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Neural circuits are extensively refined by sensory experience during postnatal development. How the maturation of recurrent cortical
synapses may contribute to events regulating the postnatal refinement of neocortical microcircuits remains controversial. Here we show
that, in the main input layer of rat primary visual cortex, layer 4 (L4), recurrent excitatory synapses are endowed with multiple, devel-
opmentally regulated mechanisms for induction and expression of excitatory synaptic plasticity. Maturation of L4 synapses and visual
experience lead to a sharp switch in sign and mechanisms for plasticity at recurrent excitatory synapses in L4 at the onset of the critical
period for visual cortical plasticity. The state of maturation of excitatory pyramidal neurons allows neurons to engage different mecha-
nisms for plasticity in response to the same induction paradigm. Experience is determinant for the maturation of L4 synapses, as well as
for the transition between forms of plasticity and the mechanisms they may engage. These results indicate a tight correlation between the
effects of sensory drive and maturation on cortical neurons and provide a new set of cellular mechanisms engaged in the postnatal
refinement of cortical circuits.

Introduction
Neural circuits in sensory cortices are sensitive to environ-
mental inputs during specific developmental windows (Hubel
and Wiesel, 1970; Hensch, 2004; Tagawa et al., 2005). In ro-
dent primary visual cortex (V1), multiple windows of sensi-
tivity were identified during postnatal development (Feller
and Scanziani, 2005; Tagawa et al., 2005; Li et al., 2006; Farley
et al., 2007; Tanaka et al., 2009). The best studied window, the
critical period (Hubel and Wiesel, 1970), extends from post-
natal day 21 (P21) to P28 (Fagiolini et al., 1994). During this
epoch, reduction of visual drive is associated with ocular dom-
inance shifts, the rewiring of cortical territories activated by
the two eyes (Hubel and Wiesel, 1970; Frenkel and Bear, 2004;
Feller and Scanziani, 2005). A second window, the precritical
period (Feller and Scanziani, 2005), begins at eye opening and
extends to P21. This epoch is associated with intense experience-
dependent rewiring (Desai et al., 2002; Majewska and Sur,
2003; Maffei et al., 2004; Wallace and Bear, 2004), without
ocular dominance shifts (Fagiolini et al., 1994). The role of
experience and maturation in the transition between these
periods is hotly debated (McGee et al., 2005; Corlew et al.,

2007; Di Cristo et al., 2007; Katagiri et al., 2007; Bélanger and
Di Cristo, 2011; Mellios et al., 2011).

Many forms of plasticity contribute to cortical circuit refinement
and function during postnatal development (Kirkwood et al., 1996;
Desai et al., 2002; Maffei et al., 2006; Crozier et al., 2007; Maffei and
Turrigiano, 2008b; Nataraj et al., 2010). Excitatory synapses in par-
ticular may be involved differently in experience-dependent refine-
ment depending on the location (Trachtenberg et al., 2000; Desai et
al., 2002; Rao and Daw, 2004; Maffei et al., 2006; Crozier et al., 2007;
Maffei and Turrigiano, 2008b). Plasticity at excitatory synapses in
layer 2/3 (L2/3) and L5 likely contributes to V1 function throughout
life (Desai et al., 2002; Wang and Daw, 2003; Jiang et al., 2007; Nat-
araj et al., 2010), whereas excitatory synapses in L4 seem to have lost
their capability for plasticity by P14 (Desai et al., 2002; Wang and
Daw, 2003; Daw et al., 2004; Jiang et al., 2007).

Here we report that recurrent excitatory synapses between
L4 pyramidal neurons are plastic beyond P14 and that their
plasticity depends on the state of maturation of neurons and
on visual experience. In the week from P16 to P21, two forms
of long-term depression (LTD) are induced by engaging either
metabotropic glutamate receptor (mGluR) or NMDA receptor
(NMDAR)-dependent mechanisms. After P21, L4 synapses
become attuned to one activity paradigm reliably inducing
NMDA-dependent long-term potentiation (LTP). Lack of vi-
sual drive prevents the shift from LTD to LTP in the critical
period. L4 recurrent excitatory synapses may thus engage dif-
ferent cellular mechanisms for induction and expression of
long-term synaptic plasticity in different developmental time
windows. The developmental regulation of sign and mecha-
nism for synaptic plasticity in L4 indicates that healthy circuit
wiring does not depend on a general capability for plasticity
but on the recruitment of appropriate mechanisms for plas-
ticity at specific time windows.
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Materials and Methods
Electrophysiology. Experimental procedures were approved by the Stony
Brook University Animal Use Committee and followed the guidelines of
the National Institutes of Health. Acute slice preparation and multiple
patch-clamp recordings were obtained from rats of both sexes as re-
ported previously (Maffei et al., 2004, 2006). To test for the presence of
monosynaptic connections, quadruple simultaneous whole-cell patch-
clamp recordings were obtained from visually identified pyramidal neu-
rons in L4 of the monocular region of rat V1. The membrane potential of
patched neurons was on average �73 � 0.7 mV. For uniform compari-
sons of monosynaptic EPSPs, at the beginning of the recording, a small
direct current was injected in the recorded neuron to bring the mem-
brane potential to �70 mV. Neurons diverging �10% from this value
during the course of the recording were not included in the analysis.
Trains of five action potentials at 20 Hz were elicited in each neuron at
different time intervals, and monosynaptic EPSP responses were identi-
fied by calculating the spike-triggered average of the membrane potential
traces recorded from putative postsynaptic neurons. Once the synaptic
response was identified based on its time locking with the corresponding
presynaptic action potential (�2 ms delay), a 10 min baseline was re-
corded to determine the properties of the synaptic response (see data in
Fig. 1). After the acquisition of a stable baseline, the protocol for induc-
tion of plasticity was applied. For induction protocols, spike timing LTD,
presynaptic and postsynaptic neurons were activated above threshold
using 5 ms long square pulses of current injection. Both neurons were
made to fire 10 action potentials at 20 Hz, and the pairing was repeated 20
times at 0.1 Hz. Three presynaptic and postsynaptic time delays were
tested: �10 and 0 ms. For slow-wave presynaptic bursting, 10 presynap-
tic action potentials at 50 Hz were elicited in the presynaptic neuron,
whereas the postsynaptic neuron was at �70 mV with the membrane
potential free to follow changes attributable to the activation of postsyn-
aptic receptors (see insets in Figs. 4 A and 5A). The interburst frequency
was 0.1 Hz, mimicking a slow-wave pattern of activity similar to that
reported for neurons in developing visual cortex (Rochefort et al., 2009).
For pairing to test the involvement of presynaptic NMDARs, presynaptic
bursts of action potentials were the same as those described for slow-
wave presynaptic bursting. Each burst was paired with a 300 ms hy-
perpolarizing step of the postsynaptic neuron to �90 mV. The
hyperpolarizing step was started before the burst to allow complete
membrane hyperpolarization and avoid potential confounds attribut-
able to presynaptic bursting on the decaying phase of the postsynaptic
membrane potential. Synaptic events were monitored for at least 50 min
after induction. To quantify the magnitude of plasticity for each pair, the
average baseline amplitude was compared with the average EPSP ampli-
tude recorded from 40 to 50 min after induction. Paired t tests within
pairs were applied to test for significant changes.

Visual deprivation. Monocular deprivation (MD) was obtained by su-
turing on eye shut (Maffei et al., 2004, 2006, 2010; Maffei and Turrigiano,
2008b) starting at P24 � 1 for 4 d. Briefly, animals were anesthetized with
a mixture of ketamine (70 mg/kg), xylazine (5 mg/kg), and acepromazine
(0.3 mg/kg). Once the animals were deeply anesthetized, the area sur-
rounding one of the eyes was thoroughly cleaned with isopropanol and
coated with lidocaine gel to provide local analgesia. The eye was mois-
turized with eye drops, and four mattress sutures were placed using poly-
ester suture thread (Ethicon 6-0). After the procedure, the animals were
allowed to recover on a heating pad and brought back to the animal
facility only when fully alert. The eyelid suture and slice preparation were
blind to the experimenter.

Post hoc neuron identification. After recording, slices were fixed in 4%
paraformaldehyde for 1 week. After that, they were washed in PBS, per-
meabilized with 1% Triton X-100 for 2 h, and then incubated overnight
at 4°C in a solution containing streptavidin–Alexa Fluor 488 at 1:2000 in
PBS and 0.1% Triton X-100. After a final wash in PBS, slices were
mounted with fluoromount and imaged with a fluorescent microscope
(Carl Zeiss Axioskop). Only neurons with pyramidal morphology local-
ized in L4 of the monocular portion of V1 were included in the analysis.

Statistical analyses for electrophysiology data. Data are mean � SEM.
Statistical significance was determined with two-tailed unpaired t tests.

Paired t tests of baseline versus 40 –50 min post-induction EPSP verified
effective plasticity induction within each recorded pair. Bonferroni’s cor-
rection was applied for multiple comparisons. To test for differences
across conditions, one-way ANOVA were applied and followed by post
hoc unpaired t tests. p values �0.05 were considered significant.

Quantal analyses. To assess the site of expression of spike timing LTD,
slow-wave LTD and slow-wave LTP quantal analysis of EPSP amplitude
was performed following the method reported by Sola et al. (2004).
Briefly, to make predictions of neurotransmitter mechanisms, we applied
a binomial model (Wernig, 1975) in which the probability of release ( p)
and the number of release sites (n) can be calculated from the average
amplitude (M � mq, where m is the mean quantum content and q is the
quantum size) and the coefficient of variation (CV ) of EPSP amplitude
(CV � SD/M, where SD is standard deviation of EPSP amplitude). In this
model, M � np/q; SD 2 � [np � (1 � p)]. Application of this binomial
model offers a precise interpretation of the inequality: CVb 2/CVa 2 N
Mb/Ma, in which a and b represent two different conditions, in our case
baseline (a) and after induction (b), andN indicates smaller than, equal,
or larger than. This inequality has been used extensively to interpret
mechanisms for long-term synaptic plasticity (Bekkers and Stevens,
1990; Malinow and Tsien, 1990). According to this model, when CVb 2/
CVa 2 � Mb/Ma, both n and p can increase; when CVb 2/CVa 2 � Mb/Ma,
only n can increase; when CVb 2/CVa 2 � Mb/Ma, neither n nor p can
increase, implying an increase in q (although a pure increase in q occurs
when CVb 2/CVa 2 � 1). In the case of LTD, in which a decrease in M
is observed, this model represents complementary changes in the
interpretation.

Solutions. Artificial CSF (ACSF) contained the following (in mM): 126
NaCl, 3 KCl, 25 NaHCO3, 1 NaHPO4, 2 MgSO4, 2 CaCl2, and 14 dex-
trose. The internal solution contained the following: 100 mM

K-glutamate, 20 mM KCl, 10 mM K-HEPES, 4 mM Mg-ATP, 0.3 mM

Na-GTP, 10 mM phosphocreatine, and 0.2% biocytin. The pH of the
internal solution was adjusted to 7.35 with KOH, and the osmolarity was
adjusted to 295 mOsm with sucrose. The drugs included 50 �M D-APV
(Tocris Cookson) and 1 mM (RS)-(�)-amino-4-carboxy-methyl-
phenylacetic acid (MCPG) (Tocris Bioscience).

Results
Paired recording electrophysiology was used to analyze the devel-
opment and plasticity of monosynaptic excitatory connections
between pyramidal neurons in L4 of rat V1 (Maffei et al., 2004,
2006; Maffei and Turrigiano, 2008b). The basic properties of ex-
citatory synapses were compared from P16 to P28, a develop-
mental window straddling the transition from the precritical
period to the peak of the critical period for visual cortical plastic-
ity (Fagiolini et al., 1994; Feller and Scanziani, 2005). A total of
1585 monosynaptic pairs were tested, 260 of which were con-
nected and 245 of which met the requirements for stable record-
ings: membrane potential of �60 mV or lower, series resistance
no higher than 20 M�, and input resistance higher than 50 M�.
Data were included in the analysis if these parameters did not
change �10% during the course of the recording. Morphology
and location of the recorded neurons was verified with post hoc
reconstructions (Fig. 1A). The connection probability was re-
markably stable across the developmental period under investi-
gation (Fig. 1C; P16, 15.9%; P21, 18.6%; P25, 16.2%; P28, 23.9%;
Pearson’s � 2 for contingency, p � 0.27). However, significant
changes in baseline synaptic properties could be identified. As
reported previously (Maffei and Turrigiano, 2008a), the ampli-
tude of EPSP increased significantly from P16 to P21 (Fig. 1B,C;
P16, 0.6 � 0.05 mV, n � 23; P21, 0.9 � 0.1 mV, n � 32; one-way
ANOVA, p � 0.01; post hoc t test with Bonferroni’s correction for
multiple comparison, p � 0.02). After that, the average ampli-
tude of synaptic responses remained stable up to P28 (Fig. 1C;
P25, 1.1 � 0.14 mV, n � 18; P28, 1.0 � 0.22 mV, n � 17). There
was also a significant decrease in the decay time constant of
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monosynaptic EPSPs at the transition from P16 to P21, and after
P21, the decay time constant remained stable (Fig. 1D; decay �:
P16, 26.4 � 1.8 ms; P21, 19.8 � 0.8 ms; P25, 20.4 � 1.1 ms; P28,
20.6 � 1.2 ms; one-way ANOVA P16 –P28, p � 10�4; one-way
ANOVA P21–P28, p � 0.8). All of these changes were accompa-
nied by a significant reduction in resting inputs resistance in the
transition from P16 –P21 to P25–P28 (Fig. 1D; Rin: P16, 232.9 �
14.7 M�; P21, 206.8 � 8.9 M�; P25, 150.9 � 5.7 M�; P28,
170.3 � 7.2 M�; one-way ANOVA, p � 10�6; post hoc t test with
Bonferroni’s correction for multiple comparison, p � 10�6).

Short-term dynamics of synaptic responses were also subject
to developmental regulation. As shown in Figure 1E, the paired-
pulse ratio (PPR) increased significantly at P28 (P16, 0.85 � 0.05,
n � 23; P21, 0.83 � 0.05, n � 32; P25, 0.9 � 0.06, n � 18; P28,
1.17 � 0.09, n � 17; one-way ANOVA, p � 10�3; post hoc t test
with Bonferroni’s correction for multiple comparison, p � 0.01).
In addition, although monosynaptic excitatory connections were
characterized by short-term depression in response to train of
five presynaptic action potentials delivered at 20 Hz throughout
the developmental window under analysis, the steady-state de-
pression was more marked at P21 (Fig. 1E; EPSP5/EPSP1: P16,
0.86 � 0.09; P21, 0.56 � 0.04; P25, 0.73 � 0.09; P28, 0.77 � 0.08;
one-way ANOVA, p � 0.01; post hoc t test with Bonferroni’s
correction for multiple comparison, p � 0.01). The developmen-
tal changes reported here are indicative of a set of maturation
steps that involve both the presynaptic and the postsynaptic com-
ponents of the synapse. Although significant changes in EPSP
amplitude and EPSP decay time constant are specific to the pre-
critical period, changes in EPSP short-term dynamics and resting
input resistance (Rin) unfold at the transition into the critical
period.

Mechanisms for spike-timing-dependent plasticity during the
precritical period
Data from the rat barrel cortex indicate that the strength of L4
monosynaptic excitatory connections can be reduced by corre-
lated presynaptic and postsynaptic firing in L4 of 2- to 3-week-
old animals (Egger et al., 1999). We tested the possibility that
spike-timing-dependent plasticity with properties similar to that
of the barrel cortex might be induced in L4 of V1 during the same
developmental time window. To do that, quadruple simultane-
ous patch-clamp whole-cell recordings were obtained from visu-
ally identified pyramidal neurons in L4 to isolate monosynaptic
recurrent connections. A 10 min baseline was acquired by deliv-
ering trains of five action potentials at 20 Hz (repeated at 0.05 Hz)
to measure the strength and dynamics of these connections. After
that, bursts of 10 action potentials at 20 Hz were elicited in the
presynaptic and postsynaptic pyramidal neuron using one of
three delay time windows: �10, 0, and �10 ms, intervals that
successfully changed the amplitude of EPSPs in the barrel cortex
(Egger et al., 1999; Fig. 2A). During induction, the interburst
interval was reduced from 20 to 10 s and the pairing of presynap-
tic and postsynaptic activity was repeated 20 times. As for the
barrel cortex, in the developmental window from P16 to P21, all
the tested pre-postsynaptic spiking delays resulted in a significant
reduction of EPSP amplitude for every pair tested (Fig. 2B,C;
	t � �10 ms, �29.0 � 9.9%, n � 13; p � 0.01; 	t � 0 ms,
�32.9 � 13.9%, n � 5; p � 0.01; 	t � �10 ms, �21.2 � 7.6%,
n � 9; p � 0.01; one-way ANOVA, p � 0.5). Spike-timing LTD
reduced EPSP amplitude similarly at P16 and P21, indicating that
this form of plasticity is reliably induced throughout the precrit-
ical period (Fig. 2D; P16, �38.0 � 8.7%, n � 8; P21, �27.1 �
5.9%, n � 19; p � 0.5). The magnitude of the depression did not

Figure 1. Maturation of recurrent excitatory synapses in L4. A, Single-plane image of multiple patch-clamp recordings obtained from L4 of V1. Three of the four pyramidal neurons are visible in
this single-plane image. The fourth neuron was on a different focal plane and can be visualized partially (see arrow). B, Sample traces of monosynaptic connections recorded at different time points
during the developmental window under study. Gray arrow, Peak of the EPSPs; gray lines, baseline for measurement of the amplitude of the first and subsequent EPSPs in the train. C, Average data
of connection probability (% Conn) and EPSP amplitude (EPSP) at P16 (white), P21 (light gray), P25 (dark gray), and P28 (black). D, Average bar plot for EPSP decay time constants (Decay �) and Rin

at P16 (white), P21 (light gray), P25 (dark gray), and P28 (black). E, Average short-term dynamics at P16 (white), P21 (light gray), P25 (dark gray), and P28 (black). Data are presented as ratio of the
first EPSP in the train. In C–E, data are presented as mean � SE. Asterisks indicate significant differences.
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Figure 2. Spike-timing LTD in the precritical period. A, Top, Experimental configuration. Bottom, Pairing paradigms for induction of plasticity. B, Example traces showing significant decrease in EPSP
amplitudeafterpairing(black,baseline;gray,after induction).C,Magnitudeofspike-timingLTDobtainedwitheachpairing.Blackcircles,Averagedepression;graydiamonds,percentagedepressionforeachpair
recorded. The three different pairings were applied to different monosynaptic connections. D, Average spike-timing LTD at P16 and P21. Data were obtained pooling the percentage changes obtained from all
pairings at each age. Black circles, Percentage change for each pair at P16 and P21. E, Magnitude of spike-timing LTD versus initial EPSP amplitude. F, Average plot of short-term dynamics of EPSP amplitude
(black, baseline; white, 40 –50 min after induction). Inset, Average Rin at baseline (black) and after induction (white). G, Distribution of EPSP amplitudes during baseline (black) and after induction (gray). Arrow
indicates peak of subthreshold events. Bin size, 0.05 mV; detection threshold for EPSP, 0.15 mV. H, Bar plot of average rates of failures (% fail) and CV before (black) and after (gray) induction. I, Topographic
representationofquantalanalysisofEPSPamplitudes.Opencircles,Datafromeachrecordedpair;blacksquare,averageacrossallpairs.CVa,Baseline CV; CVb,post-induction CV; Ma,meanEPSPamplitudeduring
baseline; Mb, mean EPSP amplitude after induction; n, number of release sites; p, release probability; q, quantal size; solid line, unity line. J, Sample traces of the effect of APV (top) and MCPG (bottom) on the
induction of spike-timing LTD (black, baseline; gray, 40 –50 min after induction). Calibration for presynaptic spiking: 40 mV, 50 ms. K, Time course of spike-timing LTD in ACSF (black), APV (white/black border),
and MCPG (gray). Arrow, Time of induction. Data were averaged over 1 min and presented as percentage of control (100%�baseline). L, Average percentage change in EPSP amplitude after induction in ACSF
(black), APV (white/black border), and MCPG (gray). Black circles, Percentage change for each pair recorded in each condition. Data are presented as mean � SE. Asterisks indicate significant differences.
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correlate with the initial amplitude of the
EPSP (Fig. 2E; R 2 � 0.02, p � 0.4) and
was not accompanied by changes in PPR,
short-term plasticity, and Rin (Fig. 2F;
PPR baseline, 0.74 � 0.08; PPR after in-
duction, 0.68 � 0.09; p � 0.2; EPSP5/
EPSP1 baseline, 0.59 � 0.05; EPSP5/
EPSP1 after induction, 0.5 � 0.04, p �
0.2; Rin baseline, 201.6 � 25.2 M�; Rin

after induction, 203.9 � 25.4 M�; p �
0.7). To further address the site of expres-
sion of spike-timing LTD, failure rates
and CV were quantified before and after
induction (Fig. 2G,H). There was a shift
to the left of the distributions of EPSP am-
plitudes after induction with a significant
increase in peak of subthreshold events
(Fig. 2G). Analysis of the rate of failures
indicates that they increased significantly
after induction (Fig. 2H; percentage fail-
ure: baseline, 10.3 � 2.4%; after induc-
tion, 21.9 � 3.7%; paired t test, p � 10�3).
In addition, the CV of EPSP amplitude
was increased after induction (Fig. 2H;
CV: baseline, 0.47 � 0.04; after induction,
0.74 � 0.05; paired t test, p � 10�6).
These data indicate that spike-timing LTD is likely expressed
presynaptically. This hypothesis was further tested using
quantal analysis with the methods described by Sola et al.
(2004) to ask whether the decrease in EPSP amplitude induced
by the spike-timing paradigm was attributable to a decrease in
probability of release ( p), quantal size (q), or number of re-
lease sites (n) (Sola et al., 2004). As shown in Figure 2 I, the
distribution of data fell in the quadrant indicating a decrease
in n or p. Together with the reduction in failure rates, these
data are consistent with a presynaptic site of expression for
spike-timing LTD. Additional expression mechanisms cannot
be excluded by our analysis. Particularly the lack of changes in
PPR and the results of the quantal analysis suggest that, be-
sides reduced release probability, silencing of functional syn-
aptic sites may be involved.

This form of spike-timing LTD was not blocked by bath ap-
plication of the NMDAR antagonist APV (50 �M; Fig. 2 J–L; APV,
�24.8 � 6.3%, n � 4). In addition, application of APV did not
change the amplitude of baseline EPSPs, indicating that these
receptors do not contribute significantly to the recurrent mono-
synaptic response recorded at �70 mV at this time in develop-
ment (ACSF, 0.9 � 0.1 mV, n � 32; APV, 1.2 � 0.3 mV; unpaired
t test, p � 0.22). Although spike-timing LTD appears to be
independent of NMDAR activation, perfusion of the mGluR
blocker MCGP (1 mM) prevented its induction (Fig. 2 J–L;
MCPG, 6 � 12.4%, n � 7; paired t test, p � 0.51). The PPR and
steady-state ratio before and after induction in the presence of
MCPG were also unchanged (MCPG, PPR baseline, 0.74 �
0.12; PPR after induction, 0.69 � 0.1; n � 7; paired t test, p �
0.69; MCPG, EPSP5/EPSP1 baseline, 0.56 � 0.08; EPSP5/
EPSP1 after induction, 0.48 � 0.05; paired t test, p � 0.38).
These data indicate that spike-timing-dependent plasticity is
reliably induced in L4 of V1 during the precritical period.
Similar to previous findings in the barrel cortex, spike-timing
LTD in L4 requires the activation of mGluRs and is expressed
presynaptically.

Spike-timing-dependent plasticity is lost in the critical period
Because timing between inputs is an important factor in visual
cortical development (Castelo-Branco et al., 1998; Weliky, 2000),
one would expect that spike-timing LTD might be induced reli-
ably in L4 also later in development. To test this possibility, spike-
timing LTD was induced at monosynaptic connections between
L4 pyramidal neurons in acute slices from P25–P28 rats. As
shown in Figure 3, spike-timing-dependent pairing of presynap-
tic and postsynaptic activity failed to change the amplitude of
monosynaptic EPSPs at any timing interval tested (Fig. 3B,C;
	t � �10 ms, 7.2 � 6.3%, n � 6; 	t � 0, �3.8 � 4.4%, n � 3;
	t � �10 ms, �2.9 � 9.5, n � 5; one-way ANOVA, p � 0.6). The
initial amplitude of the EPSP did not correlate with the induction
of plasticity (Fig. 3D; R 2 � 0.01, p � 0.7). There was no signifi-
cant change in PPR, short-term plasticity and Rin during the re-
cordings (PPR baseline, 1.0 � 0.06; PPR after induction, 0.9 �
0.15; p � 0.2; EPSP5/EPSP1 baseline, 0.7 � 0.05; EPSP5/EPSP1
after induction, 0.68 � 0.04; paired t test, p � 0.23; Rin baseline,
160.7 � 9.7 M�; Rin after induction, 177.1 � 14.3 M�; p � 0.3).
Figure 3E summarizes the magnitude of spike-timing LTD
changes from P16 to P28. These results indicate that spike-timing
LTD in L4 of V1 is limited to the developmental window preced-
ing the critical period for visual cortical plasticity. Thus, spike-
timing-dependent plasticity at L4 recurrent synapses may be
important for the early stages of circuit refinement, but it is un-
likely critical for the processes taking place after P21.

Multiple mechanisms for plasticity at L4 recurrent
excitatory synapses
Is spike-timing-dependent plasticity during the precritical period
the only mechanism for plasticity at recurrent excitatory synapses
in L4? And is L4 excitatory plasticity lost by the end of the third
postnatal week? We tested the possibility that L4 excitatory neu-
rons may have a second set of mechanisms for plasticity that may
allow them to be plastic later in development. To do that, a plas-
ticity induction paradigm was designed to mimic presynaptic
spiking on the upstate of a slow wave, a pattern of activity similar

Figure 3. Spike-timing LTD induction fails after the opening of the critical period. A, Left, Experimental configuration. Right,
Pairing paradigms used for induction. B, Sample traces of EPSP recorded at P25–P28. Baseline, Black; after induction, gray. C,
Magnitude of changes in EPSP amplitude in response to each pairing. White circles, Average percentage change for each pairing;
gray diamonds, percentage change for each connection. The three pairings were applied to different connections. D, Distribution
of the percentage change for each pair plotted against the initial EPSP showing lack of correlation. E, Average percentage change
induced by presynaptic and postsynaptic correlated firing for all of the ages tested during the developmental window under
analysis. The gray bars indicate important developmental milestones: e.o., eye opening; CP, opening of the critical period. Data are
presented as mean � SE.
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to that observed in developing visual cortical neurons (Rochefort
et al., 2009). The induction paradigm consisted of 20 brief bursts
of 10 action potentials at 50 Hz separated by a 10 s interval (0.1
Hz; see Materials and Methods and Fig. 4A). To mimic sparse-
ness, the postsynaptic neuron was sitting at �70 mV in current
clamp, and its membrane potential was free to depolarize in
synch with presynaptic bursts (Fig. 4A, inset). Paired recordings
were obtained from visually identified pyramidal neurons in L4
of V1. Once a monosynaptic connection was detected, a 10 min
baseline was recorded by eliciting five action potentials at 20 Hz
in the presynaptic neuron and recording EPSPs from the post-
synaptic neuron in current clamp (at 0.05 Hz; small direct cur-
rents were injected at the beginning of the recording to adjust the
membrane potential to �70 mV for uniform comparisons of
changes in EPSP amplitude after induction of plasticity; see Ma-
terials and Methods). After baseline acquisition, the induction
paradigm was applied. The induction lasted a total of 3 min 25 s.

In the developmental window from P16 to P21, this pattern of
activity induced LTD (slow-wave LTD; Fig. 4B,C; �25.27 �
6.31%; n � 22; paired t test, p � 10�3). The magnitude of the
depression was not correlated with the initial amplitude of
monosynaptic EPSPs (Fig. 4D; LTD vs baseline EPSP, R 2 � 0.05,
p � 0.8). After induction of slow-wave LTD, there was a signifi-
cant decrease in PPR and an increase in short-term depression, as
indicated by the significant decrease in steady-state ratio (Fig.
4E,F; PPR: baseline, 0.84 � 0.04; after induction, 0.7 � 0.05; n �
22; paired t test, p � 0.001; EPSP5/EPSP1: baseline, 0.6 � 0.04;
after induction, 0.4 � 0.03; n � 22; paired t test, p � 10�5). No
changes in Rin were observed (Fig. 4F; Rin baseline, 250.8 � 17.3
M�; Rin after induction, 256.1 � 16.7 M�; n � 22, p � 0.5).

A decrease in PPR after slow-wave LTD was attributable to a
significantly larger depression of the second EPSP in the train
(average reduction of EPSP1, 24.9 � 9.1%; average reduction of
EPSP2, 38.2 � 8.1%; paired t test, p � 0.01). These data indicate

Figure 4. Slow-wave LTD during the precritical period. A, Top left, Recording configuration. Bottom, Induction paradigm. Inset, Enlargement of the diagram indicating presynaptic burst (left) and
sample trace of presynaptic and postsynaptic membrane potential during the burst (right). B, Time course of EPSP amplitude. Arrow, Time of induction. Each point is the average change of EPSP
amplitude over 2 min of recordings (100% � baseline). The squares represent the time points used for quantifying the magnitude of slow-wave LTD. The inset shows a sample recording. Black,
Baseline; gray, after induction. Calibration: presynaptic neuron, 40 mV, 50 ms; postsynaptic neuron, 1 mV, 50 ms. C, Average change in EPSP amplitude. Black circles, Percentage change in EPSP
amplitude for each recorded pair. D, Plot of percentage changes in EPSP amplitude relative to the initial amplitude of EPSPs recorded for each monosynaptic connection. E, Ratio of EPSP2/EPSP1 and
EPSP5/EPSP1 at baseline (black) and after induction (white). F, Distribution of EPSP amplitudes before (black) and after (gray) induction of slow-wave LTD. Arrow, Subthreshold events; bin size, 0.05
mV; threshold for EPSP detection, 0.15 mV. Inset, Bar plot of failure rates (% fail.) and CV in baseline (black) and after induction (white/black border). G, Topographic representation of quantal
analysis. CVa, Baseline CV; CVb, after induction CV; Ma, average baseline EPSP; Mb, average post-induction EPSP. Note that the data point falls in the area of decreased n or p (�n, p). H, Time course
of slow-wave LTD in the presence of 50 �M APV. The arrow indicates the time of induction. Inset, Left, Sample traces before (black) and after (gray) induction. Calibration: top, 40 mV, 50 ms; bottom,
1 mV, 50 ms. I, Top, Diagram of induction paradigm. Note that the postsynaptic neuron is hyperpolarized coincident with the presynaptic bursts. Bottom, Time course of slow-wave LTD induced with
the paradigm above. Inset, Sample traces of presynaptic (top) and postsynaptic (bottom) recordings. Baseline, Black; after induction, gray. Calibration in inset: presynaptic neuron, 40 mV, 50 ms;
postsynaptic neuron, 1 mV, 50 ms. Data are presented as mean and SE; asterisks indicate significant differences. AP, Action potential.

Wang et al. • Experience Drives Plasticity at Excitatory Synapses J. Neurosci., August 1, 2012 • 32(31):10562–10573 • 10567



that each subsequent presynaptic action potential in a train of
stimuli elicits an increasingly stronger depression of subsequent
EPSPs. This effect suggests that the depression of EPSP amplitude
observed after slow-wave LTD induction may depend on reduced
release probability but may also involve other presynaptic
changes, such as depletion of synaptic resources or refractoriness
of the release machinery, resulting in reduced neurotransmitter
release. To verify this hypothesis, we analyzed the distribution of
EPSP amplitudes before and after induction and quantified a
number of parameters that are reliably used to investigate the site
of expression of long-term synaptic plasticity. There was a shift to
the left of the entire distribution of EPSP amplitudes after induc-
tion, with an apparent increase of the number of subthreshold
events suggesting a possible increase in the rate of failures (Fig.
4F, arrow). To confirm this, we quantified the failure rates and
CV of monosynaptic EPSPs before and after induction of slow-
wave LTD (Fig. 4F, inset). There was a significant increase in
failure rates and CV after slow-wave LTD induction (Fig. 4F,
inset; percentage failures: baseline, 8 � 3%; after induction, 13 �
4; paired t test, p � 0.05; CV: baseline, 0.4 � 0.04; after induction,
0.6 � 0.07; paired t test, p � 0.003). To further test the potential
mechanisms of expression of slow-wave LTD, we performed
quantal analysis (Sola et al., 2004). Figure 4G shows that slow-
wave LTD depends on a significant decrease in n, p, or both,
indicating that changes in presynaptic release, attributable to ei-
ther reduced release probability or reduced number of release
sites, are involved in the expression of slow-wave LTD. These data
support the interpretation that slow-wave LTD is expressed pre-
synaptically, similarly to spike-timing LTD. A feature that is spe-
cific to slow-wave LTD, however, is that depression is more
pronounced in subsequent EPSPs in a train of stimuli, causing a
reduction in PPR. Thus, although both forms of plasticity have a
presynaptic site of expression, the specific mechanisms involved
in regulating synaptic release after induction of these two forms
of LTD might differ significantly.

We investigated the mechanisms required for the induction of
plasticity after slow-wave presynaptic bursting to ask whether
they share similarities with those involved in spike-timing LTD.
Bath application of the NMDAR blocker APV (50 �M) did not
change the baseline amplitude of monosynaptic EPSPs but im-
paired slow-wave LTD (Fig. 4H; EPSP baseline, 0.76 � 0.11 mV,
n � 22; baseline APV, 0.72 � 0.15 mV, n � 8; paired t test, p �
0.9; average LTD APV, �8.6 � 11.9%, n � 8; unpaired t test, p �
0.8). NMDAR blockade not only prevented the depression of
EPSP amplitude but impaired the decrease in PPR and short-
term plasticity that are associated with slow-wave LTD (Fig. 4H,
inset; PPR: APV baseline, 0.76 � 0.09; APV after induction, 0.7 �
0.06; n � 8; paired t test, p � 0.4; EPSP5/EPSP1: APV baseline,
0.5 � 0.07; APV after induction, 0.45 � 0.06; n � 8; paired t test,
p � 0.36).

Previous data indicate that, in visual cortex, LTD may depend
on the activation of NMDARs located presynaptically (Sjöström
et al., 2003). To investigate whether presynaptic NMDARs are
involved in slow-wave LTD, we paired the slow-wave induction
paradigm with hyperpolarization of postsynaptic membrane po-
tential to �90 mV (300 ms; see diagram in Fig. 4 I). Such hyper-
polarization would prevent the release of the magnesium block,
thus precluding the activation of postsynaptic NMDARs during
presynaptic bursting. Slow-wave LTD was still reliably induced,
supporting the interpretation that this form of plasticity depends
on the activation of NMDARs located on the presynaptic neuron
(Fig. 4 I; percentage change, �31.6 � 5.6%; n � 12; p � 0.01).
This paradigm of LTD induction produced also the decrease in

PPR and steady-state ratio that are typical of slow-wave LTD,
confirming that the same form of LTD was induced even when
the postsynaptic neuron was hyperpolarized (PPR: baseline,
0.76 � 0.07; after induction, 0.6 � 0.04; p � 0.01; EPSP5/EPSP1:
baseline, 0.45 � 0.04; after induction, 0.34 � 0.04; p � 0.005).
Together, these data indicate that, during the precritical period,
different patterns of presynaptic and postsynaptic activity (spike-
timing and slow-wave presynaptic bursting) can engage different
mechanisms in the induction and expression of LTD at L4 recur-
rent excitatory synapses.

A switch in sign of plasticity correlates with the critical period
for visual cortical plasticity
Slow-wave presynaptic bursting had a dramatically different ef-
fect at L4 recurrent synapses during the critical period. In the
developmental time window from P25 to P28, the slow-wave
bursting paradigm described above induced a significant poten-
tiation of recurrent EPSP amplitude (slow-wave LTP: �44.17 �
16.35%, n � 20, p � 0.014; Fig. 5B,C). The magnitude and
success rate of potentiation were independent of baseline EPSP
amplitude (Fig. 5D; LTP vs baseline EPSP, R 2 � 0.15, p � 0.7).
After potentiation, there was a significant decrease in PPR and an
increase in short-term depression in response to trains of presyn-
aptic spikes at 20 Hz (Fig. 5E; PPR: baseline, 1.09 � 0.08; after
induction, 0.94 � 0.05; n � 20; paired t test, p � 10�4; EPSP5/
EPSP1: baseline, 0.75 � 0.06; after induction, 0.5 � 0.04, n � 22;
paired t test, p � 10�6). No change was observed in Rin after
induction of slow-wave LTP (baseline, 157.1 � 7.8 M�; after
induction, 166.0 � 7.3 M�; paired t test, p � 0.41). A decrease in
PPR is consistent with the possibility that slow-wave LTP was
expressed presynaptically. The involvement of potential presyn-
aptic changes was further indicated by a shift to the right of the
entire distribution of EPSP amplitudes and by a reduction of the
number of events below threshold (Fig. 5F; threshold, 0.15 mV).
To confirm the presynaptic site of expression of slow-wave LTP,
we quantified potential changes in failure rates and CV after
induction. As shown in the inset in Figure 5F, there was a
significant decrease in failure rates and CV (failure rate: base-
line, 6 � 2%; after induction, 2 � 1%; paired t test, p � 0.05;
CV: baseline, 0.6 � 0.04; after induction, 0.4 � 0.03; paired t
test, p � 0.03). The indication that presynaptic changes may
be involved in the expression of slow-wave LTP was further
confirmed by quantal analysis. Figure 5G shows the results of
quantal analysis indicating that there was a significant increase
in presynaptic release after induction that was attributable to
either increased probability of release or increase in the num-
ber of release sites.

The mechanisms for slow-wave LTP were tested to assess
whether they shared similarities with those involved in the slow-
wave LTD observed in the precritical period. Bath application of
APV decreased the baseline EPSP amplitude, indicating that at
this time in development NMDARs account for a significantly
larger portion of the EPSP, even at the membrane potential of
�70 mV used for these experiments (baseline EPSP, 1.01 � 0.17
mV, n � 21; APV EPSP, 0.6 � 0.09 mV, n � 6; unpaired t test, p �
0.03). This effect is specific to the P25–P28 time window because
we did not observe any effect of APV on baseline amplitude in
younger animals. The effect of APV on EPSP amplitude was not
associated with changes in PPR and short-term depression (base-
line PPR, 1.07 � 0.09; APV PPR, 0.95 � 0.08; unpaired t test, p �
0.5; baseline EPSP5/EPSP1, 0.75 � 0.06; APV EPSP5/EPSP1,
0.73 � 0.07; unpaired t test, p � 0.6). NMDAR blockade im-
paired the induction and expression of slow-wave LTP, pre-
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vented the reduction in PPR, and impaired changes in short-term
plasticity (Fig. 5H; LTP APV, 5.4 � 7.7%, n � 6, p � 0.5; PPR
APV: baseline, 0.95 � 0.08; after induction, 0.8 � 0.06; paired t
test, p � 0.21; EPSP5/EPSP1 APV: baseline, 0.73 � 0.07; after
induction, 0.53 � 0.05; paired t test, p � 0.11). These data indi-
cate that slow-wave LTP depends on the activation of NMDARs.
The location of NMDARs involved in slow-wave LTP is un-
known. We tested the possibility that slow-wave LTP may depend
on the activation of presynaptic NMDARs by pairing each pre-
synaptic burst in the induction paradigm with hyperpolarizing
steps to �90 mV (see diagram in Fig. 5I) injected in the postsyn-
aptic neuron. In these experimental conditions, slow-wave LTP
was still successfully induced, suggesting that the NMDARs in-
volved in the induction of this form of plasticity are likely located
presynaptically (Fig. 5I; percentage change: EPSP, 29.5 � 8.2%,

n � 10; p � 0.008). The changes in PPR and steady-state ratio
associated with slow-wave LTP were also maintained (PPR:
baseline, 1.06 � 0.1; after induction, 0.8 � 0.06; p � 0.018;
steady-state ratio: baseline, 0.74 � 0.1; after induction, 0.56 �
0.07; p � 0.028).

Our findings demonstrate that the maturation of L4 recurrent
excitatory synapses leads to a switch in sign of plasticity from LTD
in the precritical period to LTP in the critical period. Both forms
of plasticity depend on the activation of presynaptic NMDARs
and show a presynaptic site of expression. The switch in sign of
plasticity correlates with a developmentally regulated increase in
the contribution of NMDARs to monosynaptic recurrent EPSPs.
These data show for the first time that, in L4 of V1, synaptic
plasticity can be induced beyond eye opening and that presynap-
tic NMDARs are crucial regulators of both LTP and LTD. In
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Figure 5. Switch in sign of plasticity in the critical period. A, Top, Recording configuration. Bottom, Induction paradigm. Inset, Left, Enlargement of the portion of the diagram indicated by the
gray rectangle; right, sample trace of presynaptic and postsynaptic activity during an induction burst. Calibration: presynaptic neuron, 20 mV, 50 ms; postsynaptic neuron, 0.5 mV, 50 ms. B, Time
course of slow-wave LTP at P25–P28. Arrow, Time of induction; squares, time points at which data were compared. Each data point is averaged over 2 min of recordings. The inset shows sample
traces averaged during baseline (black) and 40 –50 min after induction (gray). Calibration in the inset: presynaptic neuron, 40 mV, 50 ms; postsynaptic neuron, 1 mV, 50 ms. C, Bar plot of average
percentage changes in EPSP amplitude after induction of plasticity at P25 and P28. The circles indicate percentage change in EPSP amplitude of each pair. D, Plot of percentage changes in EPSP
amplitude versus the initial EPSP amplitude for each pair. E, Short-term dynamics of EPSP amplitude during baseline (black circles) and after LTP induction (open circles). F, Distribution of EPSP
amplitudes before (black) and after (gray) induction of slow-wave LTP. Arrow, Subthreshold events; bin size, 0.05 mV; detection threshold for EPSP, 0.15 mV. Inset, Average failure rate (% fail) and
CV before (black) and after (white) induction. G, Topographic representation of quantal analysis. Open circles, Data from each recorded pair; black square, average value. The black line represents the
unity line. H, Time course of slow-wave LTP induced in the presence of 50 �M APV. Inset, Sample traces of monosynaptic EPSP recorded before (black) and after (gray) induction. Calibration: top, 40
mV, 50 ms; bottom, 1 mV, 50 ms. I, Top, Diagram of induction paradigm. Note that the postsynaptic neuron is hyperpolarized coincident with the presynaptic bursts. Bottom, Time course of slow
wave LTP induced with the paradigm above. Arrow indicates the time of induction. Inset, Sample traces of presynaptic and postsynaptic activity before (black) and after (gray) induction. Calibration:
presynaptic neuron, 40 mV, 50 ms; postsynaptic neuron, 1 mV, 50 ms. Data are presented as mean � SE. Asterisks indicate significant differences. AP, Action potential.
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addition, our findings highlight the importance of the process of
maturation of cellular properties in the induction of different
forms of plasticity in developing visual cortex.

Visual deprivation does not affect intrinsic excitability but
impairs slow-wave LTP
The specificity of slow-wave LTP for the critical period, a window
in development in which circuits are particularly sensitive to
changes in sensory input, suggests that changes in visual drive
may affect this form of plasticity. To test this possibility, we su-
tured one eye shut to P24 � 1 d in rats and maintained the MD
until P28 � 1 d. Recordings were performed in the monocular
region of the hemispheres contralateral (deprived) and ipsilateral
(control) to the deprived eye. Four-day-eyelid closure did not
affect the intrinsic properties of L4 pyramidal neurons. Figure 6
shows that there was no significant difference in the voltage ver-
sus current relationship in the subthreshold range (Fig. 6B). Neu-
rons from control and deprived slices responded with a similar
number of action potentials to suprathreshold current injections
(Fig. 6C). The slope of the frequency versus current injection was
also similar (Fig. 6D; frequency– current slope: control, 0.28 �
0.02, n � 5; deprived, 0.29 � 0.01, n � 7; unpaired t test, p � 0.8).

The current to threshold was not significantly different in the two
conditions (Fig. 6D; Ithr: control, 0.19.0 � 3.7 nA; deprived,
16.0 � 3.5; p � 0.5). The Rin and membrane time constant (�m)
were unchanged (Fig. 6D; Rin: control, 80.1 � 8.2 M�; deprived,
84.6 � 3.9 M�; p � 0.6; �m: control, 17.1 � 1.0 ms; deprived,
16.9 � 1.2 ms; p � 0.9). There was no difference in resting mem-
brane potential and in the spike threshold measured as the inter-
polated membrane potential at which dV/dt was 20 V/s (Fig. 6E;
resting membrane potential, Vm: control, �73.0 � 0.7 mV; de-
prived, �73.9 � 0.5 mV; p � 0.4; spike threshold, Vthr: control,
�39.3 � 3.7 mV; deprived, �39.2 � 1.0 mV; p � 0.9). Together,
these data demonstrate that 4 d visual deprivation during the
critical period does not affect the intrinsic properties of L4 pyra-
midal neurons.

We then analyzed the effect of MD on baseline synaptic prop-
erties. Four-day MD did not affect the probability of finding
connected pairs in the P25–P28 time window (Fig. 7B; percentage
connected: control, 11 of 42 tested, 26.2%; deprived, 32 of 114
tested, 28.1%; � 2 for contingency, p � 0.9). Furthermore, the
baseline EPSP amplitude, decay time constant, and short-term
dynamics were unaltered (Fig. 7A,B; EPSP: control, 0.77 � 0.19
mV, n � 11; deprived, 0.76 � 0.13 mV, n � 32; unpaired t test,
p � 0.98; decay �: control, 19.6 � 1.9 ms; deprived, 21.1 � 1.1 ms;
unpaired t test, p � 0.47; PPR: control, 1.06 � 0.06; deprived,
0.96 � 0.1; p � 0.44; EPSP5/EPSP1: control, 0.68 � 0.12; de-
prived, 0.77 � 0.09; unpaired t test, p � 0.5). These data demon-
strate that MD does not directly affect the strength and intrinsic
properties of recurrent monosynaptic connections between L4
pyramidal neurons.

In a subset of lid-sutured rats (n � 5 rats), we tested whether
MD affected the induction of slow-wave LTP. Four-day MD im-
paired slow-wave LTP in slices from the hemisphere contralateral
to the deprived eye. The same pattern of stimulation induced
LTD instead (Fig. 7C,D; control, 41.25 � 9.4% of baseline; n � 9
connected pairs; deprived, �11.6 � 7.33% of baseline, n � 10
connected pairs; unpaired t test, p � 10�3). After induction, the
PPR remained unchanged, indicating that changes in paired-
pulse depression are specific to slow- wave-LTP (PPR: deprived
baseline, 0.96 � 0.1, n � 10; deprived after induction, 0.85 � 0.1;
unpaired t test, p � 0.28). The changes in short-term plasticity
that are observed after slow-wave LTP induction were also pre-
vented by MD, as indicated by the lack of changes in steady-state
ratio of EPSP amplitudes in response to a train of five action
potentials at 20 Hz (EPSP5/EPSP1: control baseline, 0.78 � 0.09;
control after induction, 0.54 � 0.14; n � 9; paired t test, p �
10�4; deprived baseline, 0.68 � 0.12; deprived after induction,
0.62 � 0.18; paired t test, p � 0.49). Thus, visual experience is
necessary for the engagement of mechanisms involved in the
induction and expression of slow-wave LTP during the critical
period.

Discussion
In this set of experiments, we investigated the plasticity associated
with circuit maturation and refinement at L4 recurrent excitatory
synapses. We have shown that: (1) recurrent excitatory synapses
in L4 are endowed with multiple mechanisms for plasticity; (2)
there is a sharp, developmentally regulated switch in sign and
mechanisms for plasticity during postnatal development; and (3)
visual experience is necessary for the switch in sign and mecha-
nisms for excitatory synaptic plasticity.

The results presented here indicate that, although the connec-
tion probability remains stable throughout the time window un-
der study, the process of maturation of recurrent excitatory

Figure 6. MD did not induce changes in intrinsic excitability in L4 pyramidal neurons. A,
Sample traces of membrane potential in response to current injections. Top, Left, Subthreshold
current injections (current steps, 0.05 nA). Middle, Membrane potential in response to sub-
threshold current injections in control slices. Right, Membrane potential in response to sub-
threshold current injections in deprived slices. Bottom, Left, Suprathreshold current injections
(selected current steps, 0.3 and 0.8 nA). Middle, Membrane potential in response to suprath-
reshold current injections in control slices. Right, Membrane potential in response to suprath-
reshold current injections in deprived slices. B, Membrane voltage in response to subthreshold
current injections in control (black) and deprived (gray) slices. C, Plot of the number of action
potentials versus current injections in control (black) and deprived (gray) slices. D, Bar plot of
average values for the slope of the frequency– current curve (FI slope), current to threshold
(Ithr), Rin, and �m in control (black) and deprived (gray) slices. E, Bar plot of average resting
membrane potential (Vm) and action potential threshold (Vthr) in control (black) and deprived
(gray) slices. Data are mean � SE. Asterisks indicate significant differences.
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synapses in L4 occurs through a sequence of transitions that in-
volve both presynaptic and postsynaptic components of the con-
nection. The first steps in the process of maturation account for
the acquisition of larger and faster decaying EPSPs, as well as
increased short-term depression in the time window from P16 to
P21. Increased amplitude and short-term depression suggest a
developmental regulation of release probability. A decrease in
EPSP decay time constant may be attributable to changes in
NMDAR subunit composition, a process that precedes the open-
ing of the critical period (Quinlan et al., 1999; Roberts and Ra-
moa, 1999; Chen et al., 2000; Erisir and Harris, 2003). Both these
events occurred before P21, after that, EPSP amplitude and decay
remained stable. Although we do not observe any additional de-
crease in EPSP decay time constant from P21 to P25, our record-
ings were performed at a holding potential of �70 mV. The
possibility that an additional decrease in decay time constant may
occur if recordings were performed at more depolarized mem-
brane potentials—at which NMDAR contribution to the EPSP is
expected to be larger— cannot be entirely excluded.

The developmental changes reported from P16 to P21 did not
affect the induction of LTP in L4: at both ages, LTD was the
predominant form of long-term synaptic plasticity and engages
either mGluR or NMDAR depending on the pattern of activity
used for induction. The transition from P21 to P25 was marked
by additional changes in neuronal and synaptic properties.

There was a significant decrease in Rin

and an increase in the NMDAR-
dependent component of the EPSP. In ad-
dition, there was a sharp change in sign of
LTP. Although spike-timing LTD could
not be induced, slow-wave presynaptic
bursting induced a form of NMDAR-
dependent LTP. These data demonstrate
that the transition from the precritical to
the critical period for visual cortical plas-
ticity is marked by changes in neuronal
and synaptic properties that determine a
significant shift in synaptic responsive-
ness to patterns of activity.

Different mechanisms for plasticity
in L4
The process of maturation of recurrent
excitatory synapses had profound effects
on the mechanism involved in the induc-
tion and expression of LTP. At P16 –P21,
only LTD was induced at L4 recurrent
synapses independently of the pattern of
activity. Despite being induced in the
same developmental epoch, spike-timing
LTD and slow-wave LTD engaged differ-
ent glutamatergic receptors and expres-
sion mechanisms. Presynaptic and
postsynaptic correlated firing activated
mGluR-dependent mechanisms for
spike-timing LTD (mGluR–LTD). Simi-
lar to data reported previously in the bar-
rel cortex (Egger et al., 1999; Bender et al.,
2006), our analysis support the interpre-
tation that this form of plasticity was ex-
pressed presynaptically. Although our
data and analysis point to a presynaptic
site of expression for spike-timing LTD,

the lack of changes in PPR after induction does not exclude the
possibility that additional postsynaptic mechanisms may be in-
volved in the expression of this form of plasticity. During the
precritical period, LTD was also induced by slow-wave presynap-
tic bursting, a paradigm designed to mimic the spontaneous and
sparse ongoing activity in developing V1 (Rochefort et al., 2009).
However, slow-wave LTD engaged presynaptic NMDARs
(NMDAR–LTD). Both forms of LTD involved presynaptic
mechanisms of expression, but spike-timing LTD did not show
any change in PPR after induction, whereas slow-wave LTD
induced a marked reduction in PPR likely attributable to a pro-
gressive decrease in neurotransmitter release in response to sub-
sequent action potentials in a train. The progressive increase in
depression together with the decrease in PPR suggest that addi-
tional presynaptic mechanisms, such as depletion of synaptic re-
sources or refractoriness of release machinery, may be involved in
addition to changes in the probability of release. A possible inter-
pretation of these findings is that spike-timing LTD and slow-
wave LTD may affect neurotransmitter release through different
mechanisms. The involvement of additional postsynaptic mech-
anisms of expression, such as silencing or loss of functional post-
synaptic sites, in the expression of both forms of plasticity cannot
be excluded.

What is the role of mGluR–LTD and NMDAR–LTD in visual
cortical development? Recent theoretical work suggests that

Figure 7. Visual experience is necessary for the induction of slow-wave LTP during the critical period. A, Sample traces of
monosynaptically connected pairs of neurons from the monocular region of the hemisphere ispilateral (control; black) and con-
tralateral (deprived; gray) to the closed eye. B, Baseline properties of monosynaptic connections in control (black) and deprived
(gray) hemispheres (% Conn, connection probability; EPSP, EPSP amplitude; �, decay time constant; ssR, steady-state ratio). C,
Top, Sample traces of monosynaptic connections from the control hemisphere. Black, Baseline; gray, after induction. Bottom, Time
course of EPSP amplitude during the recordings. Rectangles indicate the time points used to quantify average baseline and
magnitude of slow-wave LTP. The arrow indicates the time of induction. D, Top, Sample traces of monosynaptic connections
recorded in the deprived hemisphere. Black, Baseline; gray, after induction. Bottom, Time course of EPSP amplitude during the
recordings. Rectangles indicate the time points used to quantify average baseline and magnitude of LTP. The arrow indicates the
time of induction. Data are presented as mean � SE. Asterisks indicate significant differences.
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mGluR–LTD may be involved in the initial stages of the forma-
tion of receptive fields (Tanaka and Miyashita, 2009), suggesting
a fundamental role for this form plasticity in the early develop-
ment of visual function. Alterations of mGluR–LTD in the hip-
pocampus have also been associated with neurodevelopmental
disorders (Auerbach and Bear, 2010), supporting the possibility
that this form of plasticity may be crucial for proper wiring of
neural circuits early in development. NMDAR–LTD may be in-
volved in different aspects of visual cortical development. Previ-
ously published work showed that NMDAR activity is important
for the development of orientation selectivity during early post-
natal development (Fagiolini et al., 2003). NMDAR–LTD in the
precritical period may thus be a candidate synaptic mechanism
for the refinement of orientation preference.

During the critical period, correlated presynaptic and post-
synaptic firing failed to change the strength of recurrent excit-
atory synapses in L4. However, slow-wave presynaptic bursting
induced an NMDAR-dependent form of LTP that was expressed
presynaptically (NMDAR–LTP). Thus, the same induction par-
adigm, slow-wave presynaptic bursting, engaged NMDARs in
LTD or LTP depending on the state of maturation of L4 recurrent
excitatory synapses. A possible explanation for this may rely on
the different contribution of NMDARs to the EPSP. Both slow-
wave LTP and slow-wave LTD are mediated by presynaptic
NMDARs. However, APV has a significant effect on the ampli-
tudes of baseline EPSPs elicited by presynaptic action potentials
only at the later age. The reduction in EPSP amplitude after APV
bath application at P25–P28 may come from a developmentally
regulated change in the contribution of presynaptic NMDAR to
action potential-evoked neurotransmitter release during the crit-
ical period.

When our entire dataset is interpreted in the context of previ-
ous findings, some interesting differences emerge. The require-
ments for plasticity at recurrent excitatory synapses in L4 differed
from those shown for feedforward synapses from L4 onto L2/3
and from recurrent synapses in L5 on a number of accounts.
Different from a previous studies (Sjöström et al., 2003; Bender et
al., 2006; Corlew et al., 2007; Rodríguez-Moreno and Paulsen,
2008) there is no evidence for NMDAR involvement in the form
of spike-timing LTD we report. However, spike-timing LTD at
recurrent L4 synapses requires mGluRs similar to that induced at
the same synapses in the barrel cortex (Egger et al., 1999). Pre-
synaptic NMDARs are involved in the induction of precritical
period slow-wave LTD and critical period slow-wave LTP. To-
gether with previous findings on the developmental regulation of
presynaptic NMDAR at glutamatergic synapses in V1 (Corlew et
al., 2007), our data suggest that these receptors may still be pres-
ent well into the critical period but be localized on presynaptic
terminals of recurrent L4 synapses between pyramidal neurons.
In addition, whereas all previous reports indicated that presyn-
aptic NMDAR are involved in LTD induction only (Sjöström et
al., 2003; Bender et al., 2006; Corlew et al., 2007; Rodríguez-
Moreno and Paulsen, 2008), our data show that these receptors
can contribute to LTP as well but in a developmentally regulated
manner.

Visual experience and excitatory synaptic plasticity
The critical period is a time in postnatal development in which
sensory experience plays a fundamental role in the proper wiring
of cortical circuits (Hubel and Wiesel, 1970). Forms of synaptic
plasticity specific for this time window are thought to be the
mechanisms driving the experience-dependent refinement of the

visual cortical circuit (Kirkwood et al., 1996; Maffei et al., 2006,
2010; Yazaki-Sugiyama et al., 2009; Yoon et al., 2009).

Our data show that visual experience early during postnatal
development is necessary for the engagement of cellular mecha-
nisms for induction and expression of LTP during the critical
period. Reduced visual input by MD did not affect baseline EPSP
amplitude and short-term dynamics of synaptic responses dem-
onstrating that the absence of visual drive does not actively
change the strength of recurrent synapses in L4. In addition, MD
did not affect intrinsic properties of pyramidal neurons in L4,
indicating that brief reduction in visual drive does not modify the
excitability and the connectivity of the pyramidal neurons. Pre-
viously published work indicates that MD lowers the activation of
L4 pyramidal neurons driven by the deprived eye by increasing
inhibition onto L4 neurons (Maffei et al., 2006). Increased inhi-
bition may prevent pyramidal neurons from depolarizing suffi-
ciently to fire bursts of action potentials during slow-wave
activity, thus impairing LTP induction while leaving baseline ex-
citatory synaptic properties unaffected. Our data indicate that
visual experience is permissive for the induction of slow-wave
LTP. This interpretation is based on the finding that brief MD not
only impaired slow-wave LTP induction, but shifted the sign of
recurrent excitatory plasticity to LTD. The MD-dependent
switch from LTP to LTD is specific to the critical period, because
previous data reported that MD during the precritical period
potentiates recurrent excitatory synapses possibly by inducing of
a form of homeostatic plasticity (Maffei et al., 2004).

What is driving the shift in sign of plasticity? In our experi-
ments, MD was started after the opening of the critical period;
thus, it is unlikely that the switch from slow-wave LTP to LTD
after MD depends on impaired maturation of recurrent excit-
atory synapses. In favor of this interpretation, the form of LTD
induced in slices from the deprived hemisphere does not engage
the same mechanisms of expression of slow-wave LTD because it
is not accompanied by changes in PPR and short-term plasticity.
Based on extant literature, one may speculate on a few possible
explanations for the experience-dependent switch in sign of ex-
citatory plasticity. Experience-dependent changes in the level of
neuromodulators (Seol et al., 2007), changes in the level of neu-
rotrophic factors (Sermasi et al., 2000; Abidin et al., 2006), or
changes in L4 pyramidal neurons attributable to potential inter-
actions with other elements of the visual cortical circuit and their
plasticity (Maffei et al., 2006) may affect the engagement of syn-
aptic and cellular mechanisms necessary for induction and ex-
pression of slow-wave LTP. Alternatively, MD may induce forms
of metaplasticity (Abraham and Bear, 1996; Cho and Bear, 2010)
that lead to the flip in the sign of activity-dependent plasticity.
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