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Development/Plasticity/Repair

Input-Specific Critical Periods for Experience-Dependent
Plasticity in Layer 2/3 Pyramidal Neurons

Jing A. Wen and Alison L. Barth

Department of Biological Sciences and Center for the Neural Basis of Cognition, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

Critical periods for experience-dependent plasticity have been well characterized within sensory cortex, in which the ability of altered
sensory input to drive firing rate changes has been demonstrated across brain areas. Here we show that rapid experience-dependent
changes in the strength of excitatory synapses within mouse primary somatosensory cortex exhibit a critical period that is input specific
and mechanistically distinct in layer 2/3 pyramidal neurons. Removal of all but a single whisker [single whisker experience (SWE)] can
trigger the strengthening of individual glutamatergic synaptic contacts onto layer 2/3 neurons only during a short window during the
second and third postnatal week. At both layer 4 and putative 2/3 inputs, SWE-triggered plasticity has a discrete onset, before which it
cannot beinduced. SWE synaptic strengthening is concluded at both inputs after the beginning of the third postnatal week, indicating that
both types of inputs display a critical period for experience-dependent plasticity. Importantly, the timing of this critical period is both
delayed and prolonged for layer 2/3-2/3 versus layer 4-2/3 excitatory synapses. Furthermore, plasticity at layer 2/3 inputs does not invoke
the trafficking of calcium-permeable, GluR2-lacking AMPA receptors, whereas it sometimes does at layer 4 inputs. The dissociation of
critical period timing and plasticity mechanisms at layer 4 and layer 2/3 synapses, despite the close apposition of these inputs along the

dendrite, suggests remarkable specificity for the developmental regulation of plasticity in vivo.

Introduction

Layer 2/3 neurons are major integrators of sensory input. Alter-
ations in sensory experience can alter the properties of these neu-
rons, increasing firing output in response to sensory stimulation
(Fox, 1992; Diamond et al., 1993, 1994; Glazewski and Fox, 1996;
Barth et al., 2000; Glazewski et al., 2007; Benedetti et al., 2009).
This is attributable in part to potentiation of excitatory synapses
from layer 4, the input layer of the cortex, onto layer 2/3 neurons
(Clem and Barth, 2006; Clem et al., 2008, 2010). In addition,
increased firing output after sensory stimulation may also be
attributable to changes in synaptic drive from other layer 2/3
neurons, which themselves are strongly interconnected (Le-
fort et al., 2009).

Single-whisker experience (SWE)-driven increases in whisker-
evoked firing occur quickly (within 24 h of SWE) in young post-
natal animals. In this case, increased firing output to stimulation
of the single spared whisker can be localized to the spared whisker
barrel column itself, as well as in surrounding barrel columns
(Glazewski and Fox, 1996; Glazewski et al., 2007; Benedetti et al.,
2009). In older animals, longer periods of SWE (>7 d) are re-
quired to potentiate sensory-evoked firing in the spared barrel
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column, indicating that the threshold for this plasticity is devel-
opmentally regulated.

At least part of the mechanism underlying rapid increases in
sensory-evoked firing in young animals is increased excitatory
drive resulting from the postsynaptic addition of AMPA recep-
tors (AMPARs) to layer 4-2/3 synapses (Clem and Barth, 2006;
Clem et al., 2008). However, in adult animals, it is unknown
whether the experience-dependent strengthening of excitatory
inputs onto layer 2/3 neurons declines during postnatal devel-
opment and might account for the reduced capacity of these
neurons to exhibit SWE-induced increases in sensory-evoked
responses in adult animals (Glazewski et al., 2007; Benedetti et
al., 2009).

Here we show that synaptic identity controls a capacity for in
vivo, experience-dependent plasticity. The rapid strengthening of
layer 4-2/3 inputs by SWE has been well characterized (Clem and
Barth, 2006; Clem et al., 2008, 2010). Previous work indicates that
this potentiation occurs via the postsynaptic addition of calcium-
permeable AMPARSs (CP-AMPARs) (Clem and Barth, 2006), re-
quiring NMDAR activation for initiation (Clem et al., 2008).
Here, we show that SWE also potentiates putative layer 2/3-2/3
synapses within the spared whisker barrel column and that the
mechanisms of this in vivo plasticity are differentially regulated
compared with layer 4-2/3 inputs.

Although both types of synapses exhibit developmentally reg-
ulated, experience-dependent synaptic strengthening, critical pe-
riod timing is both delayed and prolonged for layer 2/3 inputs
compared with layer 4 inputs. Additionally, the molecular mech-
anisms underlying this plasticity are distinct between the two
pathways. SWE is sufficient to induce the delivery of CP-
AMPARSs at layer 4 but not layer 2/3 inputs, although plasticity at
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both inputs can occur without the trafficking of CP-AMPARs.
Despite the prolonged presence of ifenprodil-sensitive, NR2B-
containing NMDARs at layer 4 inputs, these synapses display a
shorter critical period than layer 2/3-2/3 inputs, which contain
more NR2A. These data indicate that in vivo, a capacity for syn-
aptic potentiation is regulated with extraordinary synaptic
specificity.

Materials and Methods

Animals. Wild-type or heterozygous mice (males and females) from a
fosGFP (1-3 line, C57BL/6 background) transgenic line ( fosGEP™'™)
ages postnatal day 11 (P11) to P17 were used. Bilateral whisker depriva-
tion was performed in which all but the D1 whisker on one side were
removed (Barth et al., 2000). Animals were returned to their home cages
for 24 h before recording. Control animals were whisker-intact litter-
mates of the deprived animals. Because there was no significant differ-
ence between control wild-type C57BL/6 and fosGFP*/~, data from these
animals were grouped. Recordings in control animals were not restricted
to the D1 barrel column, because all columns were equivalent in whisker-
intact animals. The barrel column representing the “spared” D1 whisker
was identified by enhanced fosGFP expression and relative position to
the hippocampus in acute brain slices.

Whole-cell recording. Animals were anesthetized with isoflurane and
decapitated. Coronal slices with 350 wm thickness were vibratome sec-
tioned in regular artificial CSF (ACSF) at 2—6°C composed of the follow-
ing (mm): 119 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgSO,, 1 NaH,PO,, 26.2
NaHCO;, and 11 glucose (equilibrated with 95% O,/5% CO,). Slices
were maintained and whole-cell recordings were performed at room
temperature. Somata of lower layer 2/3 pyramidal neurons in barrel cor-
tex were targeted for whole-cell recording with borosilicate glass elec-
trodes with a resistance of 6—8 M(). Electrode internal solution was
composed of the following (in mm): 130 cesium, 10 HEPES, 0.5 EGTA, 8
NaCl, 4 Mg-ATP, and 0.4 Na-GTP, pH 7.25-7.30 (290-300 mOsm),
containing trace amounts of Alexa Fluor-568. Pyramidal cell identity was
confirmed after the recording session by pyramidal soma morphology
and the presence of dendritic spines. Only cells with R ;. = 20 M{) and
Rippue = 200 M), in which changes in either measurement were <20%
were included for analysis. Stimulation of presynaptic afferents was ap-
plied at 0.1 Hz by placing glass monopolar electrodes in the center of
layer 4 barrels or midlayer 2 pyramidal cell layer. Although this method
cannot exclusively isolate layer 2/3 inputs, the high density of within-
layer inputs indicates that the majority of inputs are likely to come from
other layer 2/3 neurons. We refer to these layer 2/3 inputs as “putative” to
indicate this uncertainty. Postsynaptic responses from layer 2/3 pyrami-
dal neurons within the same barrel column were recorded. Electrophys-
iological data was acquired by Multiclamp 700A (Molecular Devices) and
a National Instruments acquisition interface. The data was filtered at 3
kHz, digitized at 10 kHz, and collected by Igor Pro 6.0 (Wavemetrics).
Extracellular simulation was controlled by a Master-8 (A.M.P.1.).

AMPA EPSC measurement and rectification index. To isolate AMPAR-
mediated EPSCs, p-APV (50 um) and picrotoxin (Ptx) (50 um) were
included to block NMDAR and GABA 4R activation in regular ACSF that
contained 1 mm MgSO,. Spermine (100 uMm) was included in the internal
solution to avoid washout of endogenous polyamines. Layer 2/3 pyrami-
dal neurons were voltage clamped at —70 mV, and stimulus intensity was
adjusted until a clear monosynaptic response (2—7 ms latency, consistent
across trials for a given response) was visible for every sweep. For a series
of holding potentials at —70, —40, —20, 0, 20, and 40 mV, 10-20 sweeps
were collected and averaged. The peak amplitudes of the averaged cur-
rent trace at each holding potential was normalized to that, at —40 mV,
based on which current-potential (I-V) curve was constructed for each
cell. A mean -V curve was generated by averaging across all cells in a
group. Liquid junction potential (approximately +10 mV) was not cor-
rected for. Reversal potential for the AMPA-EPSC, or E, ., was obtained for
each cell from its I-V curve. The rectification index (RI) was calculated based
on the following formula: RI = I, /(40 — E,.,)/I_,o(E,e, + 40).

Evoked Sr—AMPA miniature EPSC measurement. To measure the am-
plitude of stimulus-evoked miniature AMPAR-EPSCs, Sr2™ (3 mm) was
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substituted for Ca?* in regular ACSF to drive asynchronous glutamate
release. D-APV (50 um) and Ptx (50 um) were included to pharmaco-
logically isolate AMPAR-mediated EPSCs, and 5 mm QX-314 (lido-
caine N-ethyl bromide) was included in the Cs-gluconate internal
solution to reduce noise in recordings of miniature events. Layer 2/3
pyramidal neurons were voltage clamped at —70 mV. The evoked
response has an initial synchronous component (~50 ms after the
stimulus artifact) that was excluded in the analysis. Isolated, asynchronous
events that occurred from 50 to 500 ms after the stimulus were manually
selected and analyzed using Minianalysis software (Synaptosoft). The detec-
tion threshold for events was set at 2X root mean square noise (usually
~4-5 pA), and data were filtered with a low-pass filter at 1 kHz. Approxi-
mately 100 random events were selected for each cell and then grouped for
each condition. Comparisons were made between groups. Averaged traces
for each experimental condition were obtained by grouping average traces
from selected events for all cells.

NMDA-EPSC measurement and ifenprodil sensitivity. To pharmaco-
logically isolate NMDAR-mediated EPSCs, 1,2,3,4-tetrahydro-6-nitro-
2,3-dioxo-benzo|f]quinoxaline-7-sulfonamide hydrate (5 um) and Ptx
(50 um) were included in the bath solution (regular ACSF). Cells were
held at +40 mV, and synaptic EPSCs were collected in voltage-clamp
mode. A single-exponential function was fit to the average NMDA-EPSC
trace from its peak to 200 ms after the stimulus onset and a decay constant Twas
determined from the fit. To assess the content of NR2B-containing NMDARSs,
ifenprodil (10 um), an NR2B specific antagonist was infused to the recording
chamber locally because the action of ifenprodil was poorly reversible (Kumar
and Huguenard, 2003) after a stable baseline was achieved for 5 min. A post
response was collected 5 min after infusion to allow complete diffusion.

Ratio of AMPAR/NMDAR-mediated EPSCs. Cells were held at —70
and +40 mV to isolate the AMPA-EPSC and NMDA-EPSC, respectively.
The amplitude of the AMPA-EPSC was taken at the peak of synaptic
response recorded at —70 mV, and the amplitude of the NMDA-EPSC
was taken 50 ms after the stimulus onset at +40 mV, when the AMPA—
EPSC component decays to baseline. A ratio of AMPA-EPSC and
NMDA-EPSC amplitudes were obtained from these values.

Dual-pathway recordings. For experiments in which synaptic re-
sponses from layer 4-2/3 and layer 2/3-2/3 excitatory pathways were
recorded from the same cell, two stimulating electrodes were set up in
layer 4 and layer 2 of the same barrel column. Stimulation frequency was
the same for both pathways (0.1 Hz).

Statistics. For all non-pairwise comparisons, a nonparametric Mann—
Whitney U test (two-tailed) was used. For all pairwise comparisons
(dual-pathway and ifenprodil sensitivity experiments), a paired Stu-
dent’s t test was used. For Sr—EPSC amplitude comparisons between
control and SWE conditions (see Figs. 1, 3), cell values were averaged
within an animal and then averaged across animals for that age group. To
determine whether SWE-induced plasticity was developmentally regu-
lated, mean Sr—EPSC amplitudes were statistically evaluated using a
Mann-Whitney U test, followed by a Bonferroni correction (groups
P12-P14 for layer 4-2/3 synapses, P13—P16 for layer 2/3-2/3 synapses) to
compare control and SWE conditions. The corrected p value was derived
from the Mann—Whitney p value multiplied by the number of possible
contiguous groupings (15 in this study).

Results

A critical period for experience-dependent plasticity at layer
4-2/3 synapses

Layer 4 excitatory neurons make multiple contacts onto layer 2/3
pyramidal cells, providing strong and reliable input that varies
with stimulus strength. To assess the mean amplitude of an indi-
vidual synaptic contact, we stimulated layer 4 neurons in ACSF in
which Ca** had been replaced with Sr>* to desynchronize neu-
rotransmitter release (Goda and Stevens, 1994; Abdul-Ghani et
al., 1996; Xu-Friedman and Regehr, 1999) while recording the
response of layer 2/3 neurons (Fig. 1 A). Under these conditions,
the delayed occurrence of AMPAR-mediated miniature EPSCs
(mEPSCs) can be observed (Fig. 1 D), events that are thought to
reflect the release of a single neurotransmitter vesicle.
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Previous work from the laboratory has
shown that 24 h of SWE results in an in-
crease in the mean amplitude of AMPAR~—
EPSCs evoked by layer 4 stimulation in the
presence of Sr (Sr—EPSCs) compared with
control undeprived animals. To deter-
mine whether the magnitude of plasticity
at layer 4-2/3 synapses was developmen-
tally regulated, we initiated 24 h of SWE at
different postnatal ages. To identify the
cortical representation of the spared whis-
ker, acute brain slices from fosGFP trans-
genic mice that had undergone SWE were
prepared (Fig. 1C), and stimulating and
recording electrodes were placed in the
spared barrel column.

Twenty-four hours of SWE from P10
to P11 was insufficient to induce an
increase in the quantal amplitude of
AMPAR-EPSCs (control, 10.8 = 0.81 pA
vs SWE, 9.0 + 0.70 pA) (Fig. 1E,F). At
this time, the overall input strength from
layer 4 to layer 2/3 is weak (Lendvai et al.,
2000; Maravall et al., 2004). However, a
single day later, SWE was sufficient to
drive a significant increase in the ampli-
tude of layer 4-2/3 excitatory (P12 con-
trol, 9.5 = 0.48 vs SWE, 12.6 £ 0.61 pA).
SWE-induced increases in excitatory syn-
aptic strength were significant at P13 and
P14 (Fig. 1E,F). However, at P15, SWE
was no longer capable of triggering an in-
crease in Sr—EPSC amplitude (P15 con-
trol, 10.5 £ 0.32 vs SWE, 10.4 = 0.39),
and this result was observed for all subse-
quent ages examined (Fig. 1F). Thus, we
find that, at layer 4-2/3 synapses, rapid
experience-dependent increase in synaptic
strength can be induced only for a short
time window at the end of the second post-
natal week, from P12 to P14 (P12—P14 control vs SWE, p = 0.0001
with Bonferroni correction).

Figure 1.

CP-AMPARs and SWE-induced

plasticity

We and others have shown that addition of CP-AMPARs can
occur during potentiation of excitatory synapses, both in vivo and
in vitro (Shi et al., 1999; Hayashi et al., 2000; Zhu et al., 2000;
Takahashi et al., 2003; Bellone and Liischer, 2006; Clem and
Barth, 2006; Plant et al., 2006; Matsuo et al., 2008). Under con-
trol, undeprived conditions, layer 4-2/3 synapses show a linear
I-V relationships (Fig. 2 B, C) and slow EPSC decay kinetics (Fig.
2G,H), characteristic of GluR2-containing AMPARs. After 24 h of
SWE, AMPARs with fast decay kinetics and rectifying -V rela-
tionships characteristic of CP-AMPARs can be detected (Clem
and Barth, 2006) (P13 RI, control, 0.81 * 0.06; SWE, 0.57 = 0.05)
(Fig. 2C,F; see also Sr—EPSC decay time in G, H). Because CP-
AMPARSs possess a long C-terminal tail that promotes activity-
dependent mobilization to the synapse (Sheng and Lee, 2001)
and also exhibits higher single-channel conductance than calcium-
impermeable AMPARs (Swanson et al., 1997), trafficking of these
receptors to the excitatory inputs can increase synaptic
strength in several ways. Furthermore, the developmental reg-
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SWE induces rapid increase in evoked Sr—mEPSC amplitude at layer 4-2/3 excitatory synapses only during a short
developmental window. A, Schematic of stimulating and recording electrode placement for measuring layer 4-2/3 Sr—-mEPSCs. B,
Bright-field image of recording configuration in one barrel column. Scale bar, 200 wm. C, Low-magnification fluorescence image
of the spared barrel column with strong signal located in layer 4 (barrel column indicated with asterisk). Scale bar, 200 wm. D,
Example traces from control (black) and SWE (green) at postnatal age P11, P13, and P15. Calibration: 20 pA, 100 ms. E, Averaged
traces of evoked Sr—-mEPSCs from all cellsat P11, P13, and P15. Calibration: 5 pA, 5 ms. Dashed line indicates the control amplitude
for comparison. F, Mean amplitude of evoked Sr—mEPSCs recorded at postnatal ages P11-P17 from control (black) and SWE-
treated (green) animals at layer 4-2/3 synapses. The number of cells (top) and animals (bottom) used are indicated on the bar
graph. *p < 0.05, **p << 0.01 between age-matched control and SWE-treated cell groups by age using Mann—Whitney U test.
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ulation of CP-AMPARs has been noted in previous studies
(Kumar et al., 2002; Brill and Huguenard, 2008). Thus, it was
tempting to speculate that SWE-induced potentiation of layer
4-2/3 synapses might require CP-AMPARs, and the unavail-
ability of these AMPARs might trigger the closure of the crit-
ical period.

To determine whether the end of rapid, SWE-induced plastic-
ity was associated with a reduction in the SWE-dependent traf-
ficking of CP-AMPARs, we evaluated the electrophysiological
properties of potentiated layer 4-2/3 inputs at P14 after SWE.
Surprisingly, we observed robust potentiation even in the ab-
sence of CP-AMPARs (P14 RI for control, 0.81 * 0.07 vs SWE,
0.86 * 0.13) (Fig. 2 D-F; see also G, H). Indeed, increased recti-
fication of AMPAR-EPSCs after SWE was prominent for only 1
postnatal day, at P13. These data indicate that strong experience-
dependent synaptic strengthening can occur without the traf-
ficking of CP-AMPARs and that a decline in the availability of
CP-AMPARS is unlikely to explain the close of the critical period
at layer 4-2/3 synapses.

Experience-dependent potentiation of layer 2/3-2/3

excitatory synapses

In our studies, to characterize SWE-induced changes in sensory-
evoked firing across development, the rapid potentiation of firing
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Figure 2.  SWE drives CP-AMPARs to layer 4-2/3 synapses only at P13 but not P14. 4, Schematics of electrode placement for

control (black) and SWE-treated (green) tissue at layer 4-2/3 synapses. B, Example layer 2/3 pyramidal cells from a P13 control
(black) and an SWE-treated (green) animal showing layer 4-evoked AMPA—EPSCs recorded at — 40,
holding potentials. Calibration: 20 pA, 20 ms. The SWE cell shows clear EPSC rectification at positive holding potentials compared
with the control cell. ¢, Normalized AMPA—EPSC amplitude (to amplitude at —40 mV) as a function of holding membrane
potential (/~V/ curve) for control and SWE animals at P13. D, Example cells from a P14 control and an SWE animal as in B).
Calibration: 10 pA, 20 ms. E, -V curves for control and SWE at P14 as in C. F, Rectification index for control and SWE animals at P13
and P14 at layer 4-2/3 synapses. G, Scatter plot of Sr—-mEPSC decay time for control and SWE-treated animals at layer 4-2/3

pathway from P11-P17. H, Mean Sr—-mEPSC decay time for layer 4-2/3 pathway. *p < 0.05.

rates in layer 2/3 neurons can be observed into the third postnatal
week, although it declines soon afterward (Benedetti et al., 2009).
Because this time period extends past the critical period for SWE-
induced potentiation at layer 4-2/3 synapses, it is likely that other
processes must be at work to facilitate increased firing output
after stimulation of the spared whisker.

Previous work has not addressed whether other excitatory
inputs onto layer 2/3 pyramidal neurons also undergo SWE-
induced increases synaptic strength. To examine whether in-
tralaminar excitatory inputs might also show SWE-induced
potentiation, AMPAR-mediated Sr—EPSCs were compared between
control and SWE-treated animals. In this case, the stimulation elec-
trode was placed in layer 2, within the same barrel column (Fig.
3 A, B). This form of stimulation will primarily activate intralaminar
connections from other layer 2/3 neurons because these neurons are
densely interconnected and receive little input from other cortical
layers (Lefort et al., 2009), although excitatory synapses from other
areas may also be driven by this form of stimulation. Similar to layer
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4-2/3 inputs, SWE assessed at P11 was not
sufficient to drive increases in Sr—EPSC am-
plitude (control, 12.0 * 0.54 pA vs SWE,
11.0 = 0.42 pA). However, unlike at layer
4-2/3 inputs, SWE assessed at P12 was also
unable to drive a significant change in Sr—
EPSC amplitude (control, 11.9 = 0.80 pA vs
SWE, 12.2 + 0.51 pA) (Fig. 3C-E).
SWE-driven increases in Sr—EPSC am-
plitude at these layer 2/3-2/3 inputs were
first observed at P13 (control, 10.8 = 0.54
PAvsSWE, 13.4 = 0.97 pA). Thus, altered
sensory input in the form of SWE can
drive the strengthening of intralaminar,
putative layer 2/3-2/3 inputs, although the
timing of this phenomenon is distinct
from that observed at layer 4-2/3 inputs.
Developmental analysis of SWE-induced
changes in Sr—EPSC amplitude at layer
2/3-2/3 synapses revealed that this plastic-
ity was prolonged by several days com-
pared with layer 4-2/3 synapses. At P16,
SWE led to a significant increase in synap-
tic strength (control, 10.0 = 0.37 pA vs
SWE, 12.4 £ 0.75 pA), 2 d after the closure
for rapid, SWE-induced increases in the
amplitude of layer 4-2/3 inputs (Fig. 3E)
(P13-P16 control vs SWE, p = 0.01 with
Bonferroni correction). These results
show that onset timing, duration, and end
of SWE-induced plasticity are distinct for
layer 4-2/3 and layer 2/3-2/3 synapses and
indicate that experience-dependent plas-

15 ticity is regulated in an input-specific

manner.

Potentiated layer 2/3-2/3 synapses do
not mobilize

CP-AMPARs

To determine whether plasticity at layer 2/3-
2/3 inputs was mechanistically similar to
that observed at layer 4-2/3 synapses, we ex-
amined whether CP-AMPARSs were present
at potentiated intralaminar synapses, as had
been observed for layer 4-2/3 inputs.

Analysis of AMPAR-EPSC rectification and Sr—EPSC decay
kinetics suggested that CP-AMPARs were not trafficked to layer
2/3-2/3 synapses under any conditions (Fig. 4 B-E,I). Similar to
layer 4-2/3 inputs, no significant rectification was observed in
slices from control, undeprived animals. This was also observed
at P13, when SWE was effective at trafficking CP-AMPARs to
layer 4-2/3 synapses (Fig. 4B,C). To determine whether there
might be an offset in the timing of CP-AMPAR delivery that
might be later at layer 2/3-2/3 synapses, we also examined SWE-
induced changes in rectification at P14. However, SWE was not
associated with evidence for rectifying AMPARSs at this age either
(Fig. 4D, E).

To verify that this was not attributable to subtle differences in
our recording conditions across different experiments, record-
ings were performed to directly compare rectification properties
in the same cell (Fig. 4F, G). Stimulation electrodes were simul-
taneously placed in layer 4 and layer 2/3 of the spared barrel
column, and the EPSCs from the postsynaptic cell were collected

—20,0, +20,and +40 mV
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across a range of holding potentials in the
presence of D-APV and picrotoxin to
pharmacologically isolate AMPAR-EP-
SCs. In six of eight cases, rectifying AM-
PAR-EPSCs could clearly be observed at
layer 4-2/3 but not layer 2/3-2/3 inputs
(Fig. 4G). On average, no significant in-
crease in AMPAR rectification was ob-
served after SWE at intralaminar inputs
(Fig. 4H). Thus, we conclude that layer
2/3 excitatory inputs are distinct from
layer 4 in both their developmental timing
and the synaptic mechanisms underlying
SWE-induced plasticity.

Precise, synapse-specific onset of
experience-dependent plasticity

Given experimental uncertainty in gesta-
tion period and the precise timing of birth
(birthdate was approximated by inspec-
tion 1-2X/d), it is remarkable that we
were able to identify a discrete time win-
dow by which layer 4 and layer 2/3 inputs

are differentially regulated by sensory ex- P14
perience. To control for potential differ- V /-»
ences between groups of animals, we

undertook a second series of experiments

ﬁ
ﬁ
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same postnatal day. Furthermore, both I_ Postnatal day

input pathways were evaluated in the
same cell, providing additional strength to
this method of comparison. Because SWE
is capable of triggering synaptic strength-
ening at layer 4 but not layer 2/3 inputs at
P12, this age was selected for more exten-
sive analysis.

Dual-pathway recordings of Sr—EPSCs
from pairs of P12 control and SWE-
treated littermates were performed (Fig. 5A,B). In these litter-
mates with identical postnatal ages, SWE induced a robust and
significant increase in Sr—EPSC amplitude only at layer 4 inputs
(control, 9.7 = 0.6 pA vs SWE, 11.7 = 0.4 pA; p < 0.05 by
Mann-Whitney test) but not at layer 2/3 inputs (control, 11.0 =
1.2 pAvs SWE, 11.1 + 0.4 pA; p > 0.3 by Mann—Whitney test). In
addition, stimulation in layer 2/3 of adjacent, deprived barrel did
not reveal any SWE-dependent change in synaptic strength, in-
dicating that these effects are specific to the spared barrel column
(Fig. 5C,D). These results are consistent with previous findings
from the single pathway-stimulation recordings and strongly sup-
port the conclusion that critical period timing is regulated in an
input-specific manner.

Figure 3.

NMDARSs at layer 2/3-2/3 synapses contain less NR2B than
layer 4 inputs

Because developmental plasticity is associated with elevated
NR2B content at thalamocortical synapses (Carmignoto and Vi-
cini, 1992; Barth and Malenka, 2001; Lu et al., 2001), we hypoth-
esized that the extended duration of SWE-induced plasticity at
layer 2/3-2/3 inputs might be associated with increased NR2B at
these connections. To assess this, we examined the ifenprodil
sensitivity and decay kinetics of the pharmacologically isolated
NMDAR-EPSC in control, undeprived animals at a time at

SWE triggers a rapid increase in evoked Sr-mEPSC amplitude at layer 2/3-2/3 excitatory synapses. A, Schematic of
stimulating and recording electrode placement for measuring layer 2/3-2/3 Sr—mEPSCs. B, Bright-field image of recording con-
figuration in one barrel column. Scale bar, 200 um. €, Example traces from control (black) and SWE (green) at postnatal age P12,
P14, and P17. Calibration: 20 pA, 100 ms. D, Average traces of evoked Sr—mEPSCs for control and SWE animals. Calibration: 5 pA,
10 ms. E, Mean amplitude of evoked Sr—mEPSCs recorded at postnatal ages P11-P17 for control and SWE animals at layer 2/3-2/3
synapses. The number of cells (top) and animals (bottom) used are indicated on the bar graph. *p << 0.05, **p << 0.01 between
age-matched control and SWE-treated cell groups by age using Mann—Whitney U test.

which SWE was capable of inducing an increase in Sr—EPSC am-
plitude at both types of synapses, P13.

Layer 2/3-2/3 and layer 4-2/3 inputs were analyzed in the same
postsynaptic cell, using the dual-pathway stimulation setup. At
this age, NMDAR-mediated EPSCs at layer 2/3-2/3 synapses were
moderately but significantly less sensitive to the NR2B-specific
antagonist ifenprodil than layer 4-2/3 synapses within the same
cell (percentage reduction in peak NMDAR-EPSC current at
+40 mV for layer 2/3-2/3, 51.2 * 5.4% vs layer 4-2/3, 57.7 =
5.7%) (Fig. 6C,D). Consistent with a higher NR2A content at
layer 2/3-2/3 synapses, layer 2/3-2/3 NMDAR-EPSCS also dis-
played faster decay kinetics than those at layer 4-2/3 synapses
(layer 2/3-2/3 7= 59.8 = 2.7 ms vs layer 4-2/3 7= 933 * 11.4
ms) (Fig. 6 A, B). These results could not be attributed to differ-
ences in presynaptic release properties between the two pathways,
because the degree of paired-pulse depression was identical at the
two inputs (0.67 = 0.06 at layer 4-2/3 synapses vs 0.68 = 0.07 at
layer 2/3-2/3 synapses; p > 0.8).

In addition to comparing the properties of NMDARSs at these
two different synapses, we also examined the ratio of AMPAR and
NMDAR current amplitudes (A:N ratio) as an indicator of syn-
aptic maturation (Wu et al., 1996; Isaac et al., 1997; Chiu et al.,
2008). Experiments were performed by stimulating both path-
ways and recording from a single cell in the presence of picro-
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2/3-evoked AMPA—EPSCs at holding potentials —40, —20, 0, +20, and +40 mV. Calibration: 20 pA, 20 ms. C, -V curves for
control and SWE animals at P13. D, Example cells from P14 control and SWE animals as in A. Calibration: 30 pA, 20 ms. E, I~V curves
for control and SWE animals at P14. F, Configuration of dual-pathway recording in SWE-treated tissue. One stimulation electrode
is placed in layer 4 and the other is in layer 2 of the same barrel column while recording from the same layer 2/3 neuron. G, Example
traces (peak-scaled) from dual-pathway recordings of a P13 SWE-treated animal at holding potentials —40, —20, 0, + 20, and
+40 mV. Calibration: 30 pA, 10 ms. Layer 4-2/3 synapse shows more rectification than layer 2/3-2/3 synapse within the same
postsynaptic neuron. H, Rectification index for P13 and P14 control and SWE-treated animals at layer 2/3-2/3 synapses. /, Scatter
plot of Sr-mEPSC decay time at layer 2/3-2/3 pathway from P11-P17.

toxin to pharmacologically isolate glutamatergic currents. The
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A similarity in the A:N ratio was ob-
served despite a small but reproducible
difference in the amplitude of control
layer 2/3-2/3 Sr—EPSCs compared with
layer 4-2/3 synapses at the end of the sec-
ond postnatal week (P13 layer 2/3-2/3,
11.2 £ 0.7 pAvslayer 4-2/3,9.9 = 0.4 pA)
(Fig. 7A,B). This difference in Sr—EPSC
amplitude is not likely to be attributable
to differential electrical filtering of the
EPSC signal attributable to the location of
layer 2/3 and layer 4 inputs along the layer
2/3 pyramidal cell dendrite, because the
rise and decay times for these events were
identical for the two inputs (Fig. 7E). This
difference in the amplitude of Sr—EPSCs
did not appear to persist over time, be-
cause the two pathways became similar at
later developmental time points (P14-
P15 layer 2/3-2/3, 9.12 = 0.4 pA vs layer
4-2/3,9.52 + 0.3 pA) (Fig. 7C,D for two-
pathway experiments in the same cell and
for all values pooled across a given day
from P11-P17; see also F).

Together, these data provide additional
support for the finding that different ex-
citatory synapses onto the same layer 2/3
neuron can display markedly different
properties. In addition, these findings in-
dicate that relatively high NR2B content
is linked to a capacity for experience-
dependent plasticity in vivo, consistent
with previous developmental studies.

Discussion
Here we have used SWE-induced potenti-
ation to evaluate how plasticity at differ-
ent synapses can be regulated by in vivo
sensory experience, identifying pathway-
specific critical periods for excitatory syn-
aptic strengthening in layer 2/3 pyramidal
neurons. Compared with layer 2/3-2/3
synapses, layer 4-2/3 synapses show an
earlier and shorter period during which
alteration in sensory input induced by the
removal of all but a single whisker can in-
crease synaptic strength. The timing of
this critical period, for SWE initiated at
P11-P13, is similar to what has been ob-
served for the effects of sensory depriva-
tion on layer 2/3 neurons in rat barrel
cortex for dendritic spine motility (Lend-
vai et al., 2000) and the maturation of
sensory-evoked responses in vivo (Stern et
al., 2001; Shoykhet et al., 2005). In addition,
the maturation of intrinsic firing properties
in layer 2/3 neurons has been localized to
this brief developmental window (Maravall
etal., 2004).

In comparison, we found a delayed

A:N ratio was not significantly different at control layer 2/3-2/3  and prolonged period for experience-dependent plasticity at
versus layer 4-2/3 synapses (P12-P13 layer 2/3-2/3,0.82 = 0.1 vs  layer 2/3-2/3 synapses. Given that mice mature slightly more
layer 4-2/3, 0.85 = 0.07) (Fig. 6 E, F). quickly (based on different gestation periods and time to sexual
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Figure 5.  Dual-pathway recordings show that SWE-induced plasticity is age and pathway

specific. A, Mean amplitude of evoked Sr—mEPSCs in dual-pathway recordings from control
(black) and SWE (green) littermates at P12. B, Example experiment from control and SWE
animals showing average Sr—mEPSC traces at two inputs onto the same postsynaptic cell. Top,
Schematics of experimental recording configuration. 7, Layer 4-2/3 control; 2, layer 2/3-2/3
control; 3, layer 4-2/3 SWE; 4, layer 2/3-2/3 SWE. Calibration: 5 pA, 5 ms. SWE leads to a
pronounced increase in Sr-mEPSC amplitude at layer 4-2/3 synapses (3 compared with 7) but
minimal change at layer 2/3-2/3 synapses (4 compared with 2). , Scatter plot of dual-pathway
recorded Sr—mEPSCamplitudes for layer 2/3 neurons with inputs arising from within the spared
barrel column and from neighboring, deprived columns. Top, Schematic of dual-pathway re-
cording configuration; bottom, scatter plot; W, within column; N, neighboring column. D, Mean
Sr—mEPSCs amplitude for layer 2/3-2/3 synapses with inputs from within the spared barrel
column and from neighboring deprived column. *p << 0.05.

maturity), the critical period for plasticity at layer 2/3-2/3 syn-
apses appears offset from that observed in previous studies in
rats. However, we note that previous studies uniformly focused
on the effects of sensory deprivation, not sensory-induced poten-
tiation, and that critical periods for these two conditions may not
proceed in parallel.

Synaptic segregation and pathway-specific plasticity

Input-specific difference in experience-dependent plasticity is of
particular interest because layer 4-2/3 and layer 2/3-2/3 inputs are
typically interdigitated across the same regions of the dendritic
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Figure 6.  NMDAR properties are different between layer 4-2/3 and layer 2/3-2/3 excitatory

synapses. A, Peak-scaled averaged traces of NMDA—EPSC recorded at +40 mV for layer 4-2/3
(black) and layer 2/3-2/3 (red) pathways. Calibration: 100 pA, 100 ms. B, Decay kinetics of
NMDA—EPSCs (+40 mV) for dual-pathway recordings at layer 4-2/3 and 2/3-2/3 pathways.
Single-exponential decay function was fitted to NMDA—EPSC traces from peak to 200 ms after
the stimulus artifact, and decay constant was plotted. Filled squares are values for individual
cells. Open squares are the mean . Error bars indicate SEM. *p << 0.05 by paired Student’s  test.
€, Ifenprodil (Ifen) sensitivity. Top, Schematic of dual-cell recording in control tissue. Bottom
left, Example traces of NMDA—EPSC before (— Ifen) and after (+Ifen) ifenprodil treatment for
dual recordings from both pathways. Calibration: 50 pA, 100 ms. D, Percentage ifenprodil-
sensitive currents for layer 4-2/3 and 2/3-2/3 pathways. Scatter plot and the mean (== SEM) are
presented. £, AMPA/NMDA ratio for both pathways. F, Example traces of EPSCs recorded at —70
and +40 mV for AMPA/NMDA ratio in dual-pathway recording configuration. Calibration: 50
pA, 20 ms.

arbor in layer 2/3 neurons. For example, >75% of inputs from
layer 4 terminate on the secondary and tertiary basal dendrites of
layer 2/3 pyramidal cells (Liibke et al., 2003) compared with
~70% of inputs from layer 2/3 pyramidal cells (Feldmeyer et al.,
2006). The combination of overlapping synaptic input domains
with temporally dissociated critical periods in layer 2/3 neurons
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layer 2/3 inputs can be modified in vitro in

B P13 adult tissue using spike-timing plasticity
_ * protocols, we find rapid in vivo plasticity is
. : constrained to a discrete window of time
g during early development.
g -/ . Synapse-specific critical periods de-
§ o s i%: § scribed here were assessed by a postsynap-
L & . = tic measure of synaptic strength, using
UEJ 8 — Sr-desynchronized neurotransmitter release.
, _ Presynaptic changes may also contribute to a
L4213 L213-213 critical period for experience-dependent re-
sponse potentiation i vivo.
D P14-15 Developmental changes in EPSC
g e amplitude
€ 1 Analysis of Sr—EPSCs in control animals
'%;L ” indicates that there is no set point for the
o . - amplitude of unitary excitatory synaptic
4 - lz éi 8 contacts in layer 2/3 cells during early de-
£ 8 I\| velopment. For example, EPSC ampli-
@ " tudes at layer 2/3-2/3 synapses become
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E F postnatal week. Conversely, control layer
. w T z 16 . 4—2/3. EPSC§ become larg.er by the end of
z P13 B g the time windows examined (P17). Re-
2 3 g 3 = /% markably, mean Sr—EPSC amplitudes in
= 72 E g control animals could differ by as much as
§ af 3 10 >§\ o 2 pA across several days, comparable with
5 1 S g1 - 4 * . ’ .
é 7 w gl the maximal effect of SWE at a given post-
0 0 & natal day. In addition, layer 4-2/3 and
14-2/3 1213213 L4213 L213-2/3 L — . L
1 12 13 14 15 16 17 layer 2/3-2/3 inputs were not of similar
Postnatal day amplitude on a given postnatal day (P12).
Because the effects of SWE were com-
Figure 7. Layer 4-2/3 and 2/3-2/3 synapses show different developmental maturation of Sr—mEPSCs. A, Example traces of pared with control values at a specific

evoked Sr—mEPSCs from dual recording of two pathways in a P13 control cell. Top, Schematics of dual recording. Bottom left,
Example traces of evoked Sr—-mEPSCs at layer 4-2/3 (black) and layer 2/3-2/3 (red) synapses from the same postsynaptic cell.
Calibration: 10 pA, 100 ms. Bottom right, Average traces. Calibration: 5 pA, 5 ms. B, Scatter plots of Sr-mEPSCamplitude recorded
at P13 at both pathways. €, Example traces of a P14 control cell. Calibration is the same as in A. D, The same as in B for P14 —P15.
E, Mean rise time (black) and decay time (gray) of Sr—mEPSCs at P13 (left) and P14 —P15 (right). F, Mean Sr—-mEPSC amplitude
from P11 to P17 at layer 4-2/3 and layer 2/3-2/3 pathways from single-pathway experiments. *p << 0.05.

suggests that dendritic gradients of ion channels that influence
electrical coupling of the synapse to the soma (Magee, 1998;
Lorincz et al., 2002; Notomi and Shigemoto, 2004; Kole et al.,
2006; Johenning et al., 2009; Shah et al., 2010) are unlikely to
regulate SWE-induced plasticity.

Previous studies support the notion that the mechanisms un-
derlying in vitro plasticity at layer 4-2/3 and layer 2/3-2/3 inputs
are distinct. For example, the rules for spike-timing-dependent
plasticity (STDP), a prominent hypothesis to explain how coin-
cident presynaptic and postsynaptic activity might lead to synap-
tic potentiation or depression (Markram et al., 1997; Bi and Poo,
1998; Debanne et al., 1998), has been evaluated at cortical syn-
apses (Feldman, 2000; Banerjee et al., 2009; Zilberter et al., 2009).
Previous experiments at layer 2/3-2/3 synapses suggest that long-
term depression (LTD) predominates at these contacts (Zilberter
etal., 2009). Atlayer 4-2/3 synapses, STDP follows more conventional
rules, in which long-term potentiation (LTP) occurs with presyn-
aptic spiking before postsynaptic depolarization (Banerjee et al.,
2009). In addition, spike-timing-dependent LTD at layer 4-2/3
synapses involves presynaptic NMDARs (Bender et al., 2006a,b;
Rodriguez-Moreno and Paulsen, 2008) but not at layer 2/3-2/3
inputs (Brasier and Feldman, 2008). Although both layer 4 and

postnatal day (not to an average across
multiple days), it is unlikely that our esti-
mate of the timing of these two critical
periods is affected by this developmental
phenomenon. The regulation of mean
synaptic strength at different inputs and
across normal development has received
considerable attention (Desai et al., 2002), and these data may
warrant additional investigation.

CP-AMPARS are not required for plasticity

Trafficking of CP-AMPARs has been observed after in vitro po-
tentiation (Shi et al., 1999; Hayashi et al., 2000; Zhu et al., 2000;
Plant et al., 2006; Clem et al., 2008) (but see Adesnik and Nicoll,
2007) as well as in vivo synaptic strengthening in the neocortex,
the nucleus accumbens, the ventral tegmental area, and the
amygdala (Takahashi et al., 2003; Rumpel et al., 2005; Bellone
and Liischer, 2006; Clem and Barth, 2006; Matsuo et al., 2008). In
the barrel cortex, the trafficking of CP-AMPARs has been ob-
served in the spared barrel column after SWE (Clem and Barth,
2006), suggesting that these receptors might have some essential
role in the induction or maintenance of plasticity. However, we
find that CP-AMPARs are not required for plasticity at layer
4-2/3 synapses, nor is their selective mobilization an adequate
explanation for the closure of the critical period.

In addition, it does not appear that CP-AMPARs are ever
present in significant amounts at layer 2/3-2/3 synapses, even
when these synapses display robust SWE-induced potentiation.
The selective trafficking or maintenance of CP-AMPARSs to layer
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4-2/3 synapses suggests that plasticity-inducing processes mobi-
lize distinct pools of AMPARs within the same postsynaptic cell
(Zhu, 2009). Although the present data do not rule out the pos-
sibility that CP-AMPARs might be transiently present (Plant et
al., 2006), we think that it is unlikely that they are required for
neocortical synaptic strengthening, even at layer 4-2/3 inputs (see
also Clem et al. 2010).

Our finding that AMPAR content can be differentially regu-
lated at layer 4 and layer 2/3 inputs is similar to what has been
observed at different inputs onto neurons in stellate cells within
layer 4 (Zhu, 2009), the lateral geniculate nucleus (Kielland et al.,
2009), or the basal amygdala (Humeau et al., 2007), in which
distinct pools of AMPAR subunits participate in activity-
dependent synaptic modifications. Thus, these data provide ad-
ditional evidence that the identity and activity of the presynaptic
input can influence postsynaptic receptor subtype.

Patterns of activity at different excitatory inputs to layer 2/3
pyramidal neurons

What types of activity are required to drive excitatory synaptic
strengthening in vivo? At the developmental ages examined here,
layer 4 neurons fire reliably to whisker deflection (Benedetti et al.,
2009). However, layer 2/3 neurons do not, and response rates of
<0.5 spikes per stimulus by single-unit recording in the anesthe-
tized animal have been observed (Benedetti et al., 2009). Thus, it
is likely that, at early developmental ages, layer 4-2/3 synapses are
activated more robustly by incoming sensory activity than in-
tralaminar inputs onto layer 2/3 pyramidal neurons, which re-
quire strong and reliable firing of connected layer 2/3 neurons.

Strong and reliable input from layer 4 neurons observed dur-
ing the second postnatal week may provoke the earlier matura-
tion and experience-dependent plasticity of layer 4-2/3 synapses.
In contrast, layer 2/3-2/3 inputs may mature more slowly, con-
sistent with the fact that 2/3-2/3 Sr—EPSCs displayed a longer
window for SWE-induced synaptic strengthening. However, it is
not consistent with the high NR2B content at layer 4-2/3 syn-
apses, a feature typically seen in more immature synapses
(Monyer et al., 1994; Sheng et al., 1994; Flint et al., 1997; Stocca
and Vicini, 1998; Tovar and Westbrook, 1999; Barth and
Malenka, 2001).

Both layer 4-2/3 and layer 2/3-2/3 inputs can undergo synap-
tic strengthening in vitro well past the in vivo critical periods
described here. For example, spike-timing-dependent LTP can be
evoked into adulthood at layer 4-2/3 synapses (Banerjee et al.,
2009), and changes in synaptic strength and connectivity have
also been observed in mature animals (Cheetham et al., 2007,
2008). Developmental changes in circuit function, such as the
emergence of feedback and feedforward inhibition (Kiser et al.,
1998; Porter et al., 2001; Swadlow, 2002, 2003; Sun et al., 2006;
Helmstaedter et al., 2008), may be important regulators of plas-
ticity in vivo (Hensch et al., 1998; Iwai et al., 2003; Fagiolini et al.,
2004; Hensch, 2005). Our data indicate that, in vivo, critical pe-
riod plasticity is not likely to be regulated solely by the postsyn-
aptic cell or by the proximal/distal location of the synapse on the
dendrite. Synapse-specific plasticity might be the result of dis-
tinct patterns of activity induced that arrive at layer 4 versus layer
2/3 inputs during the stimulation of sensory inputs or by the
synapse-specific presence of plasticity-promoting factors.
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