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Development/Plasticity/Repair

Activation of Early Silent Synapses by Spontaneous
Synchronous Network Activity Limits the Range of
Neocortical Connections

Thomas Voigt, Thoralf Opitz, and Ana Dolabela de Lima
Department of Developmental Physiology, Otto-von-Guericke University, Institute of Physiology, 39120 Magdeburg, Germany

During the early development of neocortical networks, many glutamatergic synapses lack AMPA receptors and are physiologically silent.
We show in neocortical cultures that spontaneous synchronous network activity is able to convert silent synapses to active synapses by
the incorporation of AMPA receptors into synaptic complexes throughout the network within a few minutes. To test the effect of synaptic
activation on the connectivity of neuronal populations, we created separated neuronal networks that could innervate each other. We
allowed outgrowing axons to invade the neighboring network either before or after the onset of synchronous network activity. In the first
case, both subnetworks connected to each other and synchronized their activity, whereas in the second case, axonal connections failed to
form and network activity did not synchronize between compartments. We conclude that early spontaneous synchronous network
activity triggers a global AMPAfication of immature synapses, which in turn prevents later-arriving axons from forming afferent con-
nections. This activity-dependent process may set the range of corticocortical connections during early network development before

experience-dependent mechanisms begin elaborating the mature layout of the neocortical connections and modules.
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Introduction
In all brain structures investigated so far, large-scale synchronous
network activity has been observed for a limited period of devel-
opment (Ben-Ari et al., 1997; Garaschuk et al., 1998; O’Donovan,
1999). Spontaneous synchronous network activity represents
long bursts of firing occurring concurrently across the network
with a frequency of <0.5 Hz. This activity is often defined exper-
imentally based on calcium imaging experiments as a low-
frequency rise of the intracellular calcium concentration
([Ca**];) in many neurons simultaneously (Garaschuk et al.,
2000; Ben-Ari, 2001; Voigt et al., 2001). In correlated imaging
and patch-clamp experiments, it has been shown that calcium
transients are generated by barrages of activity in the network.
When [Ca®"];increased synchronously in a large number of neu-
rons in the field under observation, the electrophysiological re-
cording of single cells displayed a burst of action potentials riding
on top of a long-lasting depolarization (Murphy et al., 1992;
Wong, 1998; Opitz et al., 2002).

Slow synchronous network activity develops in immature
neocortical networks shortly after neurogenesis and disappears
before the onset of experience-dependent plasticity. Interest-
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ingly, in a similar timetable [postnatal day 0 (P0) to P8], the
existence of large amounts of silent synapses has been described
in many brain structures (Malenka and Nicoll, 1997). Those
young synapses contain only NMDA receptors (NMDARSs),
making them functionally silent at resting membrane potential
(Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997; Bardoni et
al., 1998; Hsia et al., 1998; Li and Zhuo, 1998; Rumpel et al., 1998;
Petralia et al., 1999; Lu et al., 2001). Silent synapses containing
only NMDA receptors are transformed within minutes into acti-
vated synapses containing both NMDA and AMPA receptors
(AMPAfication) by simultaneous presynaptic and postsynaptic
depolarization (Durand et al., 1996; Wu et al., 1996; Isaac et al.,
1997; Shi et al., 1999; Pickard et al., 2000; Liao et al., 2001).

It has been hypothesized that the synchronous long-range cal-
cium waves early in development have a function in the establish-
ment of long-range connections (Garaschuk et al., 2000) and are
related to the synchronization of synaptogenesis throughout the
cortex (Voigt et al., 1997, 2001). By the time large-scale oscilla-
tory calcium waves have ceased in the cerebral cortex, the number
of silent synapses has dropped markedly (Isaac et al., 1997; Gara-
schuk et al., 2000). Thus, it is possible that this generalized acti-
vation of immature synapses may provide a basis for synchroniz-
ing later phases of synaptogenesis, not only influencing the
formation of corticocortical connections (Schwindt et al., 1988;
Durand et al., 1996; Isaac et al., 1997; Rumpel et al., 1998; Feller,
1999; O’Donovan, 1999; Ben-Ari, 2001; Losi et al., 2002) but also
contributing to the transition between spontaneous activity-
dependent and sensorial experience-dependent development.

Here we tested the hypothesis that the two mechanisms, acti-
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vation of silent synapses and the occurrence of large-scale syn-
chronized activity, are functionally correlated and influence the
generation of long-range interconnections in young cortical neu-
ronal networks that develop from dissociated embryonic day 16
(E16) rat cortices.

Materials and Methods

Cell culture. Cortical neurons were cultivated in serum free medium (N2)
in the presence of a surrounding glial feeding layer. All experimental
procedures were approved by local government authorities.

Each acid cleaned coverslip was fitted to a 20 mm hole in the bottom of
a 60 mm Petri dish and was treated overnight with poly-p-lysine (0.1
mg/ml in borate buffer, pH 8.5, 36°C). Astroglial cultures were prepared
from cerebral hemispheres of PO—P3 Sprague Dawley rats as reported in
detail previously (de Lima and Voigt, 1999). Purified astroglial cells were
plated at a density of 300 cells/mm ? in the outer portion of the Petri dish
bottom 5 d before the neurons. To prevent the glial cells from spreading
onto the coverslip, the central region was temporarily isolated by a stain-
less steel ring glued with silicon grease around the hole.

Neuronal cultures were prepared from cerebral cortices of embryonic
Sprague Dawley rats at E16 (day after insemination was E1). The cells
were taken from the dorsolateral parts of the telencephalic vesicles (ex-
cluding hippocampal and basal telencephalic anlagen), dissociated with
trypsin/EDTA, and seeded onto the poly-p-lysine-coated glass coverslips
at a density of 200250 cells/mm 2 in N2 medium (Bottenstein and Sato,
1979) (75% DMEM, 25% Ham’s F12, and N2 supplements; Invitrogen,
Carlsbad, CA). Cultures were treated at 4 d in vitro (DIV) with cytosine
arabinoside at a final concentration of 5 uM, and a third of the medium
volume was then changed after 24 h. All cultures were maintained in a
humidified 5% CO,/95% air atmosphere at 36°C.

Drugs and drug treatment. To raise cultures with blocked GABAergic
transmission, 20 uM (—)bicuculline methiodide (BMI) (Sigma/RBI, De-
isenhofen, Germany) was added to the culture medium at 5 DIV, at 8 or
9 DIV, and at 11 or 13 DIV. For immunocytochemistry, cultures were
fixed in the presence of BMI. Imaging experiments (Fluo-3 loading and
recording) were also performed in the presence of the blocker, unless
otherwise stated. For the blockade of glutamatergic synaptic transmis-
sion, either 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX)
(10 uMm; Tocris Cookson, Ellisville, MO) or Dp-2-amino-5-
phosphonopentanoic acid (APV) (50 um; Tocris Cookson) was used.

For 0 mm Mg?" stimulation, culture medium was replaced by 0 mm
Mger HEPES-buffered Ringer’s solution (in mm: 140 NaCl, 5 KCl, 0.75
CaCl,, 1.25 NaH,PO,, 20 p-glucose, 30 glycine, and 15 HEPES/NaOH,
pH 7.4) either 3 h before fixation (receptor immunocytochemistry ex-
periments) or immediately before recording (imaging experiments), un-
less otherwise described in Results.

For the complete block of glutamate- and GABA-mediated synaptic
transmission, a mixture of glutamate receptor antagonists CNQX (10
uM; Tocris Cookson) and APV (50 um; Tocris Cookson) and GABA
receptor (GABA,R) antagonists BMI (20 uMm; Sigma/RBI) and picro-
toxin (PTX) (10 um; Tocris Cookson) were added to the cultures at 5 DIV
and refreshed at 9 and 11 DIV. This drug mixture was removed from the
cultures at 13 DIV by a brief wash with DMEM, followed by the addition
of drug-free glia-conditioned N2 medium. The cultures survived in the
drug-free medium for another 1-3 DIV before paired patch-clamp
recordings.

Neurotransmitter receptor immunocytochemistry. For immunocyto-
chemical receptor staining, cell cultures were fixed for 30 min at 36°C in
4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4) containing
0.12 M glucose, followed by chilled methanol (—20°C) for 10 min at 4°C.
After washing in PBS (0.01 M, pH 7.4), cultures were incubated in 0.25%
Triton X-100, 10% goat serum, 5% sucrose, and 2% BSA in PBS for 10
min at room temperature. For double staining of NMDA receptor sub-
unit NR1 and glutamate receptor subunits GluR2/3, cell cultures were
incubated with a mixture of monoclonal mouse anti-NR1 (1:250;
PharMingen, Heidelberg, Germany) and polyclonal rabbit anti-GluR2/3
(1:100; PharMingen or Chemicon, Hotheim, Germany) overnight at
4°C. In most experiments, a polyclonal rabbit anti-GluR1 (1:50; Chemi-
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con) was used either in a NR1/GluR1 combination or in a NR1/GIluR2/
3/GluR1 combination. The pooled primary antibodies were revealed in
few experiments with a mixture of goat anti-rabbit indocarbocyanine 3
(Cy3) and goat anti-mouse carbocyanine (Cy2) (1:400; Jackson Immu-
noResearch, West Grove, PA) for 2 h at room temperature. In most
experiments, however, the double staining was performed sequentially
by first staining anti-NR1, followed by goat anti-mouse Cy2, and then,
after a short fixation (30 min, 4% paraformaldehyde, 36°C), anti-
GluR2/3 was followed by goat anti-rabbit Cy3. The sequential applica-
tion of antibodies yielded in our hands more consistent results and the
strongest signals of both antibodies. Cell cultures were rinsed thoroughly
with PBS between every incubation step. To detect synaptic localization
of the receptor staining, the anti-NR1 antibody was combined with a
polyclonal rabbit anti-synaptophysin antibody (1:500; Synaptic Systems,
Gottingen, Germany). Goat anti-mouse Cy2 and goat anti-rabbit Cy3
were used as secondary antibody. After a final wash in PBS, coverslips
were dehydrated in an ethanol series, cleared in two changes of xylene,
and mounted on clean slides with Fluoromount (BDH Laboratory Sup-
plies, Poole, UK).

Analysis of receptor staining. For quantitative evaluation of the receptor
staining, at least two coverslips were analyzed per time point and exper-
imental condition in each of at least two experiments. Micrographs were
taken with a CCD camera (Spot slider; Diagnostic Instruments, Sterling
Heights, MI) with a 100X oil immersion lens (Axiovert; Zeiss,
Oberkochen, Germany) at three randomly chosen positions per culture
dish. At least two coverslips were analyzed per time point and experimen-
tal condition in each of at least two experiments. At each position, one
micrograph was taken with the fluorescence filter set optimized for the
Cy3 label (filter set, 15; excitation, 546/12; beam splitter, 580; emission,
590), and another micrograph was taken with a narrow-band fluores-
cence filter set optimized for Cy2 (filter set, 13; excitation, 470/20; beam
splitter, 493; emission, 505-530; both from Zeiss). The bandwidth of
both filter sets was such that no cross talk between the signals of the two
antibody stainings occurred. The two micrographs were brought into
register using the MetaMorph software (version 5; Universal Imaging
Corporation, West Chester, PA), and two to three randomly chosen
fields measuring 10 X 10 wm were selected in each pair of photographs.
In each field, the amount of all NR1/GIluR2/3 (or NR1/synaptophysin)
colocalized clusters was determined and expressed as percentage of all
NRI1-positive clusters. The differences in proportions of double-labeled
synaptic clusters were tested by comparing the sum of double-labeled
synaptic clusters with the sum of single-labeled synaptic clusters in each
condition and time point (x? test). The total numbers of NR1 synapses
examined in each case is given in the relevant figure legends.

Axonal outgrowth in culture compartments. Compartment cultures
were generated by delimiting plating space until cells adhered to the
substrate. Silicon templates were added after poly-p-lysine coating onto
the air-dried coverslip. The templates contained three compartments
measuring 2 X 7 mm each (see Fig. 7A). The distance between the middle
compartment (A) and one outer compartment (B) was 1.5 mm, and the
distance between the middle compartment (A) and the other outer com-
partment (C) was 2.0 mm (see Fig. 7A). At the time of plating, 300
cells/mm? were added to each compartment, and, after 2 h, the silicon
template was gently removed from the culture, allowing axons to freely
interconnect compartments.

To estimate the time point when the first axons reach the neighboring
compartment, neurons were plated only into the middle compartment of
a silicon template (see Fig. 7A, compartment A) as described above
(single-compartment culture). Cultures were fixed at 6, 9, 12, 15, 18, and
21 DIV for 30 min at 36°C in 4% paraformaldehyde in phosphate buffer
(0.1 M, pH 7.4) containing 0.12 M glucose, and axons were stained with an
antibody for unique B3-tubulin III (TuJ1; Babco, Richmond, CA). After
fixation, cultures were washed in PBS and preincubated with 0.25% Tri-
ton X-100 in PBS for 10 min at room temperature. The subsequent
antibody incubations were each followed by several washes with PBS/
monoclonal mouse anti-TuJ1 (1:1000) in 2% bovine serum albumin,
10% normal goat serum, 0.3% Triton X-100, and 5% sucrose in PBS,
overnight at 4°C, followed by goat anti-mouse Cy3 (1:400; Jackson Im-
munoResearch) for 2 h at room temperature. After the final PBS wash,
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coverslips were dehydrated in an ethanol series, cleared in two changes of
xylene, and mounted over clean slides with Fluoromount. For quantita-
tive analysis, the maximal axonal outgrowth distance of the 50 longest
axons was determined in each culture with a NeuroLucida system (Mi-
croBrightField, Magdeburg, Germany). The distance was measured by
putting a straight line perpendicular to the compartment border from
the border to the outermost point that an axon had reached. A total of
seven cultures from five preparations were analyzed for each time point.
The 50 longest axons of each culture were selected for comparison be-
tween time points (Kruskal-Wallis one-way ANOVA on ranks, followed
by a pairwise multiple comparison procedure with the Tukey’s test).

Dextran tracing of intercompartmental connections. To assess anatom-
ical connections between the compartments, tetramethylrhodamine
dextran D-3308 (Molecular Probes, purchased from MoBiTec, Goettin-
gen, Germany) was applied to the middle compartment of cultures where
cells had been plated to all three compartments. One milligram of the dye
was diluted in 50 ul of distilled water. From this stock solution, 5 ul were
air dried on one side of a 3 X 3 X 8 mm stainless steel block. After
carefully injuring the axons at the border of the middle compartment by
small scratches with the tip of a scalpel, the dye-coated side of the stainless
steal block was carefully placed exactly onto the middle compartment,
and the cultures were kept in the incubator for another 16 h. During
incubation, the dye was taken up by the injured axons in the middle
compartment and transported in retrograde and anterograde directions.
After fixation (30 min, 36°C, 4% paraformaldehyde), coverslips were
incubated for 1 min in DAPI (4',6'-diamidino-2-phenylindole, 50 g/
ml; Sigma-Aldrich, Seelze, Germany) to stain cell nuclei. After a final
wash in PBS, coverslips were dehydrated in an ethanol series, cleared in
two changes of xylene, and mounted on clean slides with Fluoromount.
Cell body position of retrograde-labeled neurons were plotted within the
two outer compartments with a NeuroLucida system. The density distri-
bution of the labeled neurons was calculated by dividing each 2 X 7 mm
compartment in parallel 0.5 X 7 mm zones. Labeled neurons in each
stripe were counted, and results were expressed as distribution histo-
grams of all reconstructed cultures.

Double patch-clamp recordings. Functional connections between com-
partments were assessed with double patch-clamp recordings in 13- to
16-d-old cultures. An acrylic ring was fixed to the culture dish with
silicon grease, resulting in a chamber with a volume of 1-1.5 ml. This
chamber was mounted to the stage of an inverted microscope and con-
tinuously perfused at 1-2 ml/min with HEPES-buffered Ringer’s solu-
tion (in mm: 140 NaCl, 5 KCl, 1.5 CaCl,, 0.75 MgCl,, 1.25 NaH,PO,, 20
D-glucose, and 15 HEPES/NaOH, pH 7.4) (Opitz et al., 2002). The elec-
trophysiological recordings were performed at room temperature.
Whole-cell voltage-clamp recordings were performed with an
Axoclamp-2B (Axon Instruments, Foster City, CA) and with an EPC-7
(HEKA Elektronik, Darmstadt, Germany) amplifier. Patch pipettes had a
tip resistance of 3-5 M{) when filled with internal solution (in mm: 115
CsCl, 30 tetraethylammonium-Cl, 2.2 MgCl,, and 11 HEPES/CsOH, pH
7.3). Cortical networks at that developmental stage (13—16 DIV) typically
exhibit synchronous activity that can be monitored in single neurons as
barrages of synaptic currents lasting several hundreds of milliseconds
(Opitzetal., 2002). Network activity was recorded simultaneously in two
neurons at different locations for 10-30 min depending on its frequency.
The delay between the onset of the rhythmic network discharge in the
two cells was extracted from the continuous recordings using Clampfit 9
(Axon Instruments). The two recording sites were considered as func-
tionally connected when the majority of those delays fell within 250 ms
(see Fig. 9A). Compartments were considered not functionally con-
nected when bursts occurred with independent frequencies (most delays
>1000 ms between both compartments) (see Fig. 9B).

Calcium imaging. For recording intracellular calcium concentration
([Ca**],) changes in neuronal networks, cell cultures were incubated in
5 uM fluo-3 pentacetoxy-methylester (Molecular Probes, purchased
from MoBiTec, Goettingen, Germany) for 1 h, followed by several
washes with HEPES-buffered Ringer’s solution (in mm: 140 NaCl, 5 KCl,
1.5 CaCl,, 0.75 MgCl,, 1.25 NaH,PO,, 20 p-glucose, and 15 HEPES/
NaOH, pH 7.4) (Voigt et al., 2001; Opitz et al., 2002). Sequences of
frames were recorded at 1 Hz from randomly chosen fields on an inverted
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microscope equipped with a cooled charge-coupled device camera
(Princeton Scientific Instruments, Monmouth Junction, NJ). Images
were processed with MetaMorph software (version 3.5; Universal Imag-
ing Corporation). A change in [Ca*"]; was considered significant when
the absolute difference of gray values exceeded five times the SD of back-
ground noise measured in cell-free areas. A neuron was considered active
when it showed a significant transient increase in its [Ca** ], at least once
during the recording period. The total number of neurons in the field was
obtained from light microscopic differential interference contrast images
taken from this field before imaging. The percentage of synchronously
active neurons was determined from one frame in a recording session
that showed the maximal fraction of all neurons that increase their
[Ca"]; in synchrony (see Figs. 3, 4). The criteria for synchrony was the
coherent onset in time of the [Ca " |, change of the participating neurons
as is shown in Figure 3, A and B. Nonsynchronous neurons are those
neurons that increased their [Ca®"]; at least once during the recording
period but did not participate in any synchronous event. In those cases in
which the changes in [Ca?" ] were recorded in BMI-, APV-, or CNQX-
treated cultures, the drugs were also present during Fluo-3 loading, in
consecutive washing steps, and during recording. The differences in pro-
portions of synchronous neurons (relative to total number of neurons)
were tested by comparing the sum of synchronous neurons with the sum
of nonsynchronous neurons in each condition and time point () test).
The total numbers of neurons examined in each case is given in the
relevant figure legends.

Results

AMPAfication of synapses

It has been shown that colocalization of NR1 and GluR2/3 recep-
tors occurs mostly within synaptic contact sites (Petralia et al.,
1999). With electrophysiological methods, it has also been shown
that synapses that contain only NR1 receptors are functionally
silent, whereas synapses that contain NR1 and GluR2/3 receptors
are functionally activated (Isaac, 2003; Voronin and Cherubini,
2003). To detect the activation of presumptive silent synapses
morphologically, we examined the colocalization of AMPA and
NMDA receptors in cortical cultures between 6 and 15 DIV using
several monoclonal and polyclonal antibodies, as has been done
previously (Carroll et al., 1999; Liao et al., 1999, 2001; Petralia et
al., 1999). Receptor immunostaining in cortical cultures showed
well defined spots of immunoreactivity within the neuropil,
which were considered to be clusters of receptors (Fig. 1) (Liao et
al., 2001). The quantification of receptor clusters was made rela-
tive to the total of NR1 clusters, because this receptor type is
present in both silent and activated synapses. Because not all of
the stained NR1 receptor clusters are located at synaptic release
sites, we first controlled the amount of synaptic NR1 clusters by
combining NR1 and synaptophysin immunocytochemical stain-
ing (Fig. 1G-I). Assuming that NR1 clusters that are colocalized
with GluR2/3 are most probably synaptic (see above), it follows
that the proportion of NR1/GluR2/3 clusters will not exceed the
proportion of NR1/synaptophysin clusters. Indeed, experiments
show that the fraction of NR1/GluR2/3 colocalization matches
the fraction of NR1/synaptophysin colocalization in cultures ex-
pressing synchronous network activity (Fig. 2A).

In another series of control experiments, we compared the
colocalization of NR1 receptors with GluR2/3 and GluR1 sub-
units (Fig. 2B). These experiments showed that a staining with
NR1 antibodies followed by GluR1 plus GluR2/3 antibodies mix-
ture resulted in the same amount of colocalized NR1/GluR recep-
tor clusters as an antibody staining with NR1 followed by
GluR2/3 alone. The double staining of cultures with NR1/GluR1
resulted in significant less amount of colocalized clusters. Be-
cause the GluR2/3 antibodies recognize the receptor subunit 2
that is frequently coexpressed with subunit 3 or 1 (Craig et al.,
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1993), we concluded from these results
that the NR1/GluR2/3 staining included
the population of receptors that contain
GluR1/2 subunits. Based on these data, we
combined in the present experiments ei-
ther anti-NR1 and anti-GluR2/3 antibod-
ies or anti-NR1 and a mixture of anti-
GluR2/3 and anti-GluR1 antibodies. In the
following experiments, to determine the
changes from silent synapses to activated
synapses, we expressed the NR1/GluR2/3
clusters counted as a fraction of all NR1
clusters (see Materials and Methods).

Blockade of synchronous activity delays
the AMPAfication of synapses
In the next set of experiments, we tested
the hypothesis that one of the functions of
synchronous network activity is the collec-
tive activation of silent synapses (Figs. 3,
4A,B). We first compared the develop-
ment of synchronous network activity and
NR1/GluR2/3 expression in control cul-
tures. At 6 DIV, cultures were spontane-
ously active, but synchronous network ac-
tivity had not yet developed (Fig. 3C, 4A,
black columns). Between 6 and 9 DIV,
synchronous network activity appeared,
and, at 9 DIV, 54% of the neuronal popu-
lation participated in synchronous net-
work activity. The fraction of synchro-
nously active neurons increased steadily
until the entire network was synchro-
nously active at 15 DIV. The increase in the
proportion of participating neurons be-
tween 9 and 15 DIV is mostly attributable to cell elimination
during this time period, as has been shown previously (Voigt et
al., 1997; Opitz et al., 2002). Receptor staining of age-matched
sister cultures showed that the proportion of NRI clusters that
were colocalized with GluR2/3 increased accordingly during a
similar time interval (612 DIV) as synchronous network activity
increased (Fig. 4 B, black column). Starting at 8.5% at 6 DIV when
synchronous network activity had not yet developed, the fraction
of NR1/GluR2/3 clusters increased to 30.2% at 9 DIV when the
network expressed synchronous activity. At 12 DIV, the fraction
of NR1/GluR2/3 clusters had reached 42.6%, with no additional
increase thereafter. These results suggests a parallel development
of synchronous network activity and AMPAfication of synapses.
It has been shown recently that AMPAfication of silent syn-
apses is induced by synchronous presynaptic and postsynaptic
depolarization (Isaac et al., 1995, 1997; Liao et al., 1995; Rumpel
etal., 1998; Feldman etal., 1999), an effect that is mediated via the
NMDAR. Because all participating neurons depolarize their
membrane potential in synchrony during synchronous network
activity (Figs. 3,4) (Voigt et al., 1997, 2001; Opitz et al., 2002), we
hypothesized that this form of population event inevitably leads
to the massive AMPAfication of the silent synapses present be-
tween coactivated neurons. To test this hypothesis, we delayed
the onset of synchronous network activity for several days by
chronic application of BMI to the culture medium (Opitz et al.,
2002). As shown previously (Voigt et al., 2001), in 8- to 12-d-old
cultured neurons, the reversal potential of currents induced by
GABA, receptor agonist muscimol is more positive than the

Figure 1.
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Colocalization of NR1/GIuR2/3 (A-F) and NR1/synaptophysin (G—/) immunostaining in 9-d-old cultures. Each row
of three images shows double labeling of a different field. Images of immunostained NR1 (4, D, G), GluR2/3 (B, E), and synapto-
physin (H) clusters were combined (C, F, I) to show that some of the NR1-containing clusters are colocalized with GluR2/3-
containing (C, F) or synaptophysin-containing (/) clusters (long arrows), whereas others are not (short arrows). Scale bar, 2 m.
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Figure 2.  Quantitative analysis of NR1/synaptophysin and NR1/GIuR2/3 colocalization in
9-d-old cultures. A shows the relative number of NR1-immunoreactive clusters that contained
either synaptophysin or GluR2/3. The percentage of NR1 cluster colocalized with GluR2/3 was
statistically not different from the percentage of NR1 clusters colocalized with synaptophysin,
suggesting that the majority of NR1/GIuR2/3 clusters are synaptic (x * test; 27 analyzed fields
from 3 cultures). Total number of NRT clusters examined for colocalization with GIuR2/3,n =
600; for colocalization with synaptophysin, n = 724. B, Colocalization of NR1 clusters with
clusters stained by antibodies against the GIuR2/3 and the GluR1 subunit. Although NR1/
GluR2/3 colocalization is comparable with NR1/GluR1 plus GluR2/3 colocalization, GluR1 colo-
calizes inamuch lower fraction of NR1-containing clusters (y * test; ***p = 0.001; 36 analyzed
fields from 4 cultures; total number of NR1 clusters examined, n = 683 for NR1/GluR2/3,n =
616 for NR1/GIuR1 plus GIuR2/3, and n = 567 for NR1/GIuR1).

measured resting membrane potential. During this time window,
GABA, stimulation (in the presence of glutamate receptor antag-
onists) evokes a calcium transient in all cells under investigation.
Moreover, in these young cultures, GABA, blockade inhibits
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Figure3.  Spontaneous synchronous [Ca® ", oscillations in cultured neocortical neurons. 4,
Fluorometric Ca2™ recordings of synchronous [Ca 2+]i oscillations of six neurons in a 12-d-old
culture. B, Activity histogram of all neurons present in the same field as cells shown in A. During
this recording, a maximum of 18 of 22 neurons showed a synchronous increase in their [Ca 2Jr]i.
C, Development of network activity ina control culture, showing the percentage of synchronous
and nonsynchronous neurons (nonsynchronous neurons showed changesin [Ca® "1, during the
recording period but did not participate in synchronous events). D, Development of network
activity in cultures raised in the presence of the GABA,R antagonist BMI (drug added at 5 DIV).

spontaneous network activity, independent of glutamatergic ac-
tivity (Voigt et al., 2001; Opitz et al., 2002).

In the presence of BMI, synchronous network activity was
significantly lower than control until 12 DIV and then increased
to nearly control values at 15 DIV (Figs. 3D, 4 A, light gray bars).
Note, however, that a gradual increase in synchronous spontane-
ous activity did occur under chronic BMI treatment. Corre-
spondingly, the fraction of NR1/GluR2/3 receptor clusters in-
creased, while remaining significantly lower compared with
control cultures. The fraction of NR1/GluR2/3 receptor clusters
was comparable with control values when synchronous activity
ratio had reached control values at 15 DIV (Fig. 4B).

J. Neurosci., May 4, 2005 - 25(18):4605— 4615 * 4609

To further test the hypothesis, we increased the spontaneous
activity of the cultures by lowering the [Mg**] of culture me-
dium. The decrease of [Mg>"] in the culture medium removes
the magnesium block from the NMDA channels and, as a conse-
quence, glutamate may activate NMDA-containing synapses
without the need of postsynaptic depolarization. Additionally,
this experiment would also give an estimate of the maximal num-
ber of NR1/GluR2/3 synapses that could be activated at a given
time point (Fig. 4A, B dark gray columns). The stimulation was
performed in both untreated and BMI-treated sister cultures af-
ter removal of BMI. In all cases, the fraction of synchronous
active neurons as well as the fraction of NR1/GluR2/3 colocalized
clusters did not significantly differ ( X~ test). For this reason, the
data of both groups (stimulated untreated control cultures and
stimulated BMI-treated cultures) were pooled. At 6 DIV, 0 mm
Mg>™ stimulation elicited synchronous activity in 29.1% of the
neurons (Fig. 4A) compared with 0% in control. The immuno-
cytochemical analysis of receptor expression showed after stim-
ulation that the activation of synchronous network activity dra-
matically increased the fraction of NR1/GluR2/3 clusters (Fig.
4 B). This indicated that, in 6 DIV cultures, a pool of silent syn-
apses existed ready to be activated by synchronous network ac-
tivity. After 6 DIV, the 0 mm Mg>™ stimulation was not able to
increase the fraction of NR1/GluR2/3 receptor clusters compared
with control (Fig. 4 B), indicating that, under control conditions,
synchronous network activity was capable of activating the ma-
jority of silent synapses.

To exclude the possibility that changes in receptor colocaliza-
tion were the result of an activity-dependent change in the total
amount of NR1-containing synapses, we determined the fraction
of NR1/synaptophysin and NR1/GluR2/3 clusters in 9-d-old sis-
ter cultures grown under control conditions, in the presence of
BMI, and after 0 mm Mg>" stimulation (see above). Whereas the
fraction of synapses containing NR1 receptors was independent
of the network activity, the fraction of NR1/GluR2/3-containing
synapses was significantly reduced when synchronous network
activity was blocked by BMI (Fig. 4C). Thus, activity did not
modulate the overall synaptic content but did change the number
of activated synapses.

From the results above, we concluded that decreasing syn-
chronous spontaneous activity by blocking GABA,, function de-
creased the probability of activating silent synapses. Conversely,
the increase in NMDA depolarization by lowering [Mg?"] dra-
matically increased network synchronization and concurrently
activated silent synapses. Although a single coincidence between
presynaptic and postsynaptic activity might be sufficient to acti-
vate a single silent synapse, global synchronous network activity
might be advantageous for the simultaneous AMPAfication of a
population of immature synapses.

Time course of silent synapse activation

To investigate the time course of the synaptic activation by syn-
chronous network activity, cultures were raised in BMI until the
ninth day in vitro, transferred to a 0 mm Mg>" medium, and
examined after increasing time intervals (Fig. 5A). Already after
15 min of stimulation (first time point investigated), a significant
increase in the fraction of NR1/GluR2/3-containing clusters was
observed compared with unstimulated BMI cultures. After 30
min, the fraction of NR1/GluR2/3-containing clusters was not
different from control. These data show that, as soon as the net-
work becomes synchronously active, GluR2/3 receptors become
incorporated within minutes and the synapses become activated.
By adding CNQX or APV to the 0 mm Mg>* medium, we asked
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Figure 4.  Coexpression of NR1/GIuR2/3 correlates with synchronized network activity be-

tween 6 and 15 DIV in three experimental conditions. 4, In untreated control cultures, the
percentage of simultaneously active neurons increased gradually between 6 and 15 DIV (black
bars). Under BMI, the onset of synchronized activity was delayed until 15 DIV (light gray bars),
whereas a 0 mm Mg 2™ Ringer’s solution increased the percentage of simultaneously active
neurons between 6 and 12 DIV but not thereafter (medium gray bars) (**p = 0.005; ***p =<
0.001; x> test; 5 analyzed fields from 2 cultures per time point; total number of cells examined
in successive time points: control, n = 280, 114, 143, 135; BMI, n = 312,218, 129, 136; 0 mm
Mg**, n = 141,127, 176, 114). B, The percentage of colocalized NR1/GIuR2/3 clusters in-
creased in control cultures between 6 and 12 DIV (black bars). This increase was delayed by BMI
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Figure 5.  Activation of silent synapses by synchronous network activity. A, Cultures were

raised in BMI from 5 to 9 DIV and transferred to 0 mu Mg 2™ Ringer’s solution before fixation. A
significant change in the percentage of colocalized NR1/GIuR2/3 clusters was evident after 15
min, and control levels were reached after 30 min of 0 mm Mg 2+ stimulation. Total number of
dlusters examined: control (contr.), n = 287;BMI,n = 400;0 Mg " atincreasing delays,n =
582,398, 436,441, 453; the second graph in A shows the percentage of active neurons imaged
in sister cultures in the presence of BMI (n = 340) orina 0 mm Mg 2™ Ringer’s solution (n =
478). Although the 9-d-old cultures presented no synchronicity between the spontaneously
active neurons under BMI, strong synchronized activity occurred under 0 mm Mg 2™ stimula-
tion. B, The fraction of NR1/GIuR2/3 clusters was determined in 9 DIV cultures cultivated in the
presence of the GABA, receptor antagonist BMI (gray columns; n = 667) and compared with
control cultures (black column; n = 556). Three hours before fixation, three sets of cultures
were transferred to 0 mm Mg 2™ Ringer’s solution (third column; n = 519) or to 0 mm Mg ™
Ringer’s solution containing either the NMDA receptor antagonist APV (fourth column; n =
561) or the AMPA receptor antagonist CNQX (fifth column; n = 669). Unstimulated cultures
raised in the presence of BMI (no synchronous network activity) or stimulated cultures in the
presence of APV (blocked NMDA receptors) showed a significantly lower fraction of NR1/
GluR2/3 clusters compared with control cultures. Conversely, the fraction of NR1/GIuR2/3 clus-
tersin cultures raised in BMI and stimulated with 0 mm Mg 2™ i either the absence or presence
of CNQX before fixation did not differ significantly from control cultures. The stimulation in A
and B was performed in BMI-treated cultures after removal of BMI (***p =< 0.001; x * test; 18
analyzed fields from 2 cultures per time point in all cases; for imaging, 5 fields from 1 culture
were analyzed per time point). n.s., Not significant.

<«

treatment (light gray bars) and could be boosted by 0 mm Mg>* stimulation (medium gray
bars) (**p = 0.028; ***p = 0.001; Xz test; 18 analyzed fields from 3 cultures per time point;
total number of clusters examined in successive time points: control, n = 271, 318, 199, 216;
BMI, n = 318, 449, 301, 259; 0 mm Mg ", n = 338, 319, 204, 277). €, Comparison of NR1/
synaptophysin and NR1/GluR2/3-containing clusters in 9 DIV cultures under control condition
(Contr.), in cultures raised in the presence of BMI, and after 0 mu Mg 2™ stimulation. Although
there was no significant difference between the NR1/Glu2/3 and NR1/synaptophysin colocal-
ization in control cultures and 0 mm Mg 2 * -stimulated cultures, there was a significant differ-
ence between NR1/synaptophysin- and NR1/GluR2/3-containing clusters in BMI-treated cul-
tures (***p = 0.001; * test; 27 analyzed fields from 3 cultures, 9 DIV) (total number of clusters
examined: NR1/synaptophysin, control, n = 724; BMI, n = 591; 0 Mg2*, n = 685; NR1/
GluR2/3, control, n = 600; BMI, n = 638;0 Mg*", n = 655). n.s., Not significant.
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Figure6.  Comparison between axonal outgrowth and synaptic activation time. 4 shows the

maximal distance that individual axons had grown after a given time in culture. To determine
the axonal growth rate, neurons were plated into a single compartment, and the straight
distance from compartment border to the 50 longest axons was determined in seven cultures
(n = 350; mean == SEM). At approximately 8 DIV, the axons spanned a distance of 1.5 mm and
needed additional 3 d to reach 2.0 mm distance from the border. B, The density of NR1/GIuR2/
3-containing clusters increased dramatically between 6 and 9 DIV ( p =< 0.001), and no signif-
icant change occurred thereafter [Kruskal-Wallis one-way ANOVA on ranks, followed by a
pairwise multiple comparison procedure (Tukey's test); 18 analyzed fields from 3 cultures per
time point].

whether the activation of AMPA or NMDA receptors are neces-
sary for the synaptic activation (Fig. 5B). The fraction of NR1/
GluR2/3 clusters was determined 3 h after removal of BMI and
transfer to stimulation medium with or without antagonists (Fig.
5B). As expected, this activation can be blocked by the NMDA
antagonist APV but not with the AMPA receptor antagonist
CNQX (Fig. 5B), confirming that activation of NMDA receptors
is required, as has been shown previously (Isaac et al., 1997;
Rumpel et al., 1998). After activation of silent synapses, BMI was
no longer capable of blocking the synchronous network activity.
This indicated that a critical amount of activated glutamatergic
synapses is sufficient to generate synchronous network activity in
the absence of GABA activation (see above) (Fig. 4A).

Time constraints for the formation of connections between
culture compartments is related to the onset of synchronous
activity and the maturation of synapses

To investigate how the generalized activation of silent synapses
may influence the formation of cortical connections, we raised
cultures with differently spaced compartments. The rationale was
that, if compartments were placed close to each other, the axons
might reach their target area before the onset of synchronous
network activity and before the activation of silent synapses. If
compartments were placed farther away from each other, the
axons might reach the target area after the onset of synchronous
network activity and after global activation of synapses.

The optimal distance to separate compartments was calcu-
lated by measuring the axonal outgrowth in single compart-
ments. To do so, neurons were plated into a single 7 X 2 mm
compartment, and the straight distance from the tips of the long-
est axons to the compartment border was measured over time.
The axonal outgrowth curve showed an almost linear growth rate
up to a distance of 4 mm (Fig. 6 A). The dotted lines in Figure 6 A
show that, between 8 and 9 DIV, i.e., at the time of the onset of
synchronous network activity, the axons bridged the distance of
1.5 mm. The distance of 2.0 mm was not reached before 11 DIV,
i.e., well after the onset of synchronous network activity (Fig. 4 A)
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and the major increase in activated synapses that occurred be-
tween 6 and 9 DIV (Figs. 4B, 6B).

Based on these data, compartment cultures were produced in
which the distance between compartments A and B was 1.5 mm
and between compartments A and C was 2.0 mm (Fig. 7A). The
connectivity between these compartments was assessed after the
onset of synchronous network activity by either anatomically ret-
rograde and anterograde staining of the axonal connections from
the middle compartment to the outer compartments (Figs. 7, 8)
or physiologically by double recordings (Fig. 9).

The axonal connections between the compartments were an-
alyzed by application of rhodamine-labeled dextran for 16 h to
the central compartment of 14—17 DIV cultures. After fixation,
the number and position of retrogradely labeled neurons were
analyzed in the two outer compartments (Figs. 7, 8). The
rhodamine-labeled tracer was taken up by injured axons and then
transported in anterograde and retrograde directions. Well la-
beled axons were stained up to the growth cones, whereas neu-
rons showed a strong staining within the soma and the proximal
portions of the dendrites (Fig. 7 B, C). The dye stained axons and
cell bodies over distances of up to 4 mm. For evaluation of the
connectivity between the compartments, only labeled cell bodies
were analyzed because axons were more difficult to quantify be-
cause of their bifurcations. All 29 successfully dextran-stained
cultures showed a similar connectivity pattern between compart-
ments. Ten cultures (four control cultures and six BMI-treated
cultures) were used for a completely topographical reconstruc-
tion of retrograde-labeled neurons in the two outer compart-
ments (Fig. 8). The distribution of all stained neurons was plotted
as histograms showing the density distribution along the short
axis of the compartment. The histogram of the four complete
analyzed control cultures show that compartment B (1.5 mm
apart) had a high number of stained cell bodies (n = 947), with
the highest density of retrograde-labeled neurons at the side fac-
ing the central compartment and decreasing density toward the
opposite side. Contrary to compartment B, compartment C (2.0
mm apart) had a much lower number (n = 46) of retrogradely
labeled neurons in all investigated cultures. Thus, connections
were established when axons reached their target area before the
onset of synchronous network activity but failed to form when
the axons reached the target area after the onset of synchronous
network activity. This failure to form connections was not based
on an alteration in axonal outgrowth capability between com-
partment B and C axons as was verified by measuring the out-
growth distance of compartment C axons on the side facing away
from compartment A. In all 14 DIV cultures of this series (n = 4),
the mean outgrowth length of the 50 longest axons was 2.53 mm,
which fits well with the outgrowth values determined in the
single-compartment experiments (Fig. 6). Thus, axons between
compartment B and C were able to bridge this distance after 14
DIV but failed to form anatomical connections. To test whether
the asynchronous onset of synchronous network activity in the
two compartments was responsible for this failure, the onset of
synchronous activity was delayed by chronic application of BMI.
In this case, compartment A to C axons had the chance to reach
their target area before the AMPAfication of silent synapses, and,
in these experiments, a high amount of retrograde-labeled neu-
rons were found in both compartment B (1.5 mm) and compart-
ment C (2.0 mm) (B’, 792 stained neurons; C’, 439 stained neu-
rons) (Fig. 8). The high amount of degenerating axons (data not
shown) found in control cultures between A to C compartments
suggest that axons reached their target area but degenerated when
the formation of functional connections failed.
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To functionally assess the degree of con-
nectivity between two compartments, paired
patch-clamp recordings were performed.
Synchronous network activity elicits a bar-
rage of postsynaptic potentials within the re-
corded cell (Opitz et al., 2002). If neurons of
a simultaneously recorded pair resided
within the same compartment but several
millimeters apart, the delay between the on-
set of the population discharge was <250 ms
(Fig. 9A,C). The same was found if single
neurons of a pair were situated in two differ-
ent but interconnected compartments (Fig.
9D). If the axonal connections between two
compartments were interrupted (cut by a
scratch with a glass needle), the synchronous
network events occurred independently in
the two networks, and delays >1 s were re-
corded (Fig. 9B,E). Based on these criteria,
we considered two networks as being con-
nected if synchronous events occurred in
both recorded neurons within 250 ms and as
not connected if the events occurred with de-
lays >1s. A total of 16 pairs of networks were
recorded between 14 and 18 DIV with a dis-
tance of 1.5 mm apart. All of them were in-
terconnected and behaved like a single net-
work (Fig. 9D). From the 25 network pairs
separated by 2 mm, only five were connected
(Fig. 9F,G).

In a last set of experiments, we assessed
directly whether the onset of synchronous
network activity (and thereby AMPAfication
of glutamatergic synapses) prevents the for-
mation of functional connections between
compartments 2 mm apart. To do so, we
chronically applied BMI to the cultures.
From the total of 17 pairs of compartments
that were recorded between 14 and 18 DIV
with a distance of 2.0 mm apart, we found
only one to be connected. Because in the
presence of BMI the activation of synapses
occurred slowly over days (Fig. 4B) and
most likely with different rates in different
networks, this failure to show connections
between the distant compartments could be
related to the uncontrolled timing of activa-
tion of the networks in BMI-treated cultures. To ensure a more
precise timing, we blocked both GABAergic and glutamatergic syn-
aptic transmission in compartment cultures by applying a mixture
of ionotropic glutamate receptor and GABA, receptor antagonists
(APV plus CNQX plus BMI plus PTX) from 5 to 13 DIV. At day 13,
the block was removed by a complete change of the medium, and
cultures were investigated at 14—16 DIV. In all experiments (1 = 8),
pairs of recorded neurons showed connections between compart-
ment A and C (Fig. 9H ). Thus, experiments strongly suggest that the
precise timing between the onset of synchronous network activity
and the arrival of connecting axons can either unify or segregate local
networks.

Figure7.
defined spaced compartments. Each compartment had a size of 2 X 7 mm. The distance between compartments A and Bwas 1.5
mm, and the distance between A and Cwas 2.0 mm. After the cells had attached to the substrate, the silicon was removed from
the culture dish. Axons could freely invade the cell-free regions, and reciprocal interconnections between neighboring compart-
ments were established. B, Examples of neurons in compartment B that were stained by application of a dextran-coated stainless
steal block onto compartment A. C, The ingrowing axons (left side) and the labeled cell bodies stained by dye application to
compartment A are visible in a border field of compartment B (dashed line). Scale bars, 50 wm.

Discussion
The results presented in this paper suggest that the initiation of
synchronous network activity in cultured neocortical neurons,
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Development of connectivity between compartment cultures. 4, Silicon template used for plating dissociated cellsin

which depends on basket-like, L-type GABAergic neurons (Voigt
et al., 2001; Opitz et al., 2002), consolidates the architecture of
axonal connections, most probably by transforming silent to ac-
tive synapses throughout the network within minutes.

Simultaneous activation of early silent synapses by
spontaneous synchronous network activity

The first evidence for glutamatergic synapses that have NMDAR-
mediated synaptic transmission in the absence of an AMPA
receptor-mediated response came from physiological studies that
used minimal stimulation protocols (Isaac et al., 1995; Liao et al.,
1995). These NMDAR-only synapses have no synaptic response
at hyperpolarized potentials but show transmission at depolar-
ized potentials when the Mg>* block is relieved. Under physio-
logical conditions, this is fullfilled when the presynaptic and
postsynaptic neurons are depolarized simultaneously (in syn-
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the presynaptic marker corresponds to
C synaptic NMDAR clusters, and the rest
NRI1 is most probably part of an extrasyn-
aptic NMDAR pool. This view is sup-
ported by the fact that, in sister cultures,
the fraction of GluR2/3-containing NR1
clusters did not exceed the fraction of
synaptophysin-containing NR1 clusters
(Fig. 2A), indicating that NR/GluR colo-
calization was synaptic, as has been shown
with electron microscopy (Petralia et al.,
1999). The results obtained with our eval-
uation is compatible with the results of
other studies using higher-density cortical
cultures (Liao et al., 2001). In addition,
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our results indicate that there is no change
in the amount of synaptic NR1 clusters
with alterations of activity levels at 9 DIV
(Fig. 4C). This is in accordance with stud-
ies that show little changes in the NMDA
receptor number during AMPAfication
and over time (Petralia et al., 1999) or dur-
ing long-term depression induction (Car-
roll et al., 1999). Based on these data, it is
— possible that the 30-50% of GluR2/3-
containing NR1 clusters observed in our
cultures (Fig. 2A, B) might correspond to
90-100% of synaptically located NRI
clusters reported on living hippocampal
neurons (Pickard et al., 2000).

In our cultures, a maximum of AMPA/
NMDA synapses (relative to total NMDA
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Figure 8.

chrony) (Isaac et al., 1995, 1997; Liao et al., 1995; Rumpel et al.,
1998; Feldman et al., 1999). Anatomically, the silent synapses
possess NMDA receptors but lack AMPA receptors (Durand et
al., 1996; Wu et al., 1996; Isaac et al., 1997; Bardoni et al., 1998;
Gomperts et al., 1998; Hsia et al., 1998; Li and Zhuo, 1998; Petra-
lia et al., 1999). A synchronous presynaptic and postsynaptic de-
polarization leads to the AMPAfication of these synapses within
minutes (Liao et al., 2001).

In this study, we assessed silent and activated synapses by
determining the fraction of NR1 clusters that contained GluR
receptors. Because the anti-NR1 antibody recognizes both the
surface and the internal receptor pool, only a fraction of the
NRI1-only clusters were synaptic. In rat hippocampal neurons, it
has been reported that 40—-50% of the total NR1 receptors were
found on the cell surface (Hall and Soderling, 1997). In our study,
we found that 30% of the NR1 receptor clusters colocalized with
synaptophysin. Assuming that synaptophysin is labeling 100% of
the synaptic complexes, this percentage of NR1 colocalized with

Distribution of anatomical connections between different treated compartment cultures. The top inset (control)
shows schematically the distribution of stained neurons under control condition. Dextran was applied to compartment Aat 14 -17
DIV. Histograms B and € show results from 10 completely reconstructed cultures. Each bin corresponds to the labeled neurons
counted within 500-m-wide stripes running parallel to the compartment long axis. Topographical order of histogram bins is
indicated by the arrows below the x-axis. The origin of arrows indicates the border facing compartment A (see inset). In all B
compartments (separated by a 1.5 mm gap from the A compartment), a high amount of neurons were consistently labeled (total
947). In C compartments (separated by a 2.0 mm gap from the A compartment), the number of labeled neurons was consistently
very low (total 46). The bottom inset (BMI) shows schematically the distribution of stained neurons in cultures grown in the
presence of the GABA,R antagonist BMI from 5 to 15 DIV. In these cases, the number of labeled neurons was much higher in
compartment (" (total 439) compared with the control situation (C). (Number of neurons labeled in compartment B’ was 792.)

H B
I 5 synapses) is reached at approximately 12

DIV, a time when synchronous network
activity becomes independent from
GABA R activity (Voigt et al., 2001; Opitz
et al., 2002). We show in this paper that
spontaneous synchronous activity devel-
oping during maturation of the neuronal
network is capable of activating the popu-
lation of silent synapses formed in the ini-
tial phase of network formation. The
blockade of GABA,R transmission, an in-
tervention that does not interfere with the
development of glutamatergic transmis-
sion, delays the onset of synchronous network activity (Voigt et
al., 2001; Opitz et al., 2002) and also delays the activation of silent
synapses. Conversely, the stimulation of the network (by lower-
ing extracellular [Mg>"]) activates silent synapses within min-
utes (Fig. 5).

From the experiments above, we suggest that one function of
synchronous network activity is the global activation of early
silent synapses, a process that contributes to the consolidation of
intrinsic connections during early brain development.

The appearance of synchronous network activity limits the
range of corticocortical connections

Because synchronous activity occurs across the whole neonatal
neocortex, it has been suggested that it might be involved in the
development of long range cortical connections (Garaschuk et
al., 2000). A link between synchronous activity and the establish-
ment of functional axonal connections may be provided by the
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effect of early synchronous activity on im-
mature glutamatergic synapses.

To test this hypothesis, we designed
compartment cultures that expose out-
growing axons to two types of situations.
In one situation, the outgrowing axons
reach the adjacent compartment shortly
before the onset of synchronous network
activity, i.e., before the onset of global ac-
tivation of silent synapses; in the other sit-
uation, the axons reach the adjacent com-
partment shortly after the onset of
synchronous network activity. The out-
come of these experiments was that com-
partments connected well when the axons
reached their target area before the onset
of synchronous network activity and failed
to connect when the axons reached the
neighboring compartment after the onset
of synchronous network activity (Figs.
7-9). Limited growth capacity of axons
could not explain these differences because
axons can grow for much longer distances
(Fig. 6 A). In well connected A to B compart-
ments (1.5 mm), dextran-labeled axons fre-
quently traversed the entire compartment B,
reaching a length of at least 3.5 mm from its
origin in compartment A. In addition, in
those 14-d-old cultures in which no connec-
tions had developed between compartments
A and C (2.0 mm), the axons from neurons
in compartment C had grown out for over
2.53 mm on the side facing away from the
compartment A. In some of the cases (5 of
25), compartments separated by 2.0 mm de-
veloped connections, possibly because in
these cases some fast-growing axons reached
the target area before the onset of synchro-
nous network activity. The strongest argu-
ment to show that distance is not the limiting
factor for axonal growth comes from exper-
iments in which the onset of synchronous
network activity was delayed for several days
by blocking glutamatergic and GABAergic
transmission. In all of these cases, compart-
ments established functional connections
(Figs. 8, 9). The fact that a high amount of
degenerating axons was routinely found be-
tween nonconnected compartments indi-
cates that, in control cultures, axons had
reached their target area but subsequently
degenerated (data not shown).

How to explain the failure of axons to
innervate an adjacent compartment after
the onset of synchronous network activity?
An explanation would be that network ac-

tivity developing in separated compartments prevents innerva-
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Figure 9. Evaluation of compartment connectivity with paired patch-clamp recordings. A, B, Connectivity within 13- to
16-d-old cultures was assessed by recording simultaneously two neurons. Synchronous network activity lead to barrages of
synaptic currents that were either synchronized between both neurons (A) or occurred out-of-phase and often with different
frequency (B). €, In simultaneously recorded neurons located at two distant sites of the same compartment (i.e., within 1 network), the
onset of synchronous network activity occurred in both cells within a 250 ms interval. Based on these recordings, the bin width for the
following histograms were set to 250 ms (n = 5 cultures, 1 pair per culture; see indications of culture number in the top right side of each
histogram n this figure). D, All A~B pairs (neuronsin compartments separated by 1.5 mm) showed synchronous burst activity (most bursts
inthetworecorded cells fell withina 250 msinterval, as showninA). E, A~B pairs (neurons in compartments separated by 1.5 mm) showed
no synchronous burst activity (delay 15, as shownin B) if the nitially interconnected networks were mechanically separated. F, G, From
the 25 recorded A—Cneuronal pairs (neurons in compartments separated by 2.0 mm), 20 were asynchronous (F; delay >15), and five pairs
(G) presented synchronous burst activity. H, After blockade of GABA,ergic and glutamatergic receptor activity until 13 DIV, all A-C pairs
presented synchronous burst activity at 13—16 DIV.

cluding the stabilization of these developing synapses between

tion because connections between neurons that are predomi-  late-coming axons and target neurons. An alternative possibility
nantly activated out-of-phase are eliminated. If network activity ~ is that the activation of silent synapses prevents additional inner-
includes all neurons in a compartment, each neuron will most ~ vation by some unknown molecular mechanism. This seems less
probably depolarize during the compartment eventsand maynot  likely because axonal growth occurs beyond the initial period of
or only rarely depolarize by the asynchronous activity coming  synaptogenesis during experience-dependent refinement of syn-
through pioneer axons from the other compartment, thus ex-  aptic connections (Katz and Shatz, 1996). However, it is possible



Voigt et al. e Sculpture of Early Neocortical Interconnections

that the activation of silent synapses in a leading growth cone
prevents additional axonal elongation without inhibiting local
axonal collateral growth.

During early brain development, the cortex is generated in a
rostral-to-caudal and a lateral-to-medial gradient. Because of this,
axons from different regions will reach their target areas at different
time points. The present results suggest that silent synapses play a
significant part in the context of the formation of corticocortical and
probably also on thalamocortical connections. The initial formation
of functional silent synaptic connections might allow cortical and
thalamic axons to innervate a maximum of their appropriate target
areas in the absence of any Hebbian-like competition. Then large-
scale synchronized activity facilitates the AMPAfication of pre-
formed synapses globally throughout the entire structure at a de-
fined point in time. In this way, all synaptic connections are activated
in synchrony, guaranteeing equal starting conditions for all of them
when activity-dependent refinement processes begin to operate.

One may argue that the discontinuity between cortical net-
works created in culture is not typical for the neonatal normal
developing neocortex, in which waves of synchronous activity
propagate continuously throughout the entire cortex and hip-
pocampus (Garaschuk et al., 2000). However, it is feasible to
imagine that regions with exacerbated asynchrony in network
development may be accidentally created by localized trauma and
other localized developmental disturbances. In this specific de-
velopmental time window that would generate disconnections,
asynchrony that might not be repaired later.

In summary, we show here that a sequential formation of
functional glutamatergic synapses might play a primordial role in
determining the architecture of cortical and cortical-like net-
works. During the early network phase, connections grow to their
targets and synchronized network depolarization activates im-
mature synapses simultaneously. These two mechanisms (syn-
chronous activity and silent synapses) act together to prevent a
premature onset of regressive developmental changes as a conse-
quence of heterosynaptic competition.
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