Wen XL, Xian H
(1998) GABAergic cells and signals in CNS development. Perspect
Dev Neurobiol 5:305-322.

Bedet C, Isambert M-F, Henry J-P, Gasnier B (2000) Constitutive



A. Minelli et al. / Neuroscience 117 (2003) 337-346 345

phosphorylation of the vesicular inhibitory amino acid transporter in
rat central nervous system. J Neurochem 75:1654 —-1663.

Belhage B, Hansen GH, Elster L, Schousboe A (1998) Effect of
y-aminobutyric acid (GABA) on synaptogenesis and synaptic func-
tion. Perspect Dev Neurobiol 5:235-246.

Ben-Ari Y (2002) Excitatory actions of GABA during development: the
nature of the nurture. Nat Rev Neurosci 3:728—-739.

Ben-Ari Y, Tseeb V, Raggozzino D, Khazipov R, Gaiarsa J-L (1994)
Gamma-aminobutyric acid (GABA): a fast excitatory transmitter
which may regulate the development of hippocampal neurons in
early postnatal life. Prog Brain Res 102:261-273.

Blue ME, Parnavelas JC (1983a) The formation and maturation of
synapses in the visual cortex of the rat: I. Qualitative analysis.
J Neurocytol 12:599-616.

Blue ME, Parnavelas JC (1983b) The formation and maturation of
synapses in the visual cortex of the rat: Il. Quantitative analysis.
J Neurocytol 12:697-712.

Chaudhry FA, Reimer RJ, Bellocchio EE, Danbolt NC, Osen KK,
Edwards RH, Storm-Matisen J (1998) The vesicular GABA trans-
porter, VGAT, localizes to synaptic vesicles in sets of glycinergic as
well as GABAergic neurons. J Neurosci 18:9733-9750.

Cherubini E, Gaiarsa JL, Ben-Ari Y (1991) GABA: an excitatory trans-
mitter in early postnatal life. Trends Neurosci 14:515-519.

Cherubini E, Conti F (2001) Generating diversity at GABAergic syn-
apses. Trends Neurosci 24:155—-162.

Cobas A, Fairén A, Alvarez-Bolado G, Sanchez MP (1991) Prenatal
development of the intrinsic neurons of the rat neocortex: a com-
parative study of the distribution of GABA-immunoreactive cells and
the GABA, receptor. Neuroscience 40:375-397.

Coyle JT (1982) Development of neurotransmitters in the neocortex.
In: Development and modifiability of the cerebral cortex, Neuro-
sciences Research Program bulletin, Vol. 20/4 (Rakic P, Goldman-
Rakic P, eds), pp 479-491. Cambridge, MA: MIT Press.

Coyle JT (1982) Enna SJ (1976) Neurochemical aspects of the onto-
genesis of GABAergic neurons in the rat brain. Brain Res 111:119—
133.

Dammermann RS, Flint AC, Noctor SC, Kriegstein AR (2000) An
excitatory GABAergic plexus in developing neocortical layer |I.
J Neurophysiol 84:428—-434.

DeFelipe J, Fairén A (1993) A simple and reliable method for correl-
ative light and electron microscopic studies. J Histochem Cytochem
41:769-772.

DeFelipe J, Pilar M, Fairén A, Jones EG (1997) Inhibitory synaptogen-
esis in mouse somatosensory cortex. Cereb Cortex 7:619-634.
Del Rio JA, Soriano E, Ferrer | (1992) Development of GABA-immu-
noreactivity in the neocortex of the mouse. J Comp Neurol 326:

501-526.

Dumoulin A, Rostaing P, Bedet C, Levi S, Isambert MF, Henry JP,
Triller A, Gasnier B (1999) Presence of the vesicular inhibitory
amino acid transporter in GABAergic and glycinergic synaptic ter-
minal boutons. J Cell Sci 112:811-823.

Eastman C, Horvitz HR, Jin Y (1999) Coordinated transcriptional
regulation of the unc-25 glutamic acid decarboxylase and the
unc-47 GABA vesicular transporter by the Caenorhabditis elegans
UNC-30 homeodomain protein. J Neurosci 19:6225-6234.

Eiden LE (2000) The vesicular neurotransmitter transporters: current
perspectives and future prospects. FASEB J 14:2396-2400.

Erzurumlu R, Jhaveri S, Benowitz LI (1990) Transient patterns of
GAP-43 expression during the formation of barrels in the rat so-
matosensory cortex. J Comp Neurol 292:443-456.

Evans JE, Frostholm A, Rotter A (1996) Embryonic and postnatal
expression of four gamma-aminobutyric acid transporter mMRNAs in
the mouse brain and leptomeninges. J Comp Neurol 376:431-446.

Flint AC, Liu X, Kriegstein AR (1998) Nonsynaptic glycine receptor
activation during early neocortical development. Neuron 20:43-53.

Fritschy J-M, Paysan J, Enna A, Mohler H (1994) Switch in the
expression of rat GABA, receptor subtypes during postnatal

development: an immunohistochemical study. J Neurosci 14:5302—
5324.

Furuta A, Rothstein J, Martin LJ (1997) Glutamate transporter protein
subtypes are expressed differentially during rat CNS development.
J Neurosci 17:8363-8375.

Gao X-B, van den Pol A (2000) GABA release from mouse axonal
growth cones. J Physiol 523:629-637.

Guastella J, Nelson N, Nelson H, Czyzyk L, Keynan S, Miedel MC,
Davidson N, Lester HA, Kanner Bl (1990) Cloning and expression
of a rat brain GABA transporter. Science 249:1303-1306.

Hanganu IL, Kilb W, Luhman HJ (2001) Spontaneous synaptic activity
of subplate neurons in neonatal rat somatosensory cortex. Cereb
Cortex 11:400—410.

Kilb W, Luhmann HJ (2001) Spontaneous GABAergic postsynaptic
currents in Cajal-Retzius cells in neonatal rat cerebral cortex. Eur
J Neurosci 13:1387-1390.

Kristt DA, Molliver ME (1976) Synapses in newborn rat cerebral cortex:
a quantitative ultrastructural study. Brain Res 108:180-186.

Lauder JM (1993) Neurotransmitters as growth regulatory signals: role
of receptors and second messengers. Trends Neurosci 16:233—
240.

Lauder JM, Han VKM, Henderson P, Verdoorn T, Towle AC (1986)
Prenatal ontogeny of the GABAergic system in the rat brain: an
immunocytochemical study. Neuroscience 19:465—493.

Laurie DJ, Wisden W, Seeburg PH (1992) The distribution of thirteen
GABA, receptor subunit mRNA in the rat brain: 1ll. Embryonic and
postnatal development. J Neurosci 12:4151-4172.

Liu Y, Edwards RH (1997) The role of vesicular transport proteins in
synaptic transmission and neural degeneration. Annu Rev Neurosci
20:125-156.

LoTurco JJ, Owens DF, Heath MJS, Davis MBE, Kriegstein AR (1995)
GABA and glutamate depolarize progenitor cells and inhibit DNA
synthesis. Neuron 15:1287-1298.

Luhmann HJ, Prince DA (1991) Postnatal maturation of the GABAer-
gic system in the rat neocortex. J Neurophysiol 65:247-263.

Ma W, Barker JL (1995) Complementary expressions of transcripts
encoding GAD67 and GABA, receptor a4, 1, and y1 subunits in
the proliferative zone of the embryonic rat central nervous system.
J Neurosci 15:2547-2560.

Matute C, Streit P (1986) Monoclonal antibodies demonstrating
GABA-like immunoreactivity. Histochemistry 86:147-157.

McDonald JK, Speciale SG, Parnavelas JG (1981) The development
of glutamic acid decarboxylase in the visual cortex and the dorsal
lateral geniculate nucleus of the rat. Brain Res 217:364-367.

Mclintire SL, Jorgensen E, Kaplan J, Horvitz HR (1993) Genes re-
quired for GABA function in Caenorhabditis elegans. Nature (Lond)
364:337-341.

Mclntire SL, Reimer RJ, Schuske K, Edwards RH, Jorgensen EM
(1997) Identification and characterization of the vesicular GABA
transporter. Nature 389:870-876.

Micheva KD, Beaulieu C (1995) Postnatal development of GABA
neurons in the rat somatosensory barrel cortex: a quantitative
study. Eur J Neurosci 7:419—-430.

Micheva KD, Beaulieu C (1996) Quantitative aspects of synaptogen-
esis in the rat barrel field cortex with special reference to the GABA
circuitry. J Comp Neurol 373:340-354.

Minelli A, Brecha NC, Karschin C, DeBiasi S, Conti F (1995) GAT-1, a
high-affinity GABA plasma membrane transporter, is localized to
neurons and astroglia in the cerebral cortex. J Neurosci 15:7734—
7746.

Minelli A, DeBiasi S, Brecha NC, Vitellaro-Zuccarello L, Conti F (1996)
GAT-3, a high-affinity GABA plasma membrane transporter, is lo-
calized to astrocytic processes, and it is not confined to the vicinity
of GABAergic synapses in the cerebral cortex. J Neurosci 16:6255—
6264.

Minelli A, Barbaresi P, Conti F (2003a) Postnatal development of
high-affinity plasma membrane GABA transporters GAT-2 and
GAT-3 in the rat cerebral cortex. Dev Brain Res, in press.



346 A. Minelli et al. / Neuroscience 117 (2003) 337-346

Minelli A, Edwards RH, Manzoni T, Conti F (2003b) Postal develop-
ment of the glutamate vesicular transporter VGLUT1 in the rat
cerebral cortex. Dev Brain Res, in press.

Mori M, Gahwiler BH, Gerber U (2002) Beta-alanine and taurine as
endogenous agonists at glycine receptors in rat hippocampus in
vitro. J Physiol 539:191-200.

Niehrs C, Pollet N (1999) Synexpression groups in eukaryotes. Nature
402:483-487.

Owens DF, Liu X, Kriegstein AR (1999) Changing properties of
GABA(A) receptor-mediated signaling during early neocortical de-
velopment. J Neurophysiol 82:570-583.

Owens DF, Kriegstein AR (2002) Is there more to GABA than synaptic
inhibition? Nat Rev Neurosci 3:715-727.

Peters A, Palay SL, Webster H deF (1991) The fine structure of the
nervous system: neurons and their supportive cells. New York:
Oxford University Press.

Poulter MO, Barker JL, O’Carrol A-M, Lolait SJ, Mahan LC (1992)
Differential and transient expression of GABA, receptor a-subunit
mRNAs in the developing rat CNS. J Neurosci 12:2888-2900.

Poulter MO, Barker JL, O’Carrol A-M, Lolait SJ, Mahan LC (1993)
Co-existent expression of GABA, receptor B2, B3 and y2 subunit
messenger RNAs during embryogenesis and early postnatal devel-
opment of the rat central nervous system. Neuroscience 53:1019—
1033.

Rand JB, Duerr JS, Frisby DL (2000) Neurogenetics of vesicular
transporters in Celegans. FASEB J 14:2414-2422.

Sagné C, El Mestikawy S, Isambert MF, Hamon M, Henry JP, Giros B,
Gasnier B (1997) Cloning of a functional vesicular GABA and
glycine transporter by screening of genome database. FEBS Lett
417:177-183.

Schuz A, Palm G (1989) Density of neurons and synapses in the
cerebral cortex of the mouse. J Comp Neurol 286:442—455.

Shingai R (2000) Durations and frequencies of free locomotion in wild
type and GABAergic mutants of Caenorhabditis elegans. Neurosci
Res 38:71-83.

Soria JM, Valdeolmillos M (2002) Receptor-activated calcium signals
in tangentially migrating cortical cells. Cereb Cortex 12:831-839.

Takamori S, Riedel D, Jahn R (2000) Immunoisolation of GABA-
specific synaptic vesicles defines a functionally distinct subset of
synaptic vesicles. J Neurosci 13:4904—-4911.

Taylor J, Gordon-Weeks PR (1991) Calcium-independent y-aminobu-
tyric acid release from growth cones: role of y-aminobutyric acid
transport. J Neurochem 56:273-280.

Thomas CT, McNamee MG (1990) Purification of membrane proteins.
Methods Enzymol 182:499-520.

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: proce-
dure and some applications. Proc Natl Acad Sci USA 76:4350—
4354.

Varju P, Katarova Z, Madarasz E, Szabo G (2001) GABA signalling
during development: new data and old questions. Cell Tissue Res
305:239-246.

Vincent SL, Pabreza L, Benes FM (1995) Postnatal maturation of
GABA-immunoreactive neurons of rat medial prefrontal cortex.
J Comp Neurol 355:81-92.

Wise SP, Jones EG (1978) Developmental studies of thalamocortical
and commissural connections in the rat somatic sensory cortex.
J Comp Neurol 178:187-208.

Wolff JR, Béttcher H, Zetzsche T, Oertel WH, Chronwall BM (1984)
Development of GABAergic neurons in rat visual cortex as identi-
fied by glutamate decarboxylase-like immunoreactivity. Neurosci
Lett 47:207-212.

Wong PT-H, McGeer EG (1981) Postnatal changes of GABAergic and
glutamatergic parameters. Dev Brain Res 1:519-529.

Yan X-X, Cariaga WA, Ribak CE (1997) Immunoreactivity for GABA
plasma membrane transporter, GAT-1, in the developing rat cere-
bral cortex: transient presence in the somata of neocortical and
hippocampal neurons. Dev Brain Res 99:1-19.

Zafra F, Gomeza J, Olivares L, Aragon C, Gimenez C (1995) Regional
distribution and developmental variation of the glycine transporters
GLYT1 and GLYT2 in the rat CNS. Eur J Neurosci 7:1342—-1352.

(Accepted 24 October 2002)



	POSTNATAL DEVELOPMENT OF THE VESICULAR GABA TRANS-PORTER IN RAT CEREBRAL CORTEX
	EXPERIMENTAL PROCEDURES
	Tissue preparation
	Immunocytochemistry and immunoblotting
	Antibodies
	Immunocytochemistry
	Immunoblotting


	RESULTS
	Light microscopic studies
	P0–P2
	P5
	P10
	P15-adult
	Electron microscopic studies
	Colocalization studies
	Immunoblotting studies
	Comparison of VGAT and GAT-1


	DISCUSSION
	During cortical development VGAT expression is coordinated with that of other GABAergic markers and slightly anticipates inhibitory synaptogene
	VGAT may contribute to inhibitory synaptogenesis

	REFERENCES


