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INSERM, Unité 603, Centre National de la Recherche Scientifique, UMR 8154, and Laboratory of Neurophysiology and New Microscopies, Université Paris
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Spontaneous neuronal activity plays an important role during the final development of the brain circuits and the formation of the primary
sensory maps. In young rats, spindle bursts have been recorded in the primary somatosensory cortex. They are correlated with sponta-
neous muscle twitches and occur before active whisking. They bear similarities with the spindles recorded in adult brain that occur during
early stages of sleep and rely on a thalamic feedback loop between the glutamatergic nucleus ventroposterior medialis (nVPM) and the
GABAergic nucleus reticularis thalami (nRT). However, whether a functional nVPM–nRT loop exists in newborn rodents is unknown. We
studied the reciprocal synaptic connections between nVPM and nRT in thalamic acute slices from mice from birth [postnatal day 0 (P0)]
until P9. We first demonstrated that nVPM-to-nRT EPSCs could be distinguished from corticothalamic EPSCs by their inhibition by 5-HT
attributable to the transient expression of functional presynaptic serotonin 1B receptors. The nVPM-to-nRT EPSCs and nRT-to-nVPM
IPSCs were both detected the first day after birth; their amplitude near 2 nS was relatively stable until P5. At P6 –P7, there was a rapid and
simultaneous increase of both nVPM-to-nRT EPSCs and nRT-to-nVPM IPSCs that reached 8 and 9 nS, respectively. Our results show that
the thalamic synapses implicated in spindle activity are functional shortly after birth, suggesting that they could already generate spindles
during the first postnatal week. Our results also suggest an inhibitory action of 5-HT on the spindle bursts of the newborn mice.

Introduction
The primary somatosensory (S1) maps of the mouse whiskers
(Woolsey and Van der Loos, 1970) are a critical model to elucidate
the mechanisms of sensory map development and neuronal circuit
refinement. They emerge sequentially during the first postnatal week
as barrelettes in brainstem, barreloids in thalamic nucleus ventralis
posterior medialis (nVPM), and barrels in S1 cortex (Belford and
Killackey, 1979b; Killackey and Belford, 1979).

After early sensory deprivation, S1 maps (Van der Loos and
Woolsey, 1973; Belford and Killackey, 1979a, 1980; Jeanmonod et
al., 1981), cortical responses to whisker stimulation (Simons and
Land, 1987; Rema et al., 2003; Shoykhet et al., 2005; Lee et al.,
2007), and tactile discrimination (Carvell and Simons, 1996) are
abnormal, demonstrating the importance of neuronal activity for
morphological and functional development of S1 maps. Genetic
studies also showed that glutamate and serotonin (5-HT) are
key neurotransmitters for S1 map development (Crair, 1999;
Erzurumlu and Kind, 2001; Gaspar et al., 2003; Inan and Crair,
2007).

A complete inactivation of NMDA receptors (NMDARs) dis-
rupts all S1 maps (Li et al., 1994; Iwasato et al., 1997, 2000). The
cortical NMDARs that mediate Hebbian plasticity at the thalamo-
cortical (TC) synapses (Crair and Malenka, 1995; Feldman et al.,
1998; Lu et al., 2001) control the differentiation of cortical spiny
stellate neurons and the clustering of the TC axonal arbors
(Iwasato et al., 2000; Datwani et al., 2002b; Lee et al., 2005). The
presynaptic 5-HT1B receptors (5-HT1BRs) that inhibit glutamate
release at the TC synapse (Laurent et al., 2002) control also barrel
development (Cases et al., 1996; Salichon et al., 2001). However,
several cortex-specific genetic modifications have no effect on the
closure of the critical period (Lu et al., 2001; Datwani et al., 2002a;
Rebsam et al., 2005; Inan et al., 2006; Iwasato et al., 2008) and the
TC axon clustering (Iwasato et al., 2000; Hannan et al., 2001; Inan
et al., 2006; Watson et al., 2006), suggesting that still unknown
changes occur in the thalamus.

Active whisking behavior emerges at 2 weeks (Landers and
Philip Zeigler, 2006), after the S1 map formation, suggesting that,
as in the visual system (Huberman et al., 2008), early spontane-
ous activity contributing to S1 map development may be gener-
ated before active whisking. Interestingly spontaneous 10 Hz
spindles were recorded in newborn rat S1 cortex (Khazipov et al.,
2004). Their intrinsic frequency is unaffected by GABAergic an-
tagonists applied in S1 cortex (Minlebaev et al., 2007, 2009), and
they are correlated with nVPM neuronal activity (Khazipov et al.,
2004), suggesting that they are generated in the thalamus and that
they bear similarities with the adult cortical 7–15 Hz spindles.
The adult spindles are generated during early stages of sleep by a
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thalamic inhibitory feedback loop between the GABAergic nu-
cleus reticularis thalami (nRT) and the glutamatergic nVPM
(Fuentealba and Steriade, 2005). So far, there has been no system-
atic investigation of this intrathalamic circuitry during the first
postnatal week; therefore, we investigated the development of the
reciprocal nVPM–nRT synaptic connections in the newborn
mice.

Materials and Methods
Animals. Experiments were performed on newborn mice [postnatal day 0
(P0) to P9, with P0 being the day of birth] NMRI mice (Janvier) born in
the local animal house. Controls were performed in older mice (P18 –
P23). All experiments followed the European Union and institutional
guidelines for the care and use of laboratory animals (Council Directive
86/609EEC).

Slice preparation. Animals were anesthetized by intraperitoneal injec-
tion of pentobarbital (20 mg/kg) and decapitated. The brain was quickly
removed and placed in ice-cold (2– 4°C) oxygenated (5% O2, 95% CO2)
standard artificial CSF (ACSF). Horizontal slices were cut (thickness, 400

�m at P0 –P11; 300 �m at P18 –P23) using a vibratome (VT100S; Leica).
The slices were first maintained during 1 h at 33°C and later at room
temperature (22–24°C) in oxygenated standard ACSF.

Electrophysiological recordings. For recording, the slices were placed in
a small (�1 ml) chamber, perfused at 2 ml/min with ACSF at physiolog-
ical temperature (33–34°C), and maintained stable using a V-shaped
piece of platinum. Recordings were obtained from either the nRT or the
nVPM identified under visual control using an upright fixed-stage mi-
croscope (Axioskop FS; Carl Zeiss) with Nomarski optics equipped with
a camera (Cascade 512B; Roper Scientific). Somatic whole-cell record-
ings were performed using borosilicate glass pipettes with a tip resistance
of 2–3 M� and an Axopatch 200B amplifier (Molecular Devices). Mem-
brane capacitance and serial resistance were not compensated. Voltage
and current signals were filtered at 5 kHz, digitized at 100 kHz using a
digital board (Digidata 1322A; Molecular Devices), and stored on com-
puter. The protocols were generated using the program pClamp10
(Molecular Devices). The series resistance (Rs) was estimated using a
short-duration (20 ms) negative voltage step (3 mV) preceding by 200 ms
the electrical stimulation of the afferent fibers. Typical Rs, calculated at

Figure 1. Electrical nVPM stimulation evokes monosynaptic unitary EPSCs in nRT. A, View of a horizontal thalamic slice using infrared video microscopy and showing a recording patch pipette in
the nRT, and a stimulating theta pipette in the nVPM. B, Example of a minimal unitary fast inward EPSC at P7. Superimposed (n � 5) EPSCs evoked by subthreshold (1) and suprathreshold (2)
stimulation (B1). Superimposed graphs (B2) illustrating for the same cell, the changes with stimulation intensity (0 –26 V) of the peak amplitude of individual EPSCs (black diamond; n � 8 –15),
and the probability of response (gray line). Minimal unitary EPSCs of relatively stable amplitude near 400 pA and without transmission failure between 11 and 26 V. B3, Same cell, latency distribution
of EPSCs (n � 96) evoked at 11–26 V and fitted with a single Gaussian function (mean of 2.086 � 0.004 ms). C, Linear I–V curve of a fast AMPAR-mediated EPSC recorded in the presence of 50 �M

D-AP-5, with a reversal at �1.54 mV. Inset, Same cell, average (n � 4 –5) EPSCs at �51, �1, �29, and �69 mV. D, I–V curve of an NMDAR-mediated EPSC in the presence of 10 �M NBQX with
a reversal at �0.8 mV and a typical blockade at potentials more negative than �10 mV. Inset, Same cell, average (n � 4 –5) EPSC at �31, �1, �29, and �89 mV.
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the beginning of the current step using Ohm’s
law, were of the order of 5–20 M�, and record-
ings were discarded when Rs increased by �20%
of the control value. Afferent fibers were stimu-
lated with a bipolar extracellular electrode, by
applying voltage steps with an isolated voltage
stimulator (DS2A; Digitimer). The voltage
steps were applied through a theta-glass pipette
filled with standard ACSF and positioned in
the nVPM or nRT. In several cases, activation
of the somatodendritic region of the nVPM
neurons was obtained by a short-duration (10
ms) pressure (�450 mbar) pulse of glutamate
(100 �M in standard ACSF) using a patch pi-
pette (tip diameter, �2–3 �m).

The recorded neurons were maintained in
voltage-clamp mode using whole-cell patch-
clamp recording. A low-frequency (0.03 Hz)
extracellular stimulation was used to record
stable control responses. The minimal single-
afferent fiber stimulation intensity was found
by progressively increasing the intensity until a
plateau response was obtained (Fig. 1) that re-
mained stable when the intensity was further
increased and that correspond to an absence of
action potential failure in the afferent fiber.
The stimulation intensity was set �5 V above
the intensity necessary to avoid action poten-
tial failures in the afferent fibers.

The data were analyzed offline using Clampex
(Molecular Devices), Excel (Microsoft), and
Igor Pro 4.1 (WaveMetrics). Current–voltage
( I–V) curves of the evoked postsynaptic cur-
rents (PSCs) were obtained by plotting the PSC
amplitude against the membrane potential (be-
tween �90 and �50 mV for the EPSC and �110
and �30 mV for the IPSC). The amplitude of the
GABAA receptor (GABAAR)-mediated IPSCs
was measured at their peak. The amplitude of the
AMPA receptor (AMPAR)-mediated compo-
nent of the EPSCs was measured at the time of
their peak at �70 mV. The amplitude of the
NMDAR component of the EPSCs was measured
10 ms after the beginning of the stimulation arti-
fact. The PSC conductance was calculated by di-
viding the PSC amplitude by the PSC driving
force (70 mV for EPSCs, 63 mV for IPSCs). The coefficient of variation
(CV) of the PSC amplitude was estimated using only the successful re-
sponses by dividing the SD by the mean of the response amplitude.
Paired-pulse ratios (PPRs) were obtained by applying two stimulations at
50 ms interval and calculated as the second PSC amplitude divided by the
first PSC amplitude (PSC2/PSC1). Control PSC amplitudes were mea-
sured in standard ACSF for at least 10 min to control the stability of the
response before the application of drugs. In a preliminary study, we
showed that a delay of �3 min was observed between the beginning of
NBQX application and the complete inhibition of the EPSCs (data not
shown). Effects of drugs on the PSC amplitude were expressed as percentage
of control amplitude. The PSC latencies were defined as the time when the
PSCs reach 10% of their peak amplitude. The EPSC rise time (RT) was the
time between 10 and 90% maximal amplitude; the IPSC RT was the time
between 20 and 80% maximal amplitude, the slower RT of the IPSCs being
more affected by the background noise. The duration of PSCs was measured
as the half-amplitude duration (�t1/2).

Statistical analyses were performed using GraphPad InStat (GraphPad
Software). Data are given as mean � SEM. The significance was calculated
using ANOVA, unpaired or paired Student’s t test, when appropriate.

Solutions and drugs. All chemicals were supplied by Sigma unless other-
wise specified. Standard ACSF contained the following (in mM): 126 NaCl,
2.85 KCl, 1.25 KH2PO4, 1.5 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 glucose.

The following compounds were bath applied: 5-HT (5–20 �M), CP93129
[1,4-dihydro-3-(1,2,3,6-tetrahydro-4-pyridinyl)-5H-pyrro-l-[3,2-b]pyridin-
5-one dihydrochloride] (100 nM; Tocris Biosciences), GR127935 (N-[4-
methoxy-3-(4-methyl-1-piperazinyl)phenyl]-2	-methyl-4	-(5-methyl-
1,2,4- oxadiazol-3-yl)-1,1	-biphenyl-4-carbox amide hydrochloride) (100
nM; Tocris Biosciences), D-(�)-2-amino-5-phosphonopentanoic
acid (D-AP-5) (50 �M; Ascent Scientific), 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX)
(10 �M; Ascent Scientific), gabazine [6-imino-3-(4-methoxyphenyl)-
1(6H)-pyridazinebutanoic acid hydrobromide] (10 �M; Ascent
Scientific).

The intracellular pipette solution contained the following (in mM): 120
Cs methylsulfate, 10 CsCl, 10 HEPES, 4 K-ATP, 2 MgCl2, 0.4 Na-GTP,
and 0.2 EGTA, pH adjusted to 7.35 using CsOH. All voltage values were
corrected for a �9 mV liquid junction potential.

Results
Electrical stimulation of nVPM evokes two types of EPSC in
nRT of young mice
Somatic whole-cell recordings were performed from the
GABAergic neurons of the nRT identified under infrared video
microscopy by their location between the nVPM and the internal
capsule (IC) and by the orientation of their dendritic tree parallel

Figure 2. Glutamate pulses in nVPM evoke large-amplitude nVPM-to-nRT EPSCs in the nRT at P7–P9. A, Schematic represen-
tation of a horizontal thalamic slice with individual lines connecting the position of neurons recorded in the nRT to the nVPM sites
in which focal glutamate pulse (100 �M, 10 ms, 0.5– 0.7 bar) evoked a burst of fast nVPM-to-nRT EPSCs recorded at �70 mV
holding potential. B, Examples of three different nRT neurons responding to a pulse of glutamate by a burst of nVPM-to-nRT fast
EPSCs recorded at �70 mV holding potential. C1, Diagram of the reciprocal nVPM-to-nRT and nRT-to-nVPM, and corticothalamic
connections. A focal application of glutamate in nVPM evokes only nVPM-to-nRT EPSCs. C2, Amplitude distribution of the EPSCs
evoked by glutamate pulses (n � 12 cells); only the first EPSC in the burst has been measured. All EPSCs had large amplitude
(�100 pA). D1, Same diagram of the reciprocal nVPM-to-nRT and nRT-to-nVPM circuit with the supplemental corticothalamic
connection. The electrical stimulation activates nVPM neurons mediating a nVPM-to-nRT EPSC; it also activates the axonal endings
of the corticofugal fibers generating an L6Cx-to-nRT EPSC. D2, Amplitude distribution of EPSCs evoked by electrical nVPM stimu-
lation (n � 46). The small-amplitude (
100 pA) responses are L6Cx-to-nRT EPSCs. Cx, Cortex.
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to the IC. Neurons were voltage clamped near their resting mem-
brane potential (RMP) at �70 mV. Low-frequency (0.03 Hz)
minimal electrical stimulations of the nVPM (see Materials and
Methods) were used to evoke stable single fiber unitary EPSCs in
nRT neurons (Fig. 1).

The nRT receives two excitatory inputs. The first nVPM-to-
nRT input that originates in the nVPM sends axon collaterals in
nRT and innervates the barrel cortex. The second input origi-
nates in the layer 6 barrel cortex (L6Cx), and sends axon collat-
erals in the nRT before invading the nVPM (Bourassa et al., 1995;
Liu et al., 2001; Gentet and Ulrich, 2003, 2004). The electrical

stimulation of nVPM can activate both
the somatodendritic region of the nVPM-
to-nRT relay neurons and the axonal end-
ings of the corticothalamic fibers that
have already invaded the nVPM during
the first postnatal week (Jacobs et al.,
2007). Recordings were first performed
during a restricted period of development
(P7–P9) to investigate the possibility to
discriminate nVPM-to-nRT and L6Cx-
to-nRT EPSCs at �70 mV.

The minimal nVPM stimulation (Fig.
2 D2) evoked fast AMPAR-mediated
EPSCs with a wide range of amplitude
(range, 20 –1400 pA; mean � SEM,
430.0 � 55.2 pA; n � 46). They had a
short latency (1.96 � 0.08 ms; n � 46)
with a single Gaussian distribution, as ex-
pected for monosynaptic responses (Fig.
1B3). The EPSCs recorded at �70 mV
had a rapid 10 –90% RT (0.55 � 0.04 ms;
n � 46) and a short �t1/2 (1.69 � 0.12 ms;
n � 46). Their linear I–V curve with a
reversal potential at 0.93 � 2.05 mV (n �
6) was isolated in the presence of 50 �M

NMDAR antagonist D-AP-5 (Fig. 1C),
and they were blocked by the AMPA/kai-
nate receptor antagonist NBQX (10 �M).
In control, a slow NMDAR-mediated
component with a typical NMDAR I–V
curve and a reversal potential at 0.67 �
0.85 mV (n � 6) was also recorded. It per-
sisted in the presence of 10 �M NBQX
(Fig. 1D), and it was blocked by 50 �M

D-AP-5. In few experiments (4 of 32), the
minimal nVPM stimulation evoked a late
polysynaptic GABAAR-mediated IPSC
that reversed near �60 mV, a value close
to the chloride equilibrium potential (ECl

�)
in our recording conditions, which was
inhibited by 10 �M GABAAR antagonist
gabazine (data not shown). Such experi-
ments were excluded from our analysis.

Together, these results indicate that
the monosynaptic responses evoked by
the VPM electrical stimulation were glu-
tamatergic EPSCs. Their wide range of
amplitude (Fig. 2D2) suggests that the
nVPM electrical stimulation can evoke
both nVPM-to-nRT and L6Cx-to-nRT
EPSCs. To selectively activate the soma-
todendritic region of nVPM-to-nRT re-

lay neurons, we used focal pulses of glutamate (100 �M) in the
nVPM (Fig. 2) and evoked bursts of EPSCs with fast kinetics
(10 –90% RT � 0.45 � 0.01 ms; �t1/2 � 2.00 � 0.23 ms; n �
12) and large amplitude, with the first EPSC in the burst being
always larger than 100 pA (140 – 640 pA; 344.1 � 44.7 pA; n �
12). The distribution of the nVPM regions from which gluta-
mate pulses evoked EPSC bursts in the nRT indicates a precise
spatial relationship between nVPM and nRT (Fig. 2 A), similar
to that found for pairs of monosynaptically connected neu-
rons in juvenile (P14 –P20) rats (Gentet and Ulrich, 2003).
Our results suggest that the extracellular stimulation of the

Figure 3. Inhibitory effect of 5-HT on electrically evoked nVPM-to-nRT EPSCs in nRT at P7–P9. A1, A2, Example of a 5-HT-
sensitive nVPM-to-nRT EPSC in nRT at P9 (�70 mV holding potential). A1, Average (n � 6) unitary EPSCs recorded in nRT in
response to paired pulse (50 ms interval) electrical stimulation of nVPM, in control (black trace), and during 20 �M 5-HT (gray
trace). In control, the first EPSC (EPSC1) amplitude is smaller than the second (EPSC2), with a PPR (EPSC2/EPSC1) of 1.34. The 5-HT
application induced a reduction of EPSC1 amplitude to 72% of its control value; with EPSC2 being less affected, the PPR increased
to 1.90. A2, Time course of inhibitory effect of 5-HT on EPSC1 (black) and EPSC2 (gray) amplitude. Dots are individual responses,
and lines are running averages (n � 4). At the end of the application, the effect of 5-HT has reached its maximum. The average
responses shown in A1 were obtained at times 1 for control and 2 for 5-HT. Washing 5-HT for 25 min induced a partial recovery. A3,
Average (n � 6 cells) time course of the effect of 5-HT on EPSC1 amplitude of 5-HT-sensitive responses recorded at P7–P9. A4,
Schematic diagram of the connection (gray arrow) responsible for the 5-HT-sensitive unitary EPSCs evoked by nVPM stimulation.
B1, B2, Example of a 5-HT-insensitive unitary L6Cx-to-nRT EPSC in nRT at P7 (�70 mV holding potential). B2, Average (n � 6)
unitary EPSCs recorded in nRT in response to paired pulse (50 ms interval) electrical stimulation of nVPM. The amplitude of both
EPSC1 and EPSC2 were not significantly different in control (black trace) and during bath application of 5-HT (gray trace). B2, The
bath application of 20 �M 5-HT had no significant effect on EPSC1 (black) and EPSC2 (gray) amplitude. Dots are individual
responses, and lines are running averages (n � 4). B3, Average (n � 10 cells) EPSC1 amplitude of 5-HT-insensitive responses
recorded at P7–P9. B4, Schematic diagram of connection (gray arrow) responsible for the 5-HT-insensitive unitary L6Cx-to-nRT
EPSCs evoked by nVPM stimulation. CX, Cortex.

Evrard and Ropert • Thalamic Inhibitory Feedback Loop Development J. Neurosci., August 5, 2009 • 29(31):9930 –9940 • 9933



nVPM activates both strong nVPM-to-nRT synapses and
weaker L6Cx-to-nRT synapses at P7–P9.

nVPM-to-nRT excitatory synapses express functional
5-HT1BR in young mice
We have shown earlier that during the first postnatal week the
nVPM neurons express transiently 5-HT1BR mRNA and that
5-HT1BR activation reduces the release of glutamate at the TC
synapse in the L4 barrel cortex (Laurent et al., 2002). We decided
to study the effect of 5-HT on the nVPM-evoked EPSCs for two
reasons. First, to evaluate the effect of 5-HT on the thalamocor-
tical activity of newborn mice, one needs to know whether 5-HT
has the same effect at the nVPM-to-nRT synapses and at the TC
synapses or not (Scanziani et al., 1998). Second, especially in
younger mice, in which we expect a reduction of the nVPM-
evoked EPSC amplitude and cannot simply rely on the ampli-
tude to distinguish nVPM-to-nRT and L6Cx-to-nRT EPSCs,
the sensitivity to 5-HT could be used as a criterion to identify
the nVPM-to-nRT synapse.

We tested the effect of bath applications of 5-HT (20 �M,
applied for 4 min) on the EPSCs evoked by minimal paired pulse
(50 ms interpulse interval) electrical stimulation of the nVPM,
between P7 and P9 (Fig. 3). During a 4 min application of 20 �M

5-HT, the 5-HT-sensitive EPSCs reached a minimal level at the
end of the application and remained stable at a low level for
�5–10 min before returning slowly to the control level. A change
of EPSC amplitude was considered significant when it reached a
value larger than twice the SD in control. Using this criterion, we
found an inhibitory effect of 20 �M 5-HT in a subset of cells (14 of
21). The inhibitory effect was quantified during the maximal
stable response to 5-HT. The inhibition reached 50.9 � 5.5% of
control (n � 6; p 
 0.001) (Fig. 3A), it was reversible, and it was
associated with an increase of the PPR, which was significantly
smaller (1.10 � 0.10; n � 6; p 
 0.01) in control than during the
inhibitory effect of 5-HT (1.52 � 0.15; n � 6), indicating a pre-
synaptic effect of 5-HT. We found that the amplitude of the
5-HT-sensitive nVPM-evoked unitary EPSCs always exceeded
100 pA (129 –1076 pA; 543.0 � 79.2 pA; n � 14), and it was
significantly larger than the amplitude of the 5-HT-insensitive
nVPM-evoked unitary EPSCs (22– 60 pA; 45.4 � 5.7 pA; n � 7).
The 5-HT-sensitive and the 5-HT-insensitive EPSCs recorded at
P7–P9 also differed significantly by their latency, 10 –90% RT,
�t1/2, CV, and PPR (Table 1). These results indicate that the
large-amplitude (�100 pA) 5-HT-sensitive EPSCs recorded at
P7–P9 are nVPM-to-nRT EPSCs. The lack of effect of 20 �M

5-HT could not simply be attributed to our inability to detect an
effect on smaller-amplitude EPSCs for two reasons. First, we also
already demonstrated an inhibitory effect of 5-HT on small (�50
pA) TC EPSCs recorded in the S1 cortex (Laurent et al., 2002).
Second, a significant inhibitory effect of 5-HT was also seen on
smaller (195.1 � 47.9; n � 27) nVPM-to-nRT EPSCs recorded in
younger (P1–P6) mice (Fig. 4). In a group of cells recorded at P2
and P3 (n � 7) with a reversible effect of 5-HT, the minimal
amplitude of the average EPSC reached during the inhibitory
effect of 20 �M 5-HT was 51 � 5% of the control value; in the
same cells, the PPR was also increased from 1.48 � 0.16 in control
to 1.92 � 0.32 in 5-HT.

To confirm the identity of the receptors mediating the
inhibitory action of 5-HT, we tested the effect of bath appli-
cation of the selective 5-HT1BR antagonist (GR127932) and ag-
onist (CP93129) in young (P7–P9) mice (Fig. 5). The inhibitory
effect of a 4 min 5 �M 5-HT application on the nVPM-evoked
EPSCs was fully blocked in the presence of 100 nM GR127932
applied 10 min before 5-HT. Conversely, the agonist CP93129
(100 nM, 4 min), which was tested on large (�200 pA) nVPM-
evoked minimal EPSCs, systematically (in five of five) mimicked
the inhibitory effect of 5-HT, reducing the amplitude of the
EPSCs by 31.9 � 4.9%, and changing significantly the PPR from
0.96 � 0.08 in control to 1.25 � 0.13 in CP93129 ( p 
 0.05) (data
not shown). In agreement with the previous demonstration of
a lack of expression of 5-HT1BRs in the nVPM of older mice
(Laurent et al., 2002), we found no effect of 5-HT (20 �M, 4 min)
on the large (�200 pA; n � 5) nVPM-evoked EPSCs recorded in
the nRT between P18 and P24 (Fig. 5C). Finally, we tested the
effect of the agonist CP93129 (100 nM, 4 min; n � 5) on the first
EPSC evoked by a local glutamate pulse in the nVPM and found
that the agonist reduced the amplitude of the EPSCs by 56.0 �
5.9% (Fig. 6); at the same time, the short-term depression of the
EPSCs in the burst was reduced during the inhibitory effect of
CP93129, as expected for a presynaptic effect (Fig. 5A). Our re-
sults show that the nVPM-to-nRT synapses, expressing func-
tional 5-HT1BRs, resemble the TC synapses (Laurent et al., 2002).
They also show that the effect of 5-HT can be used as a criterion to
distinguish 5-HT-sensitive nVPM-to-nRT EPSCs and 5-HT-
insensitive L6Cx-to-nRT EPSCs.

Identification of nRT-to-nVPM GABAAR-mediated IPSCs in
the newborn mice
In rodents, the nVPM contains only glutamatergic relay neurons,
and it lacks GABAergic inhibitory interneurons (Tamamaki et al.,

Table 1. Physiological characteristics of the postsynaptic currents in P1–P9 mice

nVPM-to-nRT EPSCs
L6Cx-to-nRT EPSCs
Electrically evoked
5-HT- insensitive EPSC
P7–P9 (n � 10)

nRT-nVPM IPSCs Electrically evoked IPSCElectrically evoked 5-HT-sensitive EPSC Glutamate-evoked
5-HT-sensitive EPSC
P7–P9 (n � 12)P1–P5 (n � 22) P7–P9 (n � 14) P1–P5 (n � 18) P7–P9 (n � 21)

Conductance (nS) 2.08 � 0.31***a 7.76 � 1.13 4.92 � 0.64 0.65 � 0.08***b 1.77 � 0.36***c 9.41 � 1.64
CV 0.22 � 0.03** 0.10 � 0.01 0.14 � 0.02 0.33 � 0.03*** 0.26 � 0.03*** 0.13 � 0.02
Failure rate (%) 7.65 � 3.44 0.00 � 0.00 ND ND 18.44 � 4.91 2.13 � 1.66
PPR (at 50 ms) 1.10 � 0.05* 0.95 � 0.03 ND 1.75 � 0.21*** 1.00 � 0.15* 0.65 � 0.04
Latency (ms) 2.00 � 0.06** 1.70 � 0.08 ND 2.83 � 0.29*** 1.69 � 0.05 1.77 � 0.06
RT (ms) 0.55 � 0.03 0.49 � 0.04 0.45 � 0.01 0.70 � 0.08* 0.77 � 0.06* 0.62 � 0.03
�t1/2 (ms) 1.26 � 0.10** 1.78 � 0.11 2.00 � 0.23 1.49 � 0.28 111.4 � 22.7*** 592.7 � 103.0
aSignificance levels were calculated by comparing electrically evoked 5-HT-sensitive EPSC at P1–P5 and P7–P9.
bSignificance levels were calculated by comparing electrically evoked 5-HT-sensitive and 5-HT-insensitive EPSC at P7–P9.
cSignificance levels were calculated by comparing nRT-nVPM IPSC at P1–P5 and P7–P9.

*p 
 0.05, **p 
 0.01, ***p 
 0.001; ND, not determined.
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2003), receiving its main GABAergic input from the nRT (Fuen-
tealba and Steriade, 2005). Somatic whole-cell recordings were
made of the nVPM relay neurons identified by their position in
the thalamus, their large soma, and their prominent dendrites. To
evoke unitary IPSCs in the nVPM, we used minimal electrical
stimulation (see Materials and Methods) of the nRT in the pres-
ence of 10 �M NBQX and 50 �M D-AP-5 to block the disynaptic
IPSCs attributable to activation of the TC axons and the mono-
synaptic EPSCs attributable to activation of the corticothalamic
fibers (Golshani et al., 1998; Gentet and Ulrich, 2004; Jacobs et al.,
2007).

Recordings were first made in P7–P9 mice (Fig. 7). The low-
frequency (0.03 Hz) minimal electrical stimulation of the nRT
evoked stable single fiber unitary IPSC in the nVPM. The nVPM
neurons were voltage clamped near the reversal potential of the
EPSCs at 0 mV. The minimal nRT stimulation evoked large-

amplitude (592.7 � 103 pA; n � 21) outward postsynaptic
currents with a small percentage of transmission failure (10.27 �
2.43%), a fast 20 – 80% RT (0.62 � 0.03 ms; n � 21), a long
duration (�t1/2 � 12.79 � 0.49 ms; n � 21), and a short latency
(1.77 � 0.06 ms; n � 21). These outward postsynaptic currents
were completely blocked by 10 �M gabazine and reversed at

Figure 4. Inhibitory effect of 5-HT on electrically evoked nVPM-to-nRT EPSC in nRT at P2–
P3. A, Example of a 5-HT-sensitive nVPM-to-nRT EPSC in nRT at P3 (�70 mV holding potential).
Average (n � 6) unitary EPSCs recorded in nRT in response to paired pulse (50 ms interval)
electrical stimulation of nVPM, in control (black trace), and during 20 �M 5-HT (gray trace). B,
Time course of inhibitory effect of 5-HT on EPSC1 (black) and EPSC2 (gray) amplitude. Dots are
individual responses, and lines are running averages (n � 4). In control, EPSC1 and EPSC2
amplitudes were similar, with a PPR (EPSC2/EPSC1) of 1.00. The 5-HT application induced a
reduction of EPSC1 amplitude to 53% of its control value; with EPSC2 being less affected, the
PPR increased to 1.23. C, Average (mean � SEM; n � 7 cells) time course of the effect of 5-HT
on EPSC1 amplitude of the 5-HT-sensitive responses recorded at P2–P3.

Figure 5. Inhibition of the nVPM-to-nRT EPSC is mediated by 5-HT1BR. A, Time course
(mean � SEM) of the effect of 5 �M 5-HT on large-amplitude (�200 pA) EPSCs in the absence
(gray curve; n � 5 cells) and presence (black curve; n � 6 cells) of a 5-HT1BR antagonist
(GR127935, 100 �M) on the relative nVPM-to-nRT EPSC amplitude evoked by electrical stimu-
lation of nVPM in mice at P7–P9. B, Time course (mean � SEM; n � 5 cells) of the effect of a
selective 5-HT1BR agonist (CP93129, 100 nM) on large-amplitude (�200 pA) EPSCs evoked by
electrical stimulation of nVPM in mice at P7–P9. C, Time course (mean � SEM; n � 5) of the
effect of 5-HT (20 �M) on large-amplitude (�200 pA) EPSCs evoked by VPM electrical stimu-
lation, in older (P18 –P24) mice.
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�63.2 � 1.3 mV (n � 10), the chloride equilibrium potential in
our recording conditions. The latency distribution of individual
outward postsynaptic currents could be fitted by a simple Gaussian
function as expected for a monosynaptic response. These results
confirmed that the nRT-to-nVPM outward postsynaptic currents
recorded at 0 mV were monosynaptic GABAA-mediated IPSCs.

Postnatal development of the thalamic inhibitory
feedback loop
The first nVPM-to-nRT (Mitrofanis and Baker, 1993) and corti-
cothalamic (Jacobs et al., 2007) axons reach the nRT at birth, but
there has been no systematic study of the EPSC changes with
growing from P0 to P9. In the S1 cortex, previous work has shown
that the relative contribution of the NMDARs at the TC synapses
decreases during the first postnatal week (Crair and Malenka,
1995). The possibility of a similar change at the nVPM-to-nRT
synapse was evaluated (Fig. 8). We measured the peak amplitude
of the NMDAR-mediated component at �50 mV and of the
AMPAR-mediated component at �90 mV. The nVPM-evoked
nVPM-to-nRT EPSCs were identified by their sensitivity to 5-HT
at P2–P3 (Fig. 4) and by the amplitude of the AMPA component
recorded at �90 mV, exceeding 200 pA at P7–P9. We found that
the NMDAR/AMPAR ratio decreased with age from 1.27 � 0.27
(n � 5) at P2–P3 to 0.60 � 0.07 (n � 12) at P7–P9 ( p 
 0.01).
This change was associated with an increase of the AMPAR com-
ponent amplitude, which was quantified from P1 to P9 (Fig. 9A).

The EPSC AMPA component was recorded at �90 mV. It was
identified as nVPM-to-nRT EPSC by examining its sensitivity to

5-HT (Figs. 3, 4). We found that it is possible to record 5-HT-
sensitive nVPM-to-nRT EPSCs as early as P1, but only one re-
sponse could be found in six slices. At P2 and later, the yield and
amplitude of the EPSCs were increased, and a rapid increase of
the EPSC amplitude was found at P6 –P7 (Table 1, Fig. 9A). The
nVPM-to-nRT EPSC amplitude increased from 145.7 � 21.8 pA
at P1–P5 (range, 52–366 pA; n � 22) to 543.0 � 79.2 pA at P7–P9
(range, 129 –1076 pA; n � 14). Moreover, the nVPM-to-nRT
EPSCs became more reliable with age (Fig. 9A3, A4), the EPSC
failure rate being reduced from 7.65 � 3.44% at P1–P5 (n � 22)
to 0 at P7–P9 (n � 14) and the CV of the EPSC amplitude being
reduced from 0.22 � 0.03 at P1–P5 (n � 22) to 0.10 � 0.01 at
P7–P9 (n � 14). These changes were not associated with any
significant change of the PPR (Table 1), suggesting postsynaptic
modifications.

Previous studies showed that the electrical stimulation of IC
can already evoke GABAAR-mediated IPSCs in the nVPM of
mice at P3 (Warren and Jones, 1997; Warren et al., 1997). It has
also been shown that the amplitude of unitary nRT-to-nVPM
IPSCs of older rats (P9 –P16) varied widely from 18 to 514 pA
(Cox et al., 1997). However, there is no systematic study of the
nRT-to-nVPM IPSCs during the first postnatal week; therefore,
we studied the changes with age of the GABAA-mediated nRT-
to-nVPM IPSCs from P0 to P9 (Table 1, Fig. 9B). We found that
the amplitude of the unitary GABAA-mediated nRT-to-nVPM
IPSCs increased from 111.4 � 22.7 pA at P1–P5 (n � 18) to
592.7 � 103.0 pA at P7–P9 (n � 21), the increase being relatively
rapid at P6 –P7 (Fig. 9B2). Moreover, the GABAA-mediated
IPSCs became more reliable with age (Fig. 9B3, B4), with a re-
duction of the failure rate from 18.44 � 4.91% at P1–P5 (n � 18)
to 2.13 � 1.66% at P7–P9 (n � 21) and a reduction of the CV of
the IPSC amplitude from 0.26 � 0.03 at P1–P5 (n � 18) to 0.13 �
0.02 at P7–P9 (n � 21). The PPR at 50 ms was reduced from
1.00 � 0.15 at P1–P5 (n � 16) to 0.65 � 0.04 at P7–P9 (n � 17),
suggesting a presynaptic change of GABA release. Finally, the
IPSC duration that is related to the GABAAR characteristics
(Zhang et al., 1997; Schofield and Huguenard, 2007) was signifi-
cantly increased between P1 and P9 (Table 1).

Discussion
Our results demonstrate that, at P7–P9, the nVPM-to-nRT
EPSCs can be distinguished from the L6Cx-to-nRT EPSCs by
their large amplitude and by the inhibitory action of 5-HT attrib-
utable to the transient expression of presynaptic 5-HT1BR recep-
tors by the nVPM-to-nRT synapses of the newborn mice. We
show that the nVPM-to-nRT EPSCs and nRT-to-nVPM IPSCs
are both detected at P1, their conductance being maintained at
�2 nS until P5 and that, at P6 –P7, there is a rapid and simul-
taneous increase of the nVPM-to-nRT EPSC and nRT-to-
nVPM IPSC conductance reaching �8 and �9 nS, respec-
tively. We identify for the first time in the newborn mice a
functional thalamic inhibitory feedback loop that is under the
inhibitory control of 5-HT. Our results suggest that 5-HT
could change profoundly the whisker-related activity trans-
mitted to the S1 cortex, thereby influencing the activity-
dependent development of the cortical synaptic connections
before active whisking.

Identification of the EPSCs and IPSCs participating to the
thalamic feedback loop
To activate a single-fiber unitary EPSC in the nRT, we used the
minimal stimulation protocol (Fig. 1). We preferred this method
over paired recordings to increase the yield of unitary EPSCs

Figure 6. Inhibitory effect of a 5-HT1B agonist on glutamate-evoked nVPM-to-nRT EPSCs at
P7–P9. A, Bursts of fast EPSCs in nRT evoked by a pulse of glutamate (Glut.; 10 ms, 100 �M) in
nVPM. The bursts of EPSCs are shown in control (left) and during a bath application of 100 nM

CP93129 (right). B, Time course (mean � SEM; n � 5 cells) of the effect of CP93129 on the
amplitude of the first EPSC evoked by a glutamate pulse in nVPM.
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recorded in the newborn mice. Preliminary experiments were
done using focal pulses of glutamate to activate nVPM neurons
and to find connected pairs (Gentet and Ulrich, 2003). They were
unsuccessful, presumably because there is a lower density of syn-
aptic connections between the nVPM and the nRT during the
first postnatal week. In a first series of experiments on P7–P9
mice, we found that the electrical stimulation of the nVPM generates
monosynaptic unitary EPSCs with a wide range of amplitude (Fig.
2D2). We also found that a subset (14 of 21) of large-amplitude
EPSCs was inhibited by the activation of the 5-HT1BR (Figs. 3, 5,
6). Importantly, the pulses of glutamate in the nVPM evoked only
large-amplitude EPSCs (Fig. 2), which were also inhibited by the
application of the 5-HT1BR agonist CP93129 (Fig. 6), identifying
the large 5-HT-sensitive EPSCs evoked by nVPM electrical stim-
ulation or by glutamate pulses as nVPM-to-nRT EPSCs. These
results indicate that, in the newborn mice, the activation of
5-HT1BRs inhibits the release of glutamate at the nVPM-to-nRT
synapses in the thalamus, as found before at the TC synapses in
the S1 cortex (Laurent et al., 2002). The absence of an inhibitory

Figure 7. nRT stimulation evokes GABAAR-mediated nRT-to-nVPM IPSCs. Unitary nRT-to-nVPM IPSCs recorded in newborn mice. Neurons were maintained at 0 mV holding potential, and
responses were evoked by minimal electrical stimulation of nRT in presence of 10 �M NBQX and 50 �M D-AP-5. A1, Example of a unitary nRT-to-nVPM IPSCs with failures (11 of 38) recorded at P5.
Top trace, Average (n � 27) successful responses evoked by nRT stimulation at 52 V (12 V above threshold). Bottom trace, Average (n � 11) failures of responses evoked by the same stimulation.
Failures are confirmed by a short-delay small triphasic afferent volley in all trials. A2, In the same neuron, peak amplitude of individual IPSCs (black diamonds; n � 10 –39) and probability of
response (gray line) are plotted against stimulation intensity. B1, Example of a unitary nRT-to-nVPM IPSC without failure recorded at P7. Top traces, Superimposed (n�4) unitary nRT-to-nVPM IPSC
evoked by suprathreshold stimulation at 20 V. Bottom traces, Superimposed (n � 4) traces evoked by subthreshold stimulation at 6 V. B2, In the same neuron, peak amplitude of individual IPSCs
(black diamonds; n � 10 –15) and probability of response (gray line) are plotted against stimulation intensity. At 8, 10, and 12 V, responses failures were attributable to a lack of spike discharge by
the nVPM neuron. Above 14 V, transmission failures were not seen, and the amplitude of unitary EPSCs was stable near 500 pA. B3, The Gaussian distribution of the latency of a monosynaptic unitary
nRT-to-nVPM IPSCs (1.740 � 0.003 ms; n � 109). C, I–V curve of a unitary nRT-to-nVPM IPSC with a reversal at �66.3 mV. Inset, Average (n � 4 –5) unitary nRT-to-nVPM IPSCs at �10, �30,
�70, and �110 mV. D, Inhibition of a unitary nRT-to-nVPM IPSC by 10 �M gabazine. The average (n � 5) outward IPSC recorded in control was inhibited by 10 �M gabazine and recovered partially
after 15 min wash of gabazine (gray trace).

Figure 8. Evolution of glutamatergic receptors at the nVPM-to-nRT synapse. Examples of 5-HT-
sensitiveunitarynVPM-to-nRTEPSCsrecordedat�50and�90mVholdingpotentialatP3(left)and
P9 (right). The AMPA component was measured at the peak of the fast EPSC recorded at �90 mV to
minimize the NMDAR component (black arrow). The NMDA component was measured at �50 mV,
10 ms after the stimulation artifact to minimize the AMPAR contribution (gray arrow).
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effect by 5-HT on small-amplitude EPSCs
in the young (P7–P9) mice (Fig. 3B) is con-
sistent with a lack of 5-HT1BR mRNA
expression in the layer 6 S1 cortex of the
newborn mice (Laurent et al., 2002), identi-
fying the smaller 5-HT-insensitive EPSCs as
possible L6Cx-to-nRT EPSCs. In younger
(P1–P6) mice, the amplitude of the EPSCs
evoked by electrical stimulation of the
nVPM was smaller, but we were still able to
find 5-HT-sensitive EPSCs (Fig. 4), indicat-
ing therefore that the nVPM-to-nRT EPSCs
evoked by the minimal stimulation of the
nVPM can be identified by their sensitivity
to 5-HT during the entire early (P1–P9) pe-
riod of development.

The nRT contains an homogeneous
population of GABAergic parvalbumin-
positive interneurons, and the nVPM
receives a dense GABAergic projection
from the nRT (Amadeo et al., 2001;
Tamamaki et al., 2003), identifying the
nRT-to-nVPM synapses as the connec-
tion mediating the monosynaptic unitary
GABAAR-mediated IPSC we recorded in
nVPM (Fig. 7).

Change with age of the thalamic
inhibitory feedback loop
The 5-HT-sensitive unitary nVPM-to-
nRT EPSC displayed several changes with
age (P1–P9). First, as suggested by ana-
tomical studies (Mitrofanis and Baker,
1993), the nVPM-to-nRT EPSCs were re-
corded in the nRT as early as P1, and their
conductance increased by a factor of 3.7
from P1–P5 until P7–P9, with an abrupt
change at P6 –P7 (Fig. 9A). The nVPM-to-
nRT EPSCs became more reliable with
age, as shown by an increase of the prob-
ability of release and a reduction of the CV
of the EPSC amplitude. Second, the
nVPM-to-nRT synapse was relatively im-
mature at P1, with a relatively stronger ex-
pression of the NMDAR in P1–P5 mice
than in P7–P9 mice (Fig. 8), as found at
the same age at the thalamocortical syn-
apse in the barrel cortex (Crair and
Malenka, 1995; Lu et al., 2001). The effi-
cacy of the monosynaptic GABAA-
mediated nRT-to-nVPM IPSCs was also
increased with age, with both the conduc-
tance of the unitary IPSCs and the proba-
bility of GABA release being increased (Fig. 9B). The driving force
of the PSCs was maintained constant for all recordings; therefore,
the change of the PSC amplitude can only be attributed to an
increase of the synaptic conductance. Our results show that func-
tional nRT-mediated IPSCs are already present at birth in the
nVPM of the mouse as in the rat (Leamey and Ho, 1998). Inter-
estingly, both the nRT-to-nVPM IPSCs and the nVPM-to-nRT
EPSCs underwent a rapid increase of their amplitude and prob-
ability of success at P6 –P7. In conclusion, both excitatory nVPM-
to-nRT and inhibitory nRT-to-nVPM synapses of the thalamic

feedback loop are functional at P1, and they undergo a rapid
synchronized increase at P6 –P7. Interestingly, the synapses of the
feedforward inhibitory circuit of the barrel cortex undergo also a
rapid synchronized increase, allowing the recruitment of the feed-
forward cortical inhibition by the thalamocortical input at P6–P7
(Daw et al., 2007). Such a coordinated enhancement of the synaptic
transmission in the thalamic feedback and cortical feedforward
loops suggest that the thalamus generates an instructive signal for
the rapid enhancement of the nVPM-to-nRT and TC synaptic
connections.

Figure 9. Evolution with age of the nVPM-to-nRT EPSCs and nRT-to-nVPM IPSCs. A1–A4, Changes with age (P1–P9) of
5-HT-sensitive unitary nVPM-to-nRT EPSCs evoked by electrical stimulation of nVPM. A1, Circuit diagram. A2–A4, The conduc-
tance (A2), failure rate (A3), and coefficient of variation (A4 ) of the unitary nVPM-to-nRT EPSCs are plotted against age. Individual
data (dots) and mean � SEM calculated for periods of 2 d (P2–P3, P4 –P5, P6 –P7, and P8 –P9) are plotted together. B1–B4,
Changes with age (P0 –P9) of unitary nRT-to-nVPM IPSCs evoked by electrical stimulation of nRT in the presence of 10 �M NBQX
and 50 �M D-AP-5. B1, Circuit diagram. B2–B4, The amplitude (B2), failure rate (B3), and coefficient of variation (B4 ) of the
nRT-to-nVPM IPSCs are plotted versus the age. Individual data (dots) and mean � SEM calculated for periods of 2 d (P0 –P1,
P2–P3, P4 –P5, P6 –P7, and P8 –P9) are plotted together. The results at P8 –P9 were taken as reference to calculate the statistical
significance (*p 
 0.05, **p 
 0.01, ***p 
 0.001). Cx, Cortex.
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In newborn (P1–P8) rats, spontaneous spindles have been
recorded in the S1 cortex during spontaneous muscle twitches.
They are associated with a correlated activity in the nVPM,
and their intrinsic frequency is unaffected by cortical applica-
tions of GABAAR antagonists, suggesting that the spindles are
generated by subcortical circuits (Khazipov et al., 2004; Minle-
baev et al., 2007). In the adult, the sleep spindles are generated by
the nVPM–nRT loop (Steriade, 2005). Our results show that, in
newborn mice, the synaptic connections of the thalamic nVPM–
nRT loop are already functional. Whether this functional loop
contributes to the generation of cortical spindles in newborn
mice needs additional studies. In particular, the polarity of the
GABAAR-mediated postsynaptic responses, which depends both
on RMP and ECl

� and on the action potential threshold (APthresh),
should be investigated in the newborn mice. All three parame-
ters (RMP, ECl

�, and APthresh) need to be investigated in condi-
tions that do not affect their measurement (Tyzio et al., 2003;
Rheims et al., 2008). In conclusion, our results suggest that the
nVPM-to-nRT inhibitory feedback loop may stand as an im-
portant checkpoint to generate spindles in the thalamocortical
circuit before active whisking. Further work will be needed to study
whether this thalamic circuit actually generates spindles in the
neonate and whether the mechanisms of spindle generation
are the same in the neonate and in the adult.

Our results also suggest that the development of the thalamic
feedback circuit and the refinement of the highly organized ax-
onal and dendritic arborizations (Pinault and Deschenes, 1998;
Desîlets-Roy et al., 2002) are probably also under the control of
the spontaneous and whisker-generated neuronal activity. Neu-
rotransmitter receptors already identified as critical for the
development of the primary sensory maps, such as the
NMDARs (Inan and Crair, 2007), GABAAR (Hensch, 2005),
and 5-HT1BRs (Gaspar et al., 2003), are probably playing impor-
tant role in the thalamus. Our results have shown a relative down-
regulation of the NMDAR expression at the nVPM-to-nRT
synapse after the first postnatal week. Therefore, it would be of
interest to examine whether the thalamic feedback loop under-
goes a critical period of plasticity as found in the S1 cortex (Crair
and Malenka, 1995). We also found that the release of glutamate
at the nVPM-to-nRT synapses is controlled by the 5-HT1BRs of
the newborn mice, raising the possibility that the abnormal
barrel field found with excessive levels of 5-HT (Cases et al.,
1996; Salichon et al., 2001) may be associated with abnormal
spindles in the newborn mice and anatomical changes in the
thalamic neuronal circuits.

Our results show also that the efficacy of synaptic transmis-
sion in the thalamic nVPM–nRT feedback loop is strong at the
end of the first postnatal week, suggesting that it may already
ensure a relatively good temporal coding of the sensory informa-
tion (Hartings et al., 2003). The GABAA-mediated IPSC will un-
dergo more changes, such as a reduction of their duration, later in
development (Warren and Jones, 1997; Huntsman and Hugue-
nard, 2000; Peden et al., 2008), suggesting that the thalamic in-
hibitory feedback loop has not yet reached its adult stage at the
end of the first postnatal week.
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Bourassa J, Pinault D, Deschênes M (1995) Corticothalamic projections
from the cortical barrel field to the somatosensory thalamus in rats: a
single-fibre study using biocytin as an anterograde tracer. Eur J Neurosci
7:19 –30.

Carvell GE, Simons DJ (1996) Abnormal tactile experience early in life dis-
rupts active touch. J Neurosci 16:2750 –2757.

Cases O, Vitalis T, Seif I, De Maeyer E, Sotelo C, Gaspar P (1996) Lack of
barrels in the somatosensory cortex of monoamine oxidase A-deficient
mice: role of a serotonin excess during the critical period. Neuron
16:297–307.

Cox CL, Huguenard JR, Prince DA (1997) Nucleus reticularis neurons me-
diate diverse inhibitory effects in thalamus. Proc Natl Acad Sci U S A
94:8854 – 8859.

Crair MC (1999) Neuronal activity during development: permissive or in-
structive? Curr Opin Neurobiol 9:88 –93.

Crair MC, Malenka RC (1995) A critical period for long-term potentiation
at thalamocortical synapses. Nature 375:325–328.

Datwani A, Iwasato T, Itohara S, Erzurumlu RS (2002a) Lesion-induced
thalamocortical axonal plasticity in the S1 cortex is independent of
NMDA receptor function in excitatory cortical neurons. J Neurosci
22:9171–9175.

Datwani A, Iwasato T, Itohara S, Erzurumlu RS (2002b) NMDA receptor-
dependent pattern transfer from afferents to postsynaptic cells and den-
dritic differentiation in the barrel cortex. Mol Cell Neurosci 21:477– 492.

Daw MI, Ashby MC, Isaac JT (2007) Coordinated developmental recruit-
ment of latent fast spiking interneurons in layer IV barrel cortex. Nat
Neurosci 10:453– 461.

Desîlets-Roy B, Varga C, Lavallée P, Deschênes M (2002) Substrate for
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