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Synchronized Paroxysmal Activity in the Developing
Thalamocortical Network Mediated by Corticothalamic Projections

and “Silent” Synapses

Peyman Golshani and Edward G. Jones

Center for Neuroscience, University of California, Davis, California 95616

In mouse thalamocortical slices in vitro, the potassium channel
blocker 4-AP and GABA, receptor antagonist bicuculline to-
gether induced spontaneous prolonged depolarizations in layer
VI neurons from postnatal day 2 (P2), in ventroposterior nucleus
neurons (VP) from P7, and in reticular nucleus neurons (RTN)
from P8. Dual whole-cell recordings revealed that prolonged
bursts were synchronized in layer VI, VP, and RTN. Bursts were
present in cortex isolated from thalamus, but not in thalamus
isolated from cortex, indicating that bursts originated in cortex
and propagated to thalamus. Prolonged bursts were synchro-
nized in layer VI when vertical cuts extended from pia mater
through layers IV or V, but were no longer synchronized when
cuts extended through layer VI and white matter.

In voltage-clamp recordings before P10, burst conductance
of all three neuronal populations was dominated by the NMDA
receptor-mediated conductance, and therefore synapses were

“silent”. In cortex and RTN, after P10, bursts were associated
with strong AMPA/kainate receptor-mediated conductances,
and synapses had become “functional”; silent synapses per-
sisted in a large proportion of VP cells after P10.

Before P9, the NMDA receptor antagonist APV or the non-
NMDA receptor antagonist CNQX blocked the prolonged
bursts. After P9, CNQX continued to block the prolonged
bursts, but APV merely shortened their duration.

Thus, NMDA receptor-based silent synapses are essential for
paroxysmal corticothalamic activity during early postnatal de-
velopment, and connections between layer VI neurons are suf-
ficient for horizontal cortical synchronization.

Key words: ventroposterior nucleus; reticular nucleus; so-
matosensory cortex; NMDA receptor; cortical oscillations; par-
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Synchronous oscillatory activity of large populations of forebrain
neurons is a concomitant of changes in conscious state during
arousal and sleep (Steriade et al., 1993). Synchronization of large
ensembles of cortical and thalamic cells during state-dependent
changes in rhythmic activities of the forebrain is dependent on
the corticothalamic projection (Contreras et al., 1996). The de-
velopment of low- and medium-frequency, state-dependent oscil-
lations in the thalamocortical network is delayed until maturation
of the intrinsic membrane properties of thalamic cells (Warren
and Jones, 1997). Until these properties mature, certain forms of
seizure activity, notably the absence seizures of childhood, are
uncommon. Nevertheless, in both the immature and adult ner-
vous system, small perturbations of inhibitory or excitatory sys-
tems lead to highly synchronized, paroxysmal activity that can
propagate across large distances.

Recently, the existence of silent synapses has been revealed in
the developing optic tectum of Xenopus and in the hippocampus
and layer IV of the cerebral cortex of mammals (Crair and
Malenka, 1995; Durand et al., 1996; Wu et al., 1996; Isaac et al.,
1997). These synapses are called silent because they induce exci-
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tatory postsynaptic conductances that are mediated solely by the
NMDA receptor, and hence do not conduct current at the resting
membrane potential of the cell. Silent synapses can be converted
into functional synapses, i.e., synapses that induce both NMDA
and AM PA /kainate-mediated EPSCs, by pairing presynaptic ac-
tivation with postsynaptic depolarization. The selective transfor-
mation of silent synapses into functional synapses has been hy-
pothesized to underlie the Hebbian, activity-dependent shaping
of retinotectal (Wu et al., 1996) and thalamocortical (Isaac et al.,
1997) circuitry and may determine the selective stabilization or
retraction of synapses during development.

Although the existence of silent thalamocortical synapses dur-
ing early development has been a topic of considerable discussion
(Isaac et al., 1997; Malenka and Nicoll, 1997), there has been little
consideration of the potential existence of silent corticocortical
and corticothalamic synapses or of how they may support syn-
chronized oscillatory or paroxysmal activity. It is well known that
the neonatal brain is especially susceptible to induction of epi-
leptiform activity (Blom et al., 1978; Ellenberg et al., 1984), but
there has been little study of the mechanisms of seizure induction
and propagation in immature cortical circuits.

Most in vitro studies of epileptiform activity in the cortex have
been performed on isolated cortical slices that eliminate the
corticothalamocortical loop. Although intrinsic cortical circuitry
is rich in recurrent excitatory connections and can support the
existence of epileptiform activity on its own, paroxysmal activity
in vivo undoubtedly involves the integration of activity at both
cortical and thalamic levels (Neckelmann et al., 1998, Steriade et
al., 1998; Steriade and Contreras, 1998; Timofeev et al., 1998). In
this study, using an in vitro slice preparation that maintains
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thalamocortical and corticothalamic connectivity (Agmon and
Connors, 1991), we demonstrate that the corticothalamocortical
circuit dominated by silent synapses can support the existence of
synchronized paroxysmal activity and that connections between
layer VI cells are sufficient for the propagation of paroxysmal
activity.

MATERIALS AND METHODS

Postnatal day 0 (P0)-P17 ICR mice (Harlan Sprague Dawley, Indianap-
olis, IN) mice were anesthetized by hypothermia (P0—P4) or with ether
(P5-P17) and decapitated. The brain was quickly removed and put in
chilled artificial CSF (ACSF) containing in mm: NaCl 126, KCI 3,
NaH,PO, 1.25, MgSO, 1.3, CaCl, 2.5, NaHCO; 26, and dextrose 20, pH
7.4 when bubbled with 95% O, and 5% CO,, osmolarity 300-315 mOsm.
Slices (400-um-thick) containing the somatosensory cortex, reticular
nucleus (RTN), and ventroposterior nucleus (VP) were cut at an angle
that preserves corticothalamic and thalamocortical connectivity (Agmon
and Connors, 1991); in three experiments, the thalamus and cortex were
disconnected by cuts through the internal capsule and striatum. In one
experiment, a vertical cut extending from the pia mater to the superficial
white matter was made in the cortex. In two other experiments, vertical
cuts extending from the pia to the layer I'V/layer V border, or to the layer
V/layer VI border were made in slices in which the cortex was discon-
nected from the thalamus. Cuts were made with a thin steel blade while
slices were immersed in chilled ACSF. Slices were transferred to a
submersion-type chamber, superfused with ACSF aerated with 95% O,
and 5% CO,, and allowed to recover for at least 1 hr before recording.
Fourteen cells were recorded at 35°C, and the remaining 377 cells were
recorded at room temperature (22-25°C). Because prolonged bursts were
present at similar frequencies and were indistinguishable at both tem-
peratures, results from the two sets of experiments have been pooled. All
voltage-clamp data were recorded at room temperature.

Whole-cell recording pipettes were pulled from borosilicate glass on a
Narishige PP-83 two-stage puller and had resistances of 2-5 MQ. Inter-
nal solutions (in mMm) included: either (1) potassium gluconate 120,
HEPES 10, EGTA 1, MgCl, 2, CaCl, 0.1, NaCl 20, Na,ATP 2, NaGTP
0.5, pH adjusted to 7.2-7.4 with KOH; or (2) CsOH 120, p-gluconic acid
120, HEPES 10, EGTA 1.1, MgCl, 2, CaCl, 0.1, NaCl 20, Na,ATP 2,
NaGTP 0.5, QX-314 3, pH adjusted to 7.2-7.4 with CsOH. Osmolarity
was adjusted to 290-300 mOsm. Biocytin 0.5% was present in the
internal solution during most recordings. Current-clamp recordings were
performed with an Axoclamp-2A amplifier (Axon Instruments, Foster
City, CA) and occasionally with an Axopatch 200B (Axon Instruments).
During current-clamp recordings, series resistance was typically 5-25
MQ and never >50 M), and was compensated in bridge mode. Voltage-
clamp recordings were always performed with the Axopatch 200B. Dur-
ing voltage-clamp recordings, series resistance was 5-25 M(), was mon-
itored regularly, and was compensated by 70-80%. Extracellular field
recordings were performed with whole-cell recording pipettes filled with
ACSF. Data were digitized via a CED 1401plus interface (Cambridge
Electronic Design, Cambridge, UK) at 150 Hz for the first nine current-
clamp recordings and at 5000 Hz for the remaining recordings.

Drugs used included (in uM): 4-aminopyridine (4-AP) 70, bicuculline
methchloride (BMC) 10, p-2-amino-5-phosphonovaleric acid (APV) 50,
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) 20. BMC and CNQX
were purchased from Research Biochemicals (Natick, MA). APV was
purchased from Research Biochemicals and from Sigma (St. Louis, MO).
4-AP was purchased from Tocris Cookson (Ballwin, MO). All drugs were
applied in the bath.

RESULTS

This study is based on data collected during whole-cell recordings
from 181 neurons in the VP nucleus of the thalamus, from 162 in
layer VI of the somatosensory cortex, and from 48 neurons in the
RTN at P2-P17. These data include dual whole-cell recordings
from 20 VP neuron-cortical neuron pairs, 12 cortical neuron—
cortical neuron pairs, 15 VP neuron—V P neuron pairs, 1 cortical
neuron—-RTN neuron pair, 1 RTN neuron-RTN neuron pair,
and 1 RTN neuron-VP neuron pair. All cells recorded with a
potassium gluconate-based solution in the pipette had membrane
potentials more negative than —60 mV and fired overshooting
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action potentials in response to depolarizing current pulses or
over-riding spontaneous EPSPs. Field potentials were recorded in
layer VI simultaneously with whole-cell recordings from 5 VP
neurons. Membrane potentials were corrected for a 10 mV junc-
tion potential.

Induction of synchronized prolonged bursts in cortical,
VP, and RTN neurons by 4-AP and bicuculline
Current-clamp recordings were obtained with pipettes filled with
a potassium gluconate-based internal solution from 101 VP, 81
layer VI, and 7 RTN neurons in thalamocortical slices from
P2-P16 mice. From P2 in layer VI, P7 in VP, and P8 in RTN,
joint application of 4-AP and bicuculline elicited prolonged de-
polarizations crested with trains of action potentials (Fig. 14-F).
In VP and RTN, these prolonged bursts were present only in a
subset of cells (50-100%) at all postnatal stages. Between P2 and
P9, prolonged bursts were present in 20 of 56 (36%) layer VI
cortical neurons and in all but one layer VI cell after P9. The
duration of prolonged bursts (0.5-85.9 sec) and the intervals
separating the prolonged bursts (0.8-454.0 sec) could remain
relatively constant during the recording, but usually varied con-
siderably. Bursts longer than 20 sec in duration were only re-
corded very rarely. Linear regression analysis demonstrated that
the mean interval between the bursts decreased during postnatal
development (data not shown). Furthermore, the duration of a
bursts was often related to the interval of time separating it from
the previous burst; bursts after a prolonged silence were usually
but not invariably longer in duration than those after a short silent
period.

In addition to eliciting prolonged bursts, 4-AP and BMC elic-
ited short bursts in VP and RTN neurons (Figs. 1E, 24). Short
bursts were typically <0.5 sec in duration and had characteristics
that distinguished them from the prolonged bursts that were
5-1000 times longer in duration. In voltage clamp, the short bursts
appeared as giant EPSCs characterized by a fast rise and smooth
decay and reversing near 0 mV (data not shown). Because short
bursts were absent from cortical neurons and did not occur
synchronously within VP and RTN, they were not studied
further.

Burst synchronization
To determine whether prolonged bursts in cortical cells were
synchronized within the cortex, whole-cell recordings of pairs of
layer VI cortical neurons were performed (n = 6 pairs). In all
recordings in which prolonged bursts were present (n = 5), bursts
appeared synchronously in the two cortical neurons (Fig. 14),
even when the cortical neurons were separated by 3—-4 mm. The
lag time between the beginning of a prolonged burst in one
cortical neuron and the beginning of the synchronous bursts in the
second cortical neuron was between 0 and 40 msec (n = 3 pairs)
when the cortical neurons were separated by 100500 wm, but was
100-300 msec when the cortical neurons were separated by 3—4
mm. The order in which the prolonged bursts were detected in the
paired cells varied even within the same pair of cells, suggesting
that a prolonged burst traveled as a propagating wave of activity
across the cortex and that the location from which the wave
started was random.

To determine whether prolonged bursts in VP cells were syn-
chronized with prolonged bursts in the cortex, whole-cell record-
ings were performed in VP simultaneously with field potential
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Paired whole-cell recordings from a layer VI-layer VI neuron pair (A4), a layer VI-VP neuron pair (B), a layer VI-RTN neuron pair (C),

a VP-VP neuron pair (D), an RTN-RTN neuron pair (E), and a VP-RTN neuron pair (F) reveal that prolonged bursts are synchronized in layer VI,
VP, and RTN. Schematic drawings illustrate the location of the paired recordings in each experiment.

recordings in deep layers of the cortex (n = 5) (data not shown).
In all cases, prolonged bursts in VP neurons were synchronized
with field potentials in the cortex. In addition, dual whole-cell
recordings were obtained from pairs of cells in VP and layer VI
of the cortex (n = 20 pairs). None of the cell pairs were mono-
synaptically coupled, as determined by the fact that action poten-
tials elicited by the injection of depolarizing current pulses into
either the thalamic or cortical neuron could not evoke EPSPs in
the other recorded neuron. In all cases in which prolonged bursts
were present in VP neurons, they were synchronized with
prolonged bursts in the cortex (n = 11 pairs) (Fig. 1B). In one
case, prolonged bursts in the cortex were synchronized with
barrages of subthreshold EPSPs in the VP neuron. The onset
delay between the beginning of the prolonged burst in a cortical
neuron and the beginning of the synchronous prolonged burst in
the paired thalamic neuron varied between 5 and 100 msec.
Bursts could appear first in the cortex or first in VP and, as in the
cortex, the order in which the burst appeared varied even within
the same pair of cells. However, in 85% (202 of 239) of the total
number of burst pairs, the prolonged burst was first detected in
the cortical cell.

To determine whether prolonged bursts in RTN were synchro-
nized with prolonged bursts in the cortex, dual whole-cell record-
ings were performed in layer VI of the cortex and RTN (n = 1).
The pair of cells was not monosynaptically coupled. Prolonged
bursts in the layer VI cortical cell occurred synchronously with
prolonged bursts in the RTN neuron (Fig. 1C).

To determine whether prolonged bursts were synchronized
within VP, dual whole-cell recordings were performed in VP
(n = 13 pairs). In all cases in which prolonged bursts were present
in both VP neurons, they were always synchronized (n = 10
pairs) (Fig. 1D). In one case, prolonged bursts present in one VP
neuron were synchronized with barrages of 2-4 mV EPSPs in the
other VP neuron.

Dual whole-cell recordings from one RTN-VP pair and one
RTN-RTN pair also revealed that prolonged bursts appeared
synchronously (Fig. 1E,F).

We attempted to define the site of origin of the prolonged
bursts by completely cutting the cortex away from the thalamus.
Whole-cell recordings of layer VI cortical neurons in the isolated
cortex revealed that prolonged bursts were present in all neurons
examined (n = 4). Paired recordings from layer VI neurons
located in adjacent cortical columns revealed that the prolonged
bursts remained synchronized in the isolated cortical preparation
(n = 1 pair) (Fig. 2B). In contrast, prolonged bursts were never
detected in whole-cell recordings of VP neurons in the isolated
thalamus (n = 4), although short bursts were recorded in all cells
(Fig. 2A4). Paired whole-cell recordings in VP revealed that short
bursts were not synchronized (n = 2 pairs).

To determine whether intracortical connections were critical
for synchronizing prolonged bursts within the cortex, cuts extend-
ing from the pia mater to the superficial white matter were made
in the cortex, and paired whole-cell recordings were performed in
layer VI of the cortex on both sides of the cut. These recording
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Figure 2. A, Paired whole-cell recordings from two VP neurons in an isolated thalamic slice. Note the absence of prolonged bursts. Also note that short
bursts are still present in thalamus isolated from cortex but do not appear synchronously. B, Paired whole-cell recordings from two layer VI neurons in
cortex isolated from thalamus. Note that prolonged bursts are still present in cortex isolated from thalamus and are synchronized. C, Paired whole-cell
recordings from two layer VI cortical neurons on either side of a vertical cut extending from the pia mater through layer I'V; note that the prolonged
bursts are present in both recordings and are still synchronized. D, Paired whole-cell recordings of two layer VI neurons on either side of a vertical cut
extending from the pia mater through layer V; note that the prolonged bursts are present in both recordings and are still synchronized. E, Paired
whole-cell recordings of two layer VI neurons on either sides of a cut extending from the pia mater through layer VI and white matter; note that the
prolonged bursts are present in both recordings but are no longer synchronized.

sites were separated by 500-1000 wm, a range that matches the
distances separating the recording sites in control experiments. In
all three pairs of cells examined, prolonged bursts were present in
all recordings, but bursts in the cell pairs were no longer synchro-
nized, confirming that horizontal cortical connections synchro-
nized the prolonged bursts in the cortex (Fig. 2E). To determine
which cortical layers were critical for the horizontal spread of the
prolonged bursts, partial vertical cuts were made in cortex iso-
lated from the thalamus, and paired whole-cell recordings were
performed in layer VI on either side of the cut. Cuts extending
from the pial surface to the layer I'V/layer V border did not
disrupt the synchrony of the prolonged bursts (n = 4 pairs) (Fig.
2C). Similarly, cuts extending from the pial surface to the layer
V/layer VI border did not disrupt the synchrony of the prolonged
bursts (n = 2 pairs) (Fig. 2D), suggesting that axons traversing
layer VI and the white matter are sufficient for the synchroniza-
tion of the prolonged bursts.

Voltage-clamp analysis of prolonged bursts

Prolonged synchronized corticothalamic bursts were further stud-
ied in voltage clamp in 80 VP neurons, 81 layer VI neurons, and
38 RTN neurons. Recordings were performed with pipettes filled

with a cesium gluconate-based internal solution supplemented
with QX-314 to reduce voltage-dependent potassium currents and
block voltage-dependent Na™ currents and GABAg-mediated
currents. Prolonged bursts were typically recorded at seven dif-
ferent holding potentials between —90 and +30 mV. At all
postnatal ages, in all three cell populations, prolonged burst
currents were recorded as compound inward currents at hyper-
polarized membrane potentials and reversed to outward currents
near 0 mV (layer VI neurons, —0.44 * 4.38 mV; RTN neurons,
+0.06 = 4.53 mV; VP neurons, +1.07 = 4.73 mV) (Fig. 3). There
were no developmental changes in the reversal potentials in any
of the three cell populations. There was a dramatic developmental
shift in the voltage dependence of the peak conductance and
charge transfer of the burst currents (Fig. 3). Between P2 and P10,
at holding membrane potentials close to the resting membrane
potential of the cell (around —70 mV), burst currents were
relatively small in amplitude. Hyperpolarization of the mem-
brane typically resulted in a further reduction of the peak current
amplitude and charge transfer, whereas depolarization of the
membrane potential led to a marked increase in the peak ampli-
tude and charge transfer. Plotting the peak burst current ampli-
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Figure 3. Voltage-clamp traces and current-voltage plots of synaptic currents underlying the prolonged bursts in layer VI (4), RTN (B), and VP (C)
neurons at P7-P8 and P14. Note that at P7-P8 burst conductances show strong voltage dependence at the peak of the current, but that at P14, they show

little or no voltage dependence.

tude versus the membrane potential made evident the strong
voltage dependence of the burst peak conductance in all three cell
populations and also revealed a region of negative conductance
between —70 and —30 mV, typical of NMDA receptor-mediated
conductances.

After P12, at membrane potentials near the resting membrane
potential of the cell, burst currents recorded from layer VI and
RTN cells were very large in peak amplitude (up to several
nanoamps) and displayed large charge transfer. Hyperpolariza-
tion of the membrane typically resulted in an increase, whereas
depolarization resulted in a decrease of the peak amplitude and
charge transfer of the burst currents. Current versus voltage plots
typically revealed a linear or near-linear relationship between

holding membrane potential and peak current amplitude typical
of non-NMDA receptor-mediated conductances. After P12, burst
currents recorded from a large proportion of VP neurons (25 of
31) still displayed strong voltage dependence, whereas the burst
currents recorded from the remaining 6 VP neurons displayed
linear or near linear current-voltage relationships.

To further quantify the change in voltage dependence in burst
current peak amplitude during development, the ratio of the peak
amplitude recorded at —90 mV to the peak amplitude recorded at
+30 mV was calculated and plotted versus the age of the animals
(Fig. 4). Linear correlation analysis revealed a significant devel-
opmental shift in the voltage dependence of the peak burst
current amplitude in layer VI (n = 56; R = 0.342; p < 0.0001)
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Figure 4. Scatter plot and linear regression analysis of the ratio of the
peak burst current recorded at —90 mV to the peak burst current re-
corded at +30 mV versus developmental stage in layer VI (A4), RTN (B),
and VP (C) neurons. Note the increase in the ratio of the current at later
developmental stages in layer VI and RTN neurons confirming that
current-voltage relationships show voltage dependence at early stages but
little or no voltage dependence at later developmental stages. In VP
neurons, a large proportion of the neurons still show strong voltage
dependence at later developmental stages.

and RTN neurons (n = 28; R* = 0.443; p = 0.0001). Changes
were not proven to be linear. In VP, where a large number of cells
did not show a decrease in the voltage dependence of the peak
burst conductance (Fig. 4C), there was no statistically significant

Golshani and Jones ¢ Synchronous Bursts Mediated by Silent Synapses

shift in the voltage dependence of the response (n = 41; R* =
0.023; p > 0.1), although a few VP cells after P14 did show
decreases in voltage dependence of burst currents. The strong
voltage dependence of the peak conductance of the burst currents
before P12 suggests that NMDA receptor-mediated currents are
the dominant contributors to the total burst current during the
early postnatal period. The lack of voltage dependence of the
peak conductance of the burst currents in layer VI and RTN cells
after P12 suggests that non-NMDA receptors, which typically
show little voltage dependence at peak conductance, make a large
contribution to the total burst current during more mature post-
natal stages.

Pharmacological analysis of prolonged

corticothalamic bursts

The NMDA receptor antagonist APV and the non-NMDA glu-
tamate receptor antagonist CNQX were applied together in the
bath (n = 4 layer VI neurons, 1 VP neuron, and 1 RTN neuron).
Application of APV and CNQX together always reversibly
blocked the prolonged bursts, indicating that ionotropic gluta-
mate receptors are essential for the genesis of the prolonged
bursts (data not shown).

To determine which ionotropic glutamate receptor is essential
for the genesis of the prolonged bursts at early and late develop-
mental time points, CNQX and APV were applied separately to
layer VI neurons, RTN neurons, and VP neurons at all postnatal
ages examined. Application of CNQX alone reversibly blocked
the prolonged bursts at all postnatal ages examined (P6-P15)
(n = 2 VP neurons, 3 layer VI neurons), indicating that at both
early and late postnatal stages non-NMDA ionotropic glutamate
receptors are involved in the maintenance of the prolonged bursts
(Fig. 5). The NMDA receptor antagonist APV, however, had
developmentally specific effects on the synchronized corticotha-
lamic bursts. APV reversibly blocked the prolonged bursts only
when it was applied before postnatal day 8 (n = 2 of 2 cells) in
layer VI cells and before postnatal day 10 in VP cells (n = 3 of
3 cells) (Fig. 6A4,C). APV reversibly blocked the prolonged bursts
in two of three RTN cells before P10 and reduced the peak
conductance in the third cell to <10% of the control value (data
not shown). After P8 in cortical cells, and after P10 in VP and
RTN cells, APV never blocked the prolonged bursts, only reduc-
ing the peak conductance of burst currents when recorded in
voltage clamp (Fig. 6B,D).

To quantify further the developmentally specific effects of APV
on the prolonged bursts, the proportion of the peak burst con-
ductance remaining after APV application was plotted against
the age of the animal. Linear correlation analysis revealed a
significant decrease with increasing age in the proportion of the
peak conductance blocked by APV in layer VI (n = 13; R* =
0.536; p < 0.005), RTN (n = 7; R? = 0.881; p < 0.005), and VP
(n = 5; R* = 0.865, p < 0.05), demonstrating that NMDA
receptor-mediated currents are much more prominent in early
postnatal development and are essential for the generation of the
prolonged bursts during the early postnatal period (Fig. 7). Dur-
ing later postnatal ages, the APV-insensitive current typically
displayed a linear peak current versus voltage relationship, again
suggesting that the strong nonlinearities in the current-voltage
relationships observed in slices from animals before P§-P10,
resulted from the relatively large contribution of NMDA
receptor-mediated conductances to the total burst conductance.
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DISCUSSION

Induction of prolonged corticothalamic bursts by 4-AP
and bicuculline

Application of 4-AP and bicuculline elicited prolonged bursts in
layer VI, RTN, and VP neurons in P2-P16 thalamocortical slices.
Paired whole-cell recordings demonstrated that the prolonged
bursts appeared synchronously in the cortex, RTN, and VP.
Synchronized prolonged bursts were still observed in cortex iso-
lated from thalamus but were never observed in thalamus isolated
from cortex, demonstrating that the prolonged bursts were gen-
erated in the cortex and propagated to RTN and VP via the
corticothalamic projection. Because RTN neurons also receive
strong excitatory input from collaterals of thalamocortical fibers,
prolonged bursts could also have propagated from VP to RTN.

Paired whole-cell recordings in cortex demonstrated that even
in the same pair of cells, there was a great deal of variability in the
sequence of onset of the bursts. This suggests that prolonged
bursts originated in different cortical loci with each burst and
propagated through the two recording sites in a variable manner.
Similar variability in the origin of spontaneous synchronized
activity has been observed in the neocortex and hippocampus
using voltage dye-imaging techniques (Colom and Saggau, 1994;
Sutor et al., 1994). In a minority of cases, the onset of the
prolonged burst was first observed in VP and then in the cortex.
In these cases, synchronized activity probably propagated from
an initial site in the cortex to the recording site in the thalamus
before propagating to the recording site in the cortex.

Paired whole-cell recordings separated by vertical cuts of var-
ious depths through the cortex demonstrated that prolonged
bursts remained synchronized in the recordings if the cut ex-
tended from the pia mater to the deep aspect of layer V but that
prolonged bursts were no longer synchronized when cuts ex-
tended into layer VI and the white matter. This suggests that

9 sec.

Prolonged bursts recorded from P6 (A) and P14 (B) layer VI neurons before, during, and after application of CNQX. Note that CNQX blocks

horizontal connections probably arising from layer VI cells are
sufficient for the propagation of the prolonged bursts across the
cortical slice. A subset of layer VI neurons possesses extensive
horizontal collaterals restricted to infragranular layers (Ojima et
al., 1992); excitation of these cells may play a cardinal role in the
propagation of synchronized activity in the cortex.

The induction of synchronized activity by 4-AP and/or
GABA , receptor antagonists has been studied extensively in the
hippocampus and neocortex (Gutnick et al., 1982; Traub and
Wong, 1983; Connors, 1984; Hablitz, 1984; Voskuyl and Albus,
1985; Rutecki et al., 1989; Ives and Jeffreys, 1990; Hwa and Avoli,
1991; Lee and Hablitz, 1991a,b; Muller and Misgeld, 1991; Avoli
et al., 1993, 1996a,b; Traub et al., 1993; Burke and Hablitz, 1994;
Colom and Saggau, 1994; Scharfman, 1994a,b; Sutor et al., 1994;
Bianchi and Wong, 1995; Hoffman and Prince, 1995; Bijak and
Misgeld, 1996; Psarropoulou and Avoli, 1996; Barbarosie and
Avoli, 1997; Benardo, 1997; Forti et al., 1997, Golomb and Ami-
tai, 1997; Siniscalchi et al., 1997; Lopantsev and Avoli, 1998), but
there has been little or no study of the propagation of paroxysmal
activity from the cortex to the thalamus. At the low doses used in
this study (70 um), 4-AP is thought to selectively block the D-type
potassium current (Wu and Barish, 1992). Suppression of the D
current in axons or axon terminals prolongs the action potential
and the period of calcium entry at the terminal and consequently
increases transmitter release (Barish et al., 1996; Wheeler et al.,
1996). Increased strength of excitatory transmission in a neocor-
tical circuit rich in recurrent excitatory connections, accompanied
by increases in the frequency of ectopic action potentials (Traub
et al., 1995), leads to generation of spontaneous synchronous
propagating discharges. In the present study, we blocked GABA 4
receptors to best study the development of excitatory circuitry in
the corticothalamocortical loop, further promoting the genera-
tion and propagation of synchronized discharges. A recent study
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Figure 6. A, Whole-cell voltage-clamp recordings showing prolonged burst currents recorded from P9 layer VI neuron before, during, and after
application of APV. Note that APV reversibly blocks the prolonged burst currents at this age. B, Whole-cell voltage-clamp recordings of prolonged burst
currents recorded from a P13 layer VI neuron before, during, and after application of APV, and APV and CNQX. Note that APV no longer completely
blocks the bursts but reduces the duration of the currents. Further addition of CNQX reversibly blocks the bursts. C, Whole-cell voltage-clamp recording
of prolonged burst currents recorded from a P8 VP neuron before, during, and after application of APV. Note that APV reversibly blocks the burst
currents at this age. D, Whole-cell voltage-clamp recording of prolonged burst currents recorded from a P15 VP neuron. Note that APV no longer blocks
the burst currents and only reduces their duration.
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Figure 7. Scatter plots and linear regression analysis of percentage of the
total peak conductance of the burst currents remaining after application
of APV versus age in layer VI (A4), RTN (B), and VP (C) neurons. Note
that the percentage of the total peak conductance remaining after appli-
cation of APV increases with increasing age of the animal in all three cell
populations.

demonstrated that the GABA, receptor antagonist used in this
study, bicuculline methchloride, also directly blocks the afterhy-
perpolarization terminating the low-threshold spike burst in tha-
lamic cells (Debarbieux et al., 1998). This effect could contribute
to the generation of paroxysmal activity in this study.

In slices cut in an ideal plane, where both thalamocortical and
corticothalamic connections are preserved, there are likely to be
re-entrant loops of activity whereby a prolonged burst initiated in
the cortex propagates to the thalamus through excitation of cor-
ticothalamic cells in layer V and VI and then backpropagates to
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cortex via the thalamocortical projection. Although the creation
of corticothalamocortical “strong-loops” has been hypothesized
to lead to epileptiform activity (Crick and Koch, 1998), thalamo-
cortical activation of an already epileptic cortex may in fact act to
disrupt the synchrony of cortical cells.

Voltage-clamp and pharmacological analysis of
corticothalamic prolonged bursts

Voltage-clamp analysis of prolonged bursts in the layer VI, VP,
and RTN cells demonstrated considerable developmental
changes in the excitatory postsynaptic conductances underlying
the prolonged bursts. The peak burst conductance was highly
voltage-dependent during the early postnatal stages in all three
types of neurons, but became nonvoltage-dependent or nearly so
in most cortical and RTN neurons and in some VP neurons; a
large proportion of VP cells still showed voltage-dependent burst
conductances at later ages. These changes can be attributed to
changes in the relative contributions of non-NMDA and NMDA
receptors to the total burst conductance, because non-NMDA
receptor-mediated conductances usually show little voltage de-
pendence, whereas NMDA receptors show strong voltage depen-
dence (Nowak et al., 1984; Mayer and Westbrook, 1987; Ascher
and Nowak, 1988). This suggests that during the first 8-9 d of
postnatal development, a very large majority of synapses acti-
vated during the prolonged bursts in layer VI, RTN, and VP are
silent synapses, i.e., synapses in which only NMDA receptor-
mediated currents can be evoked. Later in development, pro-
longed bursts activate functional synapses, i.e., synapses at which
both AMPA and NMDA receptors are activated.

Pharmacological analysis further confirmed that the voltage-
dependent conductance recorded during early postnatal times
was an NMDA receptor-mediated conductance. APV reversibly
blocked prolonged bursts only when it was applied before post-
natal day 8 in layer VI cells and before postnatal day 10 in VP. In
RTN cells, before P10, APV reversibly blocked prolonged bursts
or reduced the peak conductance to <10% of the control value.
Later in development, APV only reduced the amplitude and
duration of burst currents and eliminated any voltage dependence
in the current-voltage relation. The non-NMDA receptor antag-
onist CNQX, however, blocked the prolonged bursts at all ages
examined. This indicates that activation of NMDA receptors at
silent synapses was necessary but not sufficient for the existence
of prolonged bursts at early postnatal ages. During the early
developmental period, the relatively small contribution of non-
NMDA receptors is critical for the genesis of the bursts, probably
by causing an initial depolarization into the voltage range in
which NMDA receptors can be activated. During later postnatal
ages, activation of NMDA receptors was neither necessary nor
sufficient for bursts, but activation of non-NMDA receptors was
both necessary and sufficient. The larger proportion of synapses
with active non-NMDA receptors after P9 is enough to cause
recurrent excitation and propagation of the bursts.

Silent synapses have been demonstrated in developing Xenopus
tectal neurons, in hippocampal CA1 neurons, and in cortical layer
IV neurons (Crair and Malenka, 1995; Durand et al., 1996; Wu et
al., 1996; Isaac et al., 1997). In all these neurons, silent synapses
can be converted to functional synapses by pairing presynaptic
activity with postsynaptic depolarization, suggesting that calcium
entry through NMDA receptors can enter the postsynaptic cell
and activate AMPA receptors through activation of signal trans-
duction intermediates. EPSCs at developing corticothalamic syn-
apses are also dominated by NMDA receptor-mediated currents
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(Golshani et al., 1998). It will be interesting to determine whether
sustained synchronous bursts can convert silent synapses between
layer VI cortical neurons, VP neurons, and RTN neurons into
functional synapses.

In the adult hippocampus, prolonged synchronized bursts that
originate in CA3 and propagate to CAl and are recorded in the
presence of 4-AP, GABA,, and ionotropic glutamate receptor
blockers, are mediated by activation of metabotropic glutamate
receptors (mGluRs) (Bianchi and Wong, 1995). mGluR activa-
tion alone was incapable of sustaining the prolonged corticotha-
lamic bursts recorded in our preparation (our unpublished obser-
vations), suggesting a higher density of recurrent excitatory
connections containing mGluRs in CA3 compared with the
cortex.

Silent synapses and neuronal synchronization:
implications for juvenile epilepsies

We observed paroxysmal activity in the cortex as early as post-
natal day 2, at a stage when only layers V and VI have formed,
and synaptogenesis is only beginning. Spontaneous synaptic cur-
rents have been recorded in neocortical slices in very early post-
natal stages (Blanton and Kriegstein 1991; Kim et al., 1995), but
it has generally been assumed that synaptic connectivity at these
stages is incomplete or insufficiently dense to maintain synchro-
nized network or paroxysmal activity. By suppressing inhibition
and increasing transmitter release, we have shown that very early
postnatal cortical circuitry can indeed support the existence of
synchronized activity, mainly through activation of silent syn-
apses. Because synchronized presynaptic and postsynaptic activ-
ity can transform silent synapses into functional synapses, syn-
chronous paroxysmal activity in time may transform a large
number of silent synapses into functional synapses, thereby
strengthening recurrent excitatory loops and promoting epilepto-
genesis. Synchronized paroxysmal activity may also interfere with
activity-dependent formation of cortical, thalamocortical, and
subcortical circuits and adversely affect the normal maturation of
sensory, motor, and cognitive centers.
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