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Thalamocortical Long-Term Potentiation Becomes Gated
after the Early Critical Period in the Auditory Cortex
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Cortical maps in sensory cortices are plastic, changing in response to sensory experience. The cellular site of such plasticity is currently
debated. Thalamocortical (TC) projections deliver sensory information to sensory cortices. TC synapses are currently dismissed as a
locus of cortical map plasticity because TC synaptic plasticity is thought to be limited to neonates, whereas cortical map plasticity can be
induced in both neonates and adults. However, in the auditory cortex (ACx) of adults, cortical map plasticity can be induced if animals
attend to a sound or receive sounds paired with activation of cholinergic inputs from the nucleus basalis. We now show that, in the ACx,
long-term potentiation (LTP), a major form of synaptic plasticity, is expressed at TC synapses in both young and mature mice but
becomes gated with age. Using single-cell electrophysiology, two-photon glutamate uncaging, and optogenetics in TC slices containing
the auditory thalamus and ACx, we show that TC LTP is expressed postsynaptically and depends on group I metabotropic glutamate
receptors. TC LTP in mature ACx can be unmasked by cortical disinhibition combined with activation of cholinergic inputs from the
nucleus basalis. Cholinergic inputs passing through the thalamic radiation activate M1 muscarinic receptors on TC projections and
sustain glutamate release at TC synapses via negative regulation of presynaptic adenosine signaling through A1 adenosine receptors.
These data indicate that TC LTP in the ACx persists throughout life and therefore can potentially contribute to experience-dependent
cortical map plasticity in the ACx in both young and adult animals.

Introduction
Sensory experiences have a long-lasting effect on the representa-
tion of information in sensory cortices. The learning of behavior-
ally important acoustic information can produce a change in the
area of frequency representations within cortical maps in the
auditory cortex (ACx) (Bakin and Weinberger, 1990; Recanzone
et al., 1993; Buonomano and Merzenich, 1998; Gilbert, 1998;
Fritz et al., 2003; Suga and Ma, 2003; Weinberger, 2004; Rut-
kowski and Weinberger, 2005). The enlarged cortical map region
invariably corresponds to the trained sensory input (Recanzone
et al., 1993; Gilbert et al., 2001; Rutkowski and Weinberger, 2005;
Polley et al., 2006; Fahle, 2009; Bieszczad and Weinberger, 2010;
Roelfsema et al., 2010) and is thought to reflect perceptual learn-
ing (Rutkowski and Weinberger, 2005; Polley et al., 2006; Wein-
berger, 2007; Bieszczad and Weinberger, 2010; Reed et al., 2011).

It has been suggested that long-term synaptic plasticity mech-
anisms underlie cortical map plasticity (Feldman et al., 1999; Fox,
2002; Feldman and Brecht, 2005), but the cellular locus of such

plasticity is under debate. Sensory information reaches sensory
cortices through thalamocortical (TC) projections, but synaptic
plasticity at TC synapses is currently dismissed as a cellular locus
of cortical map plasticity attributable to a disconnect between the
age dependency of TC synaptic plasticity and that of cortical map
plasticity. In rodents, cortical map plasticity can be induced in the
ACx throughout the lifespan. In neonates, cortical plasticity can
be induced by enriching the environment with a single tone
(Zhang et al., 2001; de Villers-Sidani et al., 2007; Insanally et al.,
2009; Dorrn et al., 2010). Similarly, long-term potentiation
(LTP) and long-term depression (LTD) can be induced at TC
synapses in brain slices by electrical stimulation of thalamic projec-
tions but only during an early critical period that corresponds to the
first several postnatal days in rodents (Crair and Malenka, 1995;
Barth and Malenka, 2001). However, in mature rodents, unattended
or passive exposure to sounds has little plastic consequence for the
ACx (Bakin and Weinberger, 1996; Bao et al., 2001; Polley et al.,
2004). Cortical modifications in mature animals require that an
acoustic stimulus be behaviorally relevant (Weinberger, 1995;
Buonomano and Merzenich, 1998; Dahmen and King, 2007;
Keuroghlian and Knudsen, 2007) or be paired with the activation
of sources of modulatory, mainly cholinergic, inputs (Bakin and
Weinberger, 1996; Kilgard and Merzenich, 1998; Ma and Suga,
2005). Similarly, it has been well documented that TC LTP and
TC LTD cannot be induced in slices taken from rodents older
than 2–3 weeks (Crair and Malenka, 1995; Kirkwood et al., 1995;
Isaac et al., 1997; Feldman et al., 1998; Barth and Malenka, 2001;
Foeller and Feldman, 2004; Daw et al., 2007b; Jiang et al., 2007).

The notion of a critical period for synaptic plasticity proposes
that, on maturation, TC LTP and TC LTD are lost and cannot be
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a mechanism underlying experience-dependent cortical plastic-
ity in sensory cortices. Recently, we found that a major form of
synaptic plasticity, LTD, is not lost at TC synapses after the crit-
ical period but rather becomes gated. We found that TC LTD
persists at TC synapses in the ACx far beyond the critical period
on activation of presynaptic M1 cholinergic receptors (M1Rs) on
thalamic inputs in the ACx (Blundon et al., 2011).

Because cortical map plasticity can be bidirectional (Wein-
berger, 1995; Polley et al., 1999; David et al., 2012), we hypothe-
sized that TC LTP also exists in the mature ACx and is also gated.
Here we report that LTP does persist at TC synapses long after the
end of the critical period and becomes gated in mature ACx. We
determined that TC LTP in the ACx is expressed postsynaptically,
depends on group I mGluRs, and is gated by two independent
mechanisms. Release of these gating mechanisms can be achieved
by cortical disinhibition and activation of cholinergic projections
from the nucleus basalis (NB). These results indicate that TC
synapses do not lose their ability for bidirectional long-term syn-
aptic plasticity even after the critical period and therefore may
potentially be a substrate of cortical map plasticity in the ACx.

Materials and Methods
Animals and agents. Male C57BL/6J mice (The Jackson Laboratory), mice
expressing cre recombinase in cholinergic neurons (ChAT– cre mice,
stock number 006410; The Jackson Laboratory), and A1R�/� mice (Jo-
hansson et al., 2001) of both sexes were used in all experiments. ChAT–
cre and A1R�/� mice were backcrossed to the C57BL/6J background for
at least seven generations. In most experiments, we used mice that were
substantially older than the early critical period for LTP. Mouse ages
ranged between postnatal day 42 (P42) and P56. In some experiments, we
used neonate mice at ages that correspond to the early critical period for
LTP (P5–P7). The care and use of animals were reviewed and approved
by the Institutional Animal Care and Use Committee of St. Jude Chil-
dren’s Research Hospital. Drugs were purchased from Tocris Bioscience.

Brain slice preparation. Acute primary TC slices (400 �m) containing
the ACx and portions of the ventral part of the medial geniculate nuclei
(MGv) of the thalamus were prepared as described previously (Cruik-
shank et al., 2002; Richardson et al., 2009). Briefly, mouse brains were
quickly removed and placed in cold (4°C) dissecting artificial CSF
(ACSF) containing 125 mM choline-Cl, 2.5 mM KCl, 0.4 mM CaCl2, 6 mM

MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM glucose (300 –
310 mOsm), with 95% O2/5% CO2. Primary TC slices were obtained
from the left hemisphere by using a slicing angle of 15°. After 1 h of
incubation in ACSF [125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM

MgCl2 (1 mM MgCl2 in pairing experiments),1.25 mM NaH2PO4, 26 mM

NaHCO3, and 20 mM glucose (300 –310 mOsm), with 95% O2/5% CO2]
at room temperature, the slices were transferred into the recording
chamber and superfused (2–3 ml/min) with warm (30 –32°C) ACSF.

Whole-cell electrophysiology. Whole-cell recordings were obtained
from cell bodies of layer III/IV thalamorecipient neurons in the ACx. Cell
bodies of these neurons were found within the first 30 –50% of the slice
from the pial surface (�300 –500 �m from the pial surface). In most
experiments, patch pipettes (open pipette resistance, 3.5–5 M�) were
filled with an internal solution containing 125 mM CsMeSO3, 2 mM CsCl,
10 mM HEPES, 0.1 mM EGTA, 4 mM MgATP, 0.3 mM NaGTP, 10 mM Na2

creatine phosphate, 5 mM QX-314, 5 mM tetraethylammonium Cl, and
10 –25 �M Alexa Fluor 594 (pH 7.4 was adjusted with CsOH, 290 –295
mOsm). QX-314 was included to block the generation of action poten-
tials in recorded neurons. In pairing experiments, patch pipettes were
filled with an internal solution containing 117.5 mM Cs gluconate, 17.5
mM CsCl, 8 mM NaCl, 10 mM HEPES, 0.2 mM EGTA, 4 mM MgATP, 0.3
mM NaGTP, pH 7.2 (280 –290 mOsm) according to the previously pub-
lished protocol (Crair and Malenka, 1995). Alexa Fluor 594 was added
for visualization of dendritic structures during all experiments. Only
neurons with dendritic spines (indicative of excitatory neurons) and a
well-established primary apical dendrite extending to the pial surface

(indicative of pyramidal neurons) were chosen. Neurons with any sign of
dendritic damage were excluded from analysis.

Voltage-clamp recordings were made using a Multiclamp 700B (Mo-
lecular Devices), digitized (10 kHz; DigiData 1440A; Molecular Devices),
and recorded using pClamp 10.0 software (Molecular Devices). EPSCs
were recorded at holding membrane potentials of �70 mV. IPSCs were
recorded concomitantly with EPSCs. IPSCs were recorded by switching
holding membrane potentials to voltages that corresponded to EPSC
reversal potentials (0 mV). In all experiments, membrane potentials were
corrected for a liquid junction potential of �10 mV. TC EPSCs and
IPSCs were evoked by current pulses (100 �s duration) delivered to the
thalamic radiation (TR) via tungsten bipolar electrodes (FHC, Inc.)
placed in the white matter midway between the MGv and the ACx (ros-
tral to the hippocampus). To ensure the specificity of LTP in thalamic
inputs, independent intracortical inputs were concurrently tested with
thalamic inputs by placing a second stimulating electrode in cortical layer
I, �200 �m lateral to the recording pipette. Independence of TR and
corticocortical (CC) inputs was confirmed if no paired-pulse depression
(a feature of TC synapses) or paired-pulse facilitation (a feature of CC
synapses) was detected by alternated and reciprocal stimulation of TR
and CC electrodes (50 ms interpulse interval). Stimulation intensities
(TR, 50 –300 �A; CC, 130 –170 �A) were adjusted during each experi-
ment to elicit 150 –200 pA EPSCs. In some experiments, inhibitory cur-
rents were blocked using picrotoxin (PTX). Because bath application of
PTX causes epilepsy-like activity in TC slices and prevents the reliable
recording of TC EPSCs and IPSCs, PTX (2–5 mM) was added to the
intracellular solution (iPTX) as described previously (Inomata et al.,
1988; Metherate and Ashe, 1993; Nelson et al., 1994; Yazaki-Sugiyama et
al., 2009). This effectively blocked IPSCs in recorded neurons without
inducing epilepsy-like activity in the slice.

EPSCs recorded in layer III/IV cortical neurons may contain mono-
synaptic (TC) and polysynaptic (corticothalamic and CC) components.
We dissected a monosynaptic component using quantification of the
initial slopes of EPSCs throughout the LTP experiments rather than
EPSC peak amplitudes. Typically, EPSC slopes were measured within the
first 2 ms of the EPSC trace based on the uniformity of the slope. This
measurement window was chosen based on the observation that IPSC
initiation, which is activated disynaptically, was delayed by �2 ms after
EPSCs. Initial slopes of EPSCs evoked by TR stimulation had short onset
latencies (�3 ms) and low onset latency variability jitter (�0.5 ms),
suggestive of activation of monosynaptic TC connections but not of
detectable activation of polysynaptic connections during this 2 ms win-
dow (Blundon et al., 2011).

Electrical stimulation of the TR may activate corticothalamic projec-
tions antidromically that may contribute to the first 2 ms of the EPSC
through activation of CC synapses (Beierlein and Connors, 2002). Be-
cause the contribution of these inputs is minimal in the ACx (Rose and
Metherate, 2001), the first 2 ms of the EPSC is suggestive of activation of
monosynaptic TC connections but not of activation of monosynaptic CC
synapses during this 2 ms window. To ensure consistent access resistance of
the recording electrode during the entire experiment, we monitored the peak
amplitude of a brief (10 ms) hyperpolarizing test pulse (�5 mV) given 250
ms after electrical, optogenetic stimulations, or glutamate uncaging. Access
resistance in recorded neurons was typically 10–25 M�. Recordings were
discarded if access resistance was higher than 25 M� or if access resistance
changed �15% during the course of the whole-cell recording.

Two-photon imaging and glutamate uncaging. Two-photon laser-scanning
microscopy was performed using an Ultima imaging system (Prairie Tech-
nologies), a titanium:sapphire Chameleon Ultra femtosecond-pulsed laser
(Coherent), and 60� (0.9 numerical aperture) water-immersion infrared
objectives (Olympus) as described previously (Blundon et al., 2011). To
visualize dendrites and dendritic spines, we included 10–25 �M Alexa Fluor
594 (820 nm excitation wavelength) in the intracellular solution. Dendritic
spines were identified as protrusions emanating from a dendritic shaft. Based
on previous data (Richardson et al., 2009), dendritic spines that were within
100 �m of the soma on basal or oblique dendrites were chosen as putative
sites of thalamic inputs.

For two-photon glutamate uncaging (TGU), 4-methoxy-7-nitroindolinyl
(MNI)-glutamate (2.5 mM) was added to the recording ACSF. The timing
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and intensity of glutamate uncaging were controlled by TriggerSync (Prairie
Technologies). In typical experiments, we delivered 0.2–0.5 ms pulses from
a second titanium:sapphire Chameleon Ultra laser (720 nm) to a targeted
dendritic spine and recorded uncaging-induced EPSCs (uEPSCs). The du-
ration and intensity of illumination of the uncaging laser was then adjusted
to induce responses that mimic miniature spontaneous EPSCs, which were
recorded previously in layer III/IV neurons and averaged �10–15 pA (Rich-
ardson et al., 2009). We then used these uncaging parameters (site, laser
duration, and laser intensity) to conduct the TGU-induced LTP (TGU–
LTP) experiments.

Optogenetic experiments. Adeno-associated viruses (AAVs) were gen-
erated from pAAV–CaMKII�– hChR2(H134R)–mCherry–WPRE–pA
(CaMKII�–ChR2) and pAAV–EF1�–DIO– hChR2(H134R)– eYFP–
WPRE–pA (EF1�–DIO–ChR2) plasmids (gift from Karl Deisseroth,
Stanford University, Stanford CA) and produced commercially (sero-
type 2/1; 4 � 10 12 IFU/ml; UNC Vector Core). Viruses were separated
into 4 �l aliquots and stored at �80°C. EF1�–DIO–ChR2 viruses were
injected into the basal forebrain (NB) of ChAT– cre mice, and CaMKII�–
ChR2 viruses were injected into the MGv of C57BL/6, A1R�/�, or ChAT–
cre mice. For in vivo viral injections, young adult mice (3– 4 weeks old)
were anesthetized with isoflurane in pure oxygen (2–3% induction and
1.0 –1.5% maintenance) and head fixed in a stereotaxic device. Virus was
injected with a metal cannula (28 gauge; Plastics One) using a standard
procedure (Zakharenko et al., 2003; Cetin et al., 2006). Briefly, an inci-
sion was made in the scalp, and a small craniotomy was drilled. Individ-
ual aliquots of AAVs were thawed, and 2 �l of virus was slowly pressure
injected into the MGv or NB. We used the following coordinates mea-
sured from bregma: (1) MGv: anteroposterior, �3.0 mm; mediolateral,
�1.8 mm; dorsoventral, 3.2 mm; (2) NB: anteroposterior, �0.3 mm;
mediolateral, �1.8 mm; dorsoventral, �4.4 mm. The cannula was left in
place for 5–10 min before being slowly retracted. Approximately 21–28 d
after virus injection, mice were decapitated, and TC slices were prepared.
Two-photon imaging of mCherry in the MGv and enhanced yellow flu-
orescent protein (eYFP) in the NB was used to verify on-target infection of
CaMKII�–ChR2 and EF1�–DIO–ChR2 viruses. Slices with off-target infec-
tion were not used. Short (1–2 ms, 10–200 mW), collimated light pulses
from a 473 nm laser were directed to the slices through the visible light
photoactivation module (Prairie Technologies) through the objective.

TC LTP experiments. TC LTP was induced by electrical stimulation of
the TR, optogenetic stimulation of TC afferents, or TGU. LTP induced by
electrical stimulation was induced by high-frequency trains (40 or 200
Hz) of square electrical pulses (100 �s). LTP induced by optogenetic
stimulation was induced by 40 Hz trains of 473 nm laser pulses (1–2 ms).
TGU–LTP was induced by identical 40 Hz trains of glutamate photolysis
pulses (0.2– 0.5 ms) to a single dendritic spine. Frequencies of 40 and 200
Hz were chosen based on in vivo data showing that thalamic neurons fire
bursts of spikes in response to sound stimulation at 1–300 Hz, with mean
frequencies of �40 Hz (Massaux et al., 2004). The 40 and 200 Hz trains
consisted of three periods delivered every 5 min. Every period consisted
of 10 trains of 40 or 200 Hz stimulations delivered for 200 ms every 5 s. In
all LTP experiments, baseline EPSCs were recorded using test stimula-
tions in voltage-clamp mode (holding potential, �70 mV) for up to 5
min before induction of LTP. For synaptic experiments (electrical or
optogenetic stimulations), we delivered pairs of test stimulations (0.05
Hz) with an interstimulus interval of 50 ms. Paired-pulse depression of
monosynaptic EPSCs ensured that we stimulated thalamic afferents. For
TGU experiments, we delivered a train of single TGU pulses at 0.016 Hz.
All types of LTPs were induced in current-clamp mode while maintain-
ing a steady resting potential of �70 mV using slow (� � 5 s) current
injection. After induction, the recordings were resumed in voltage-clamp
mode at the same preinduction stimulation rate. In some experiments,
we induced LTP using pairing of TR stimulation at 1 Hz (100 stimuli)
with depolarization of postsynaptic cortical neurons to 0 mV as de-
scribed previously (Crair and Malenka, 1995). Pairing LTP was induced
in voltage-clamp mode. Pharmacologic agonists or inhibitors were ap-
plied 15–20 min before induction of LTP and were washed out at the end
of LTP induction.

LTP experiments were analyzed offline. For synaptically induced TC
LTP, we compared EPSCs (initial 2 ms slope) recorded 50 – 60 min after

LTP induction with baseline EPSCs recorded before LTP induction. For
TGU–LTP, we compared uEPSCs recorded 40 – 60 min after LTP induc-
tion with baseline uEPSCs. During TGU–LTP induction, precautions
were taken to ensure that the TGU-induction protocol delivered pulses
to a dendritic spine without damaging it or its parent dendrite. We mon-
itored the dendritic spine position to ensure that the site of photolysis did
not drift �0.5 �m during induction. The success of glutamate uncaging
during LTP induction was also monitored by detecting uEPSCs. Experi-
ments were discarded if TGU during LTP induction failed to produce
detectable uEPSCs or if a targeted dendritic spine or its surrounding
neuropil showed signs of distress attributable to local overheating.

CC LTD experiments were performed by delivering trains of 1 or 10
Hz stimulations through electrodes placed into layer III/IV 200 –300 �m
laterally from a recorded neuron. The 1 Hz protocol consisted of 900
pulses (200 �s) delivered at 1 Hz. The 10 Hz protocol consisted of three
periods delivered every 5 min. Each period consisted of 10 trains of 10 Hz
stimuli (200 �s) delivered for 1 s every 5 s. Durations and intensities of
synaptic stimulation and TGU pulses remained constant throughout an
experiment.

Statistical analyses. Data are represented as means � SEM. All statistics
were computed using SigmaPlot and SigmaStat software (Systat Soft-
ware). LTP and LTD expression was determined by a paired t test if the
normality (Shapiro–Wilk) test passed or by the Wilcoxon’s signed rank
test if the normality test failed. Differences in mean data were considered
significant if the p value of the test result was �0.05.

Results
Cortical disinhibition is required for TC LTP expression
beyond the early critical period
We used mice that had matured beyond the early critical period
for LTP at TC synapses, which corresponds to the first few post-
natal days in rodents (Crair and Malenka, 1995). To induce TC
LTP in mature (P42–P56) mice, we performed whole-cell record-
ings from thalamorecipient layer III/IV pyramidal neurons in the
ACx in acute brain slices containing the auditory thalamus
(MGv) and ACx (Fig. 1a,b). We recorded EPSCs evoked by elec-
trical stimulation of the white matter corresponding to the TR.
Simultaneously, we imaged recorded neurons to ensure that they
were pyramidal neurons, which are the main thalamorecipient
cells in the granular layer of the ACx (Lund, 1973; Feldman and
Peters, 1978; Smith and Populin, 2001; Richardson et al., 2009).
As reported previously (Richardson et al., 2009; Blundon et al.,
2011), a single electrical stimulation of the TR evoked a mono-
synaptic EPSC (Vh � �70 mV) in layer III/IV cortical pyramidal
neurons and a disynaptic (initiated �2 ms later) IPSC (Vh � 0
mV) (Fig. 1c). A pair of electrical stimulations (50 ms interpulse
interval) produced paired-pulse depression of EPSCs, a charac-
teristic feature of TC synaptic transmission (data not shown). To
induce LTP at TC synapses, we established a short baseline of
EPSCs (4 –5 min to avoid cell dialysis) and then applied electrical
tetanization to the TR. For this, we used 40 or 200 Hz trains of
stimuli based on in vivo data showing that acoustic stimulation
causes thalamic neurons to fire bursts of action potentials at
1–300 Hz, with mean frequencies of �40 Hz (Massaux et al.,
2004). These tetanization patterns have been effective in induc-
tion of LTP at other central synapses (Grover and Teyler, 1990;
Zakharenko et al., 2001). We also used a pairing protocol that was
effective in induction of NMDAR-dependent TC LTP in slices
from somatosensory cortex during the early critical period (Crair
and Malenka, 1995). This protocol consisted of stimulation of the
TR (100 stimuli at 1 Hz) during direct postsynaptic depolariza-
tion of a layer III/IV pyramidal neuron (to between 10 and 0 mV).
However, consistent with the notion of an early critical period for
synaptic plasticity, neither the 40 Hz (Fig. 1d) nor the 200 Hz (Fig.
1e) tetanization protocol nor the pairing protocol (Fig. 1f) in-
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duced LTP of EPSCs at TC synapses in
slices from mature mice. The EPSC slope
measured 50 – 60 min (EPSC60) after 40 or
200 Hz tetanization or after pairing was
98.9 � 14.8% (p � 0.938, n � 7 neurons),
82.1 � 11.1% (p � 0.146, n � 9 neurons),
or 101.9 � 9.8% (p � 0.704, n � 5 neu-
rons) of baseline, respectively.

Previous reports have indicated that
maturation of GABAergic inhibition may
contribute to closing of the early critical
period of plasticity in sensory cortices
(Kirkwood and Bear, 1994a; Hensch et al.,
1998). Moreover, it has been proposed
that the GABAergic contribution is higher
in slices than in in vivo preparations
(Cooke and Bear, 2010) in which TC LTP
can be induced in sensory cortices beyond
the early critical period (Lee and Ebner,
1992; Heynen and Bear, 2001; Dringen-
berg et al., 2004, 2007; Hogsden and Drin-
genberg, 2009). To investigate the
influence of cortical inhibition on LTP in
the ACx, we selectively blocked GABAA-
dependent inhibitory currents in re-
corded cortical neurons by applying
picrotoxin intracellularly (iPTX). Consis-
tent with previous reports (Inomata et
al., 1988; Nelson et al., 1994; Yazaki-
Sugiyama et al., 2009; Blundon et al.,
2011), this treatment completely elimi-
nated evoked IPSCs without affecting EP-
SCs or causing epileptic activity in slices
(Fig. 1g). In the presence of iPTX, both 40
and 200 Hz tetanus produced robust LTP
at TC synapses of mature mice. The
EPSC60 after 40 and 200 Hz tetanization
was 148.8 � 13.3% (p � 0.005, n � 11
neurons) and 157.3 � 15.1% (p � 0.018,
n � 11 neurons) of respective baselines (Fig. 1h,i). These results
are consistent with previous reports indicating that LTP can be
induced at mature synapses during pharmacologic inhibition of
GABAA transmission (Artola and Singer, 1987; Kirkwood and
Bear, 1994a; Wang and Daw, 2003; but see Dudek and Fried-
lander, 1996; Jiang et al., 2007). These experiments also indicate
that LTP of EPSCs is preserved at TC synapses of the ACx even
after the closing of the early critical period but is masked, in part,
by cortical inhibition. However, the pairing protocol failed to
induce LTP in the presence of iPTX (Fig. 1j). The EPSC60 after the
pairing protocol was 89.2 � 9.8% (p � 0.087, n � 5 neurons) of
baseline in the presence of iPTX. These results suggest that the
properties of TC LTP in the ACx are different from that in the
somatosensory cortex.

To ensure effectiveness of induction protocols, we tested TC
LTP in slices from mice during the early critical period (P5–P7).
No iPTX was added in these experiments. We found that TR
tetanization (40 Hz) but not the pairing protocol was effective in
induction of TC LTP in neonates (Fig. 2). The EPSC60 after 40 Hz
tetanus was 173.3 � 17.2% (p � 0.001, n � 7 neurons) of baseline
but only 97.1 � 7.5% (p � 0.978, n � 10 neurons) of baseline
after the pairing protocol. Thus, the pairing protocol that was
effective to induce TC LTP in other sensory cortices was ineffec-
tive to induce TC LTP in the ACx in both neonates and mature

animals. Therefore, we continued our experiments using high-
frequency protocols that mimic bursting activity of thalamic neu-
rons in response to sounds.

Because the pharmacologically induced block of GABAA

transmission is not physiological, we attempted to achieve corti-
cal disinhibition in slices from mature animals by using synaptic
mechanisms. To this end, we induced LTD of IPSCs (iLTD) by

Figure 2. TC LTP in the ACx is readily induced in slices from neonates by high-frequency
bursting activity but not by the pairing protocol. a, b, Normalized mean EPSC slope as a function
of time before and after induction of TC LTP by 40 Hz tetanization of the TR (a) or by the pairing
protocol (b) in TC slices from neonatal (P5–P7) mice. Insets show representative EPSCs recorded
before (1) and 50 – 60 min after (2) induction of LTP.

Figure 1. LTP at TC synapses requires cortical disinhibition to persist beyond the early critical period. a, A diagram of the TC slice
containing portions of the auditory thalamus (MGv), TR, and the ACx. Thalamorecipient layer III/IV (LIII/IV) neuron is shown in blue.
A stimulating electrode (green) is placed into the white matter to activate the TR. Hipp., Hippocampus. b, Top, A diagram of
monosynaptic glutamatergic (black) and disynaptic GABAergic (red) inputs to layer III/IV thalamorecipient pyramidal neurons in
the ACx (blue). PN, Pyramidal neuron; IN, interneuron. c, A single stimulation of the TR activates both monosynaptic EPSC and
disynaptic IPSC in a layer III/IV pyramidal neuron in the ACx. d, e, Tetanization of the TR with 40 Hz (d) or 200 Hz (e) bursts fails to
produce TC LTP in slices from mature mice. f, The pairing protocol [pairing 1 Hz TR stimulation (100 stimuli) with direct postsynaptic
depolarization of layer III/IV pyramidal neuron] fails to produce TC LTP in slices from mature mice. g, A single TR stimulation
activates an EPSC but not IPSC in layer III/IV pyramidal neurons in the presence of iPTX. h–j, Tetanization of the TR with 40 Hz (h)
or 200 Hz (i) but not the pairing protocol (j) produces TC LTP in slices from mature animals in the presence of iPTX. Arrows indicate
periods of TR tetanization. Insets show representative EPSCs recorded before (1) and 50 – 60 min after (2) induction of LTP.
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stimulating CC projections (Fig. 3a). In these experiments no
iPTX was used. The stimulating electrode was placed into layer
III/IV of the ACx lateral to the recording electrode. We ensured
that TR and CC electrodes stimulated two different subsets of
projections in the ACx. Thus, no paired-pulsed depression
(properties of TC synapses) or facilitation (properties of CC syn-
apses) was detected when pairs of alternated stimulations (50 ms
interpulse interval) were delivered through TR and CC electrodes
(data not shown). Trains of electrical stimulation delivered
through the CC electrode at 1 or 10 Hz produced a robust iLTD
measured in layer III/IV neurons (Fig. 3b,c). CC IPSCs measured
30 – 40 min after LTD induction were 36.3 � 13.2% (p � 0.001,
n � 8 neurons) for 1 Hz and 67.6 � 4.8% (p � 0.001, n � 6
neurons) for 10 Hz compared with respective baselines. Notably,
only the 1 Hz train but not the 10 Hz train produced LTD of CC
EPSCs in these experiments (1 Hz, 39.8 � 17.3% of baseline, p �
0.001, n � 8 neurons; 10 Hz, 106.4 � 13.7% of baseline, p �
0.667, n � 6 neurons). Because both LTD protocols were effective
in downregulating IPSCs, we investigated whether this synapti-
cally induced cortical disinhibition would be sufficient for induc-
tion of TC LTP. To this end, we first delivered 1 or 10 Hz trains to
CC projections, performed a whole-cell recording in nearby layer

III/IV neurons 30 – 40 min later, and then tetanized the TR using
40 or 200 Hz protocols. In all four conditions, we observed robust
TC LTP. Thus, TC EPSC60 was 173.3 � 18.1% of baseline (p �
0.008, n � 12 neurons) for the CC 1 Hz, TR 40 Hz protocol (Fig.
3d), 165.6 � 17.9% of baseline (p � 0.01, n � 9 neurons) for the
CC 10 Hz, TR 40 Hz protocol (Fig. 3e), 142.1 � 13.6% of baseline
(p � 0.013, n � 11 neurons) for the CC 1 Hz, TR 200 Hz protocol
(Fig. 3f), and 191.3 � 29.2% of baseline (p � 0.026, n � 6
neurons) for the CC 10 Hz, TR 200 Hz protocol (Fig. 3g). Because
both 1 and 10 Hz CC protocols caused iLTD but only the 1 Hz
protocol caused LTD of CC EPSCs, it is likely that downregula-
tion of CC IPSCs but not CC EPSCs is required for TC LTP.
Together, these data argue that cortical disinhibition is required
to unmask LTP at TC synapses in mature animals that are older
than the early critical period.

TC LTP is expressed postsynaptically and depends on group I
mGluR-dependent mechanisms
To elucidate the induction and expression mechanisms of TC
LTP, we investigated whether this form of synaptic plasticity de-
pends on calcium influx into postsynaptic neurons, as does LTP
at many other central synapses (Blundon and Zakharenko, 2008).
TC LTP induced in the presence of iPTX was blocked by calcium
chelator BAPTA (10 mM) applied within the intracellular solu-
tion (iBAPTA), indicating that postsynaptic calcium is necessary
for TC LTP induction (Fig. 4a). EPSC60 was 99.1 � 15.5% of
baseline (p � 0.365, n � 11 neurons) in the presence of iBAPTA
and iPTX. To further study postsynaptic mechanisms, we inves-

Figure 4. LTP at mature TC synapses in the ACx is expressed through group I mGluRs. a,
BAPTA in postsynaptic cells (iBAPTA) blocks TC LTP induced by 200 Hz TR tetanization in the
presence of iPTX. b, NMDAR blocker D-APV is ineffective at blocking TC LTP. c–f, Group I mGluR
inhibitors MPEP (c, e) and CPCCOEt (d, f ) block TC LTP induced by 200 Hz tetanization of the TR
in the presence of iPTX (c, d) or after cortical disinhibition induced by CC 10 Hz stimulation (e, f ).
Arrows depict 200 Hz tetanization of the TR. Horizontal bars indicate bath application of antag-
onists. Insets show representative EPSCs recorded before (1) and after (2) 200 Hz stimulation of
the TR.

Figure 3. Synaptically induced cortical disinhibition unmasks TC LTP in slices from mature
animals. a, A diagram of TC and CC connections in the ACx. Intracortical electrical stimulation
activates CC excitatory and CC inhibitory inputs to thalamorecipient layer III/IV neurons in the
ACx. Two stimulating electrodes (green) activate the TR and CC inputs to the thalamorecipient
neurons in the ACx. PN, Pyramidal neuron; IN, interneuron. b, A 1 Hz train of CC stimulations
produces LTD of CC IPSCs and CC EPSCs recorded in layer III/IV pyramidal neurons. c, A 10 Hz train
of CC stimulations produces LTD of CC IPSCs but not CC EPSCs. d-g, Tetanization at 40 Hz (d, e) or
200 Hz (f, g) of the TR that follows 1 Hz (d, f ) or 10 Hz (e, g) CC trains is sufficient to produce TC
LTP in slices from mature mice. Horizontal bars and arrows depict CC and TR stimulations,
respectively. Insets show representative EPSCs recorded before (1) and after (2) induction
of LTP.
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tigated whether NMDARs or mGluRs are required for TC LTP.
We found that group I mGluRs but not NMDARs are needed for
induction of this form of synaptic plasticity (Fig. 4b– d). Specifi-
cally, group I mGluR (mGluR5) antagonist MPEP (10 �M) or
group I (mGluR1) antagonist CPCCOEt (40 �M) but not
NMDAR antagonist D-APV (50 �M) blocked TC LTP induced in
the presence of iPTX. EPSC60 was 127.5 � 13.4% of baseline (p �
0.02, n � 14 neurons), 92.3 � 12.1% of baseline (p � 0.549, n �
8 neurons), and 97.7 � 16.2% of baseline (p � 0.341, n � 13
neurons) in the presence of D-APV, MPEP, or CPCCOEt,
respectively.

The similar results were received for TC LTP induced in the
presence of cortical disinhibition achieved synaptically. MPEP or
CPCCOEt were effective in blocking TC LTP induced by TR
tetanization after 10 Hz CC stimulation (Fig. 4e,f). EPSC60 was
98.3 � 4.1% (p � 0.651, n � 6 neurons) and 97.7 � 8.0% (p �
0.788, n � 6 neurons) of baseline in the presence of MPEP and
CPCCOEt, respectively. Although MPEP was effective in block-
ing TC LTP, neither MPEP nor D-APV affected depolarization of
a postsynaptic neuron caused by electrical tetanization of the TR
during induction of LTP (p � 0.05; data not shown), suggesting
that these drugs do not affect glutamate release from TC projec-
tions. These data indicate that TC LTP in the ACx induced in
mature mice in the presence of cortical disinhibition, induced
either pharmacologically or synaptically, is dependent on group I
mGluRs but not NMDARs as in other sensory cortices. This
raised the question whether ACx TC LTP is devoid of NMDAR-
dependent mechanisms or whether there is a developmental
switch between NMDAR- and mGluR-dependent mechanisms
of TC LTP during the closure of the early critical period. To
address these possibilities, we tested TC LTP in neonates (P5–
P7). TR tetanization with 40 Hz (no iPTX was present in these
experiments) produced a robust TC LTP in the presence of the
NMDAR inhibitor but not the mGluR inhibitor (Fig. 5). Thus,
EPSC60 was 151.9 � 22.9% (p � 0.003, n � 13 neurons) and
93.5 � 17.7% (p � 0.091, n � 8 neurons) of baseline in the
presence of D-APV and MPEP, respectively. As in mature mice,
neither inhibitor affected short-term depolarization of a postsyn-
aptic neuron evoked by electrical tetanization of the TR during
induction of LTP (p � 0.05; data not shown). Together, these
results indicate that TC LTP in the ACx uses group I mGluR-
dependent mechanisms in contrast to NMDAR-dependent
mechanisms in other sensory cortices.

These data also suggest that LTP can be expressed at TC pro-
jections via postsynaptic mechanisms. To test directly whether

TC LTP is expressed postsynaptically, we used TGU to activate
individual dendritic spines that are the postsynaptic sites of tha-
lamic inputs. Because TGU releases exogenous glutamate from
inactive (caged) glutamate (MNI-glutamate) and thereby by-
passes the release of endogenous neurotransmitter from thalamic
terminals, this method tests only postsynaptic mechanisms of
synaptic transmission and plasticity (Matsuzaki et al., 2001). Pre-
viously, we mapped active postsynaptic sites of thalamic inputs
on dendritic trees of thalamorecipient layer III/IV pyramidal
neurons in the mouse ACx (Richardson et al., 2009) and found
that thalamic inputs preferentially form synapses onto dendritic
spines within 100 �m of the soma. We targeted these proximal
spines individually with TGU and evoked glutamate uEPSCs that
mimicked miniature EPSCs (10 –15 pA). In these experiments,
we did not apply iPTX because MNI-glutamate, besides being a
source of exogenous glutamate, is also a potent GABAA blocker
(Kantevari et al., 2010). Indeed, bath application of MNI-
glutamate in concentrations used for TGU (2–5 mM) blocked
electrically induced IPSCs at TC synapses (data not shown). To
prevent epileptic activity in the presence of MNI-glutamate and
eliminate the contribution of any neuronal network activity in
TGU experiments, we applied the voltage-gated sodium channel
blocker TTX (2 �M) to the extracellular solution. Together, these
treatments ensure that TGU activates only a targeted dendritic
spine. After establishing a stable baseline of uEPSCs at a targeted
dendritic spine, we applied a TGU induction protocol that repli-
cated an induction protocol used for electrically induced TC LTP.
Because application of the 200 Hz TGU protocol was technically
challenging in these experiments as a result of frequent damage of
the neuropil by TGU applied more frequently than 50 Hz (data
not shown), we induced LTP using the 40 Hz protocol. We found
that the 40 Hz TGU reliably induced LTP at proximal dendritic
spines of layer III/IV cortical neurons in mature mice (Fig. 6a),
suggesting that TC LTP is expressed postsynaptically. Thus,
uEPSC measured after application of the 40 Hz TGU was 183.7 �
28.0% of baseline (p � 0.017, n � 8 neurons). TGU-induced LTP
developed slower than electrically induced LTP. Specifically,
TGU-induced LTP lacked transient posttetanic potentiation that
lasted �5 min after tetanus, perhaps indicating that, during this
short period, electrically induced TC LTP is partially expressed
presynaptically. Nevertheless, mechanisms of TGU-induced TC
LTP were similar to that of electrically induced TC LTP. Similar
to electrically induced TC LTP, TGU-induced TC LTP was

Figure 6. Postsynaptic mechanisms of TC LTP are mediated by group I mGluRs. a, b, Mean
uEPSCs as a function of time before and after delivery of the 40 Hz TGU induction protocol to
individual dendritic spines that are sites of thalamic inputs on layer III/IV neurons in the mature
ACx in the absence (a) or presence (b) of MPEP. Arrows depict the 40 Hz TGU protocol. Insets
show representative uEPSCs recorded before (1) and after (2) the 40 Hz TGU protocol applied to
a dendritic spine.

Figure 5. LTP at TC synapses in the neonatal ACx is expressed through group I mGluRs but
not NMDARs. a, NMDARs blocker D-APV does not prevent TC LTP in slices from neonate mice. b,
Group I mGluR inhibitor MPEP blocks TC LTP in neonates. Arrows depict 40 Hz tetanization of the
TR. Horizontal bars indicate bath application of antagonists. Insets show representative EPSCs
recorded before (1) and after (2) 40 Hz tetanization of the TR.
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blocked by a group I mGluR antagonist (Fig. 6b). Thus, uEPSCs
measured after the 40 Hz TGU protocol were 89.0 � 13.1% of
baseline (p � 0.146, n � 8 neurons) in the presence of MPEP.
Together, these experiments indicate that LTP can be induced
postsynaptically through activation of group I mGluRs and is
expressed postsynaptically at TC synapses beyond the early criti-
cal period.

M1 cholinergic receptors are necessary for LTP at mature
TC synapses
These and our previous data (Blundon et al., 2011) show that TC
synapses can undergo bidirectional long-term synaptic plasticity
in the forms of LTP and LTD even after the end of the early
critical period. LTD can be expressed at mature TC synapses
during suppression of presynaptic gating that controls neurotrans-
mitter release during low-frequency trains of TR stimulations
(Blundon et al., 2011). Specifically, activation of presynaptic M1Rs
negatively regulates presynaptic adenosine signaling and thereby
maintains sustained neurotransmitter release from thalamic projec-
tions during induction of TC LTD. In the absence of M1R activation,
glutamate release from thalamic projections undergoes activity-

dependent depression that prevents suffi-
cient activation of postsynaptic group I
mGluRs and, as a consequence, LTD fails to
occur. LTD at mature TC synapses can be
induced by pairing a 1 Hz train of TR stim-
ulations with a bath application of the cho-
linergic agonist carbachol (CCh) and is
blocked by the M1R antagonist telenzepine
(Blundon et al., 2011). We reasoned that
glutamate release from thalamic projections
should be controlled in a similar manner
during LTP induction, and therefore TC
LTP could be gated by similar mechanisms.

First, we investigated whether M1Rs
are necessary for LTP at mature TC syn-
apses. We attempted to induce TC LTP in
the presence of iPTX and the M1R inhibi-
tor telenzepine (0.1 �M). TC LTP induced
by either 200 Hz (Fig. 7a) or 40 Hz (Fig.
7b) in the presence of iPTX was blocked
by telenzepine, suggesting that, like TC
LTD, TC LTP also depends on M1Rs.
EPSC60 was 90.1 � 9.8% of baseline (p �
0.292, n � 9 neurons) for 200 Hz TR tet-
anus and 86.1 � 8.9% of baseline (p �
0.169, n � 7 neurons) for 40 Hz TR teta-
nus in the presence of telenzepine. Simi-
larly, TC LTP induced by 40 Hz in the
presence of synaptically induced disinhi-
bition was blocked by telenzepine (Fig.
7c). EPSC60 was 96.6 � 10.8% of baseline
(p � 0.775, n � 6 neurons) for 40 Hz TR
tetanus applied after 10 Hz CC stimula-
tion in the presence of telenzepine.

Consistent with the notion of a presyn-
aptic locus of LTP gating by M1Rs, TGU
induced robust LTP at thalamic inputs of
layer III/IV cortical neurons even when
M1Rs were inhibited (Fig. 7d). Specifi-
cally, telenzepine failed to block postsyn-
aptically expressed TC LTP [uEPSCs
increased to 191.5 � 20.8% of baseline

(p � 0.003, n � 8 neurons)]. Inhibitors of M2 and M4 muscarinic
receptors (M2Rs and M4Rs, respectively) (Fig. 7e) or nicotinic
receptors (Fig. 7f) were not effective in blocking TC LTP. Nico-
tinic receptors modulate excitability of thalamic projections to the
ACx (Kawai et al., 2007), but these and previous data (Blundon et al.,
2011) indicate that these receptors are not involved in mechanisms
of TC LTP or TC LTD. EPSC60 was 187.3 � 33.1% of baseline (p �
0.03, n � 9 neurons) in the presence of the M2R antagonist AF-DX
116 [11-([2-[(diethylamino)methyl]-1-piperdinyl]acetyl)-5, 11-
dihydro-6H-pyrido[2,3-b][1,4]benzodiaze pine-6-one] (0.1 �M)
and M4R antagonist PD 102807 [(S)-(	)-(4aR,10bR)-3,4,4a,10b-
tetrahydro-4-propyl-2H,5H-[1]benzopyrano-[4,3-b]-1,4-oxazin-
9-ol] (0.2 �M) or 145.2 � 10.7% of baseline (p � 0.002, n � 11
neurons) in the presence of nicotinic receptor antagonist mecamyl-
amine (1 �M). These data indicate that TC LTP, like TC LTD, is
gated by presynaptic M1Rs.

If M1Rs are necessary for TC LTP, would activation of these
receptors be sufficient to suppress presynaptic gating? Applica-
tion of CCh to the external solution failed to induce TC LTP by
electric tetanization alone. Thus, pairing 200 Hz electrical stim-
ulation of the TR with bath application of CCh (5 �M) without

Figure 7. Presynaptic M1Rs are required for LTP at mature TC synapses. a– d, M1R inhibitor telenzepine blocks TC LTP induced
by 200 Hz (a) or 40 Hz (b, c) electrical tetanization of the TR in the presence of iPTX (a, b) or after synaptically induced cortical
disinhibition (c) but not by TGU (d). e, f, Mean EPSC slopes as a function of time before and after 200 Hz tetanization of the TR in the
presence of iPTX and M2R and M2R inhibitors AF-DX 116 and PD 102807 (e) or an inhibitor of nicotinic receptor mecamylamine (f ).
g, Pairing 200 Hz tetanization of the TR with bath application of cholinergic agonist CCh is not sufficient to induce TC LTP. Arrows
depicts 200 or 40 Hz tetanization of the TR. Insets show representative EPSCs or uEPSCs recorded before (1) and after (2) tetani-
zation of the TR or TGU stimulation of a dendritic spine. Horizontal bars indicate bath application of antagonists or 10 Hz CC
stimulation (c). h, Cholinergic activation of M1Rs is necessary but not sufficient for TC LTP induced by electrical tetanization of the
TR. Numbers of slices are shown inside the bars. *p � 0.05.

Chun et al. • Unmasking Thalamocortical LTP in Adults J. Neurosci., April 24, 2013 • 33(17):7345–7357 • 7351



iPTX was not sufficient to induce LTP at TC synapses (Fig. 7g).
Furthermore, CCh was not effective at augmenting the TC LTP
induced by 200 Hz TR tetanization in the presence of iPTX (Fig.
7h). Together, our experiments indicate that both cortical disin-
hibition and presynaptic M1Rs are necessary for TC LTP. How-
ever, cholinergic activation is not sufficient to change properties
of electrically induced TC LTP.

Cholinergic projections from the NB enter the ACx through
the TR
Because M1R antagonist telenzepine was effective at blocking
electrically induced TC LTP, and the cholinergic agonist CCh
failed to change the properties of electrically induced TC LTP, we
hypothesized that electrical stimulation of the TR may indiscrim-
inately activate not only TC projections but also other inputs to
the ACx, including cholinergic projections. To determine
whether the TR contains cholinergic projections, we expressed
the fluorescent proteins mCherry and eYFP in thalamic excit-
atory neurons and cholinergic neurons of the basal forebrain
(NB), respectively, using recombinant AAVs (rAAVs) (Fig. 8a).
The NB is the main source of cholinergic projections to the ACx,
and its activation is thought to be involved in experience-
dependent plasticity processes in the ACx (Bakin and Wein-
berger, 1996; Kilgard and Merzenich, 1998; Ma and Suga, 2003).
To express eYFP specifically in cholinergic neurons, we injected
rAAVs encoding eF1�::DIO– eYFP (double-floxed inverse open
reading frame of eYFP under the control of the ubiquitous eF1�
promoter) into the NB of mice that express cre recombinase
exclusively in cholinergic neurons (ChAT– cre mice). To express
mCherry in the same mice, we injected rAAVs that encode
CaMKII�::mCherry (mCherry under the control of the excit-
atory neuron-specific promoter CaMKII�) into the MGv. Two-
photon imaging of the TR in TC slices from mature mice revealed
bright mCherry- and eYFP-labeled projections in the locus in
which the stimulating electrode is usually placed during TC LTP
experiments (Fig. 8a). These data indicate that the TR indeed
contains not only TC projections from the MGv but also cholin-
ergic projections from the NB. We also identified that cholinergic
projections are present in the ACx in the close vicinity of
thalamorecipient layer III/IV neurons (Fig. 8b). In these experi-
ments, we injected rAAVs encoding eF1�::DIO– eYFP into the
NB of ChAT– cre mice and filled a layer III/IV pyramidal neuron
with cytoplasmic dye Alexa Fluor 594 through a patch pipette.
Two-photon imaging revealed that the ACx, including the layer
III/IV, contains a net of cholinergic projections. Because TC pro-
jections and cholinergic projections from the NB overlap within
the TR, intense electrical stimulation of the white matter that we
use during induction of TC LTP may activate both projections
and thus release both glutamate and acetylcholine onto cortical
neurons in the ACx.

Optogenetic activation of TC projections reveals that TC LTP
is gated by cholinergic inputs from the NB
The previous experiment showed that electrical tetanization of
the TR may activate not only TC projections but also cholinergic
projections from the NB. Furthermore, previous works indicate
that such stimulation may also antidromically activate cortico-
thalamic projections (Beierlein and Connors, 2002). To exclu-
sively activate TC projections, we used an optogenetic approach.
To this end, we expressed channelrhodopsin-2(H134R) (ChR2)
in excitatory MGv neurons of mature mice using rAAVs that
encode CaMKII�::ChR2–mCherry (Fig. 9a). A brief optical pulse
(473 nm) delivered to a layer III/IV pyramidal neuron evoked a

monosynaptic EPSC (oEPSC) and a disynaptic IPSC (oIPSC) in
layer III/IV neurons (Fig. 9b), and a pair of such optical pulses (50
ms interpulse interval) produced paired-pulse depression of
oEPSCs (Fig. 9c) suggesting that we activated TC synapses. To
induce TC LTP, we replaced high-frequency electrical tetanus
with the same pattern of optical stimulations. In these experi-
ments, we chose to use the 40 Hz tetanus because many neurons
cannot follow ChR2-driven spiking above 40 Hz in sustained
trains (Boyden et al., 2005; Gunaydin et al., 2010). We recorded
oEPSCs before and after optical tetanization of TC projections.
This tetanization failed to produce TC LTP in slices of mature
mice even in the presence iPTX (Fig. 9d). Specifically, oEPSC60

was 93.5 � 8.1% of baseline (p � 0.282, n � 6 neurons), suggest-
ing that TC LTP not only is gated by cortical GABAA inhibition
but also requires release of an additional gating mechanism. Be-
cause TC LTP is M1R dependent, we reasoned that TC LTP can be
gated by both cortical GABAA inhibition and M1Rs. Consistent
with this view, optical tetanization of TC projections paired with
bath-applied CCh and iPTX was sufficient to produce robust TC
LTP (Fig. 9e). Thus, oEPSC60 in these experiments was 221.4 �
31.6% of baseline (p � 0.013, n � 8 neurons). In contrast, CCh
application alone did not affect EPSC60 (Blundon et al., 2011) or
oEPSC60 (data not shown).

To confirm our hypothesis, we attempted to optogeneti-
cally stimulate both TC and cholinergic projections in the
presence of iPTX. ChR2 was expressed in MGv excitatory neu-
rons and NB cholinergic neurons by injecting rAAVs encoding
CaMKII�::ChR2–mCherry into the MGv and rAAVs encoding
eF1�::DIO–ChR2– eYFP into the NB of ChAT– cre mice (Fig. 9f).
Optical tetanization (40 Hz) of both thalamic and cholinergic
projections expressing ChR2 in the presence of iPTX was suffi-
cient to induce robust TC LTP. Thus, oEPSC60 was 207.2 �
24.3% of baseline (p � 0.005, n � 6 neurons). In contrast, optical
tetanization of TC and cholinergic projections in the absence of
iPTX failed to induce TC LTP (Fig. 9g). Thus, oEPSC60 was
109.8 � 13.6% of baseline (p � 0.674, n � 5 neurons), consistent
with the idea that two independent mechanisms, activation of
presynaptic M1Rs and cortical disinhibition, are both required to
unmask LTP at TC synapses in slices of mature animals.

Optical tetanization of both thalamic and cholinergic projections
in the presence of iPTX failed to induce LTP when telenzepine was
present in the bath solution, confirming the requirement of M1Rs
for this form of LTP (Fig. 9h). Thus, oEPSC60 was 93.7 � 8.72% of
baseline (p � 0.341, n � 6 neurons) in the presence of telenzepine.
Similarly, MPEP blocked this form of LTP (Fig. 9i). In the presence
of MPEP, EPSC60 was 76.2 � 16.7% of baseline (p � 0.321, n � 9
neurons), confirming that group I mGluRs are required for TC LTP
in mature animals.

Genetic ablation of A1Rs bypasses a requirement of M1R
activation for TC LTP
In our previous work, we showed that downregulation of aden-
osine signaling by M1R activation maintains sustained glutamate
release from thalamic terminals in the ACx (Blundon et al.,
2011). A1R deletion or pharmacological inhibition was sufficient
to induce TC LTD even when M1Rs were blocked with telenz-
epine. Thus, A1R deletion or inhibition bypasses the requirement
for M1R activation for induction of TC LTD. We hypothesized
that a similar mechanism might be at work during TC LTP. To
this end, we used slices from mature mutant mice lacking A1Rs
(A1R�/� mice). These mice have a normal lifespan and have no
gross abnormalities (Johansson et al., 2001). We found that TC
LTP can be induced in these mice even in the presence of the M1R
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inhibitor telenzepine. In all these experiments, iPTX was present.
EPSC60 was enhanced after 40 Hz (Fig. 10a) or 200 Hz (Fig. 10b)
electrical tetanization of the TR in the presence of telenzepine to
160.3 � 11.1% (p � 0.002, n � 11 neurons) or 162.7 � 8.9%
(p � 0.001, n � 6 neurons) of baseline. Similarly, pharmacolog-
ical inhibition of A1Rs in wild-type mice with 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX) (1 �M) was sufficient for 40 Hz
electrical tetanization of the TR to produce TC LTP in the pres-
ence of telenzepine (Fig. 10c). On average, EPSC60 was 162.5 �
15.6% of baseline (p � 0.0002, n � 12 neurons) in the presence of
DPCPX and iPTX in slices of wild-type mice. These data are
consistent with the notion that M1R activation negatively regu-
lates adenosine machinery in thalamic terminals and thus re-
leases LTP and LTD gating at TC synapses. Also, consistent with
this notion, optogenetic tetanization of TC inputs in A1R�/�

mice was sufficient to produce robust TC LTP (Fig. 10d), whereas
the same experiments in wild-type mice failed to induce TC LTP
(Fig. 9d). Thus, oEPSC60 was 255.7 � 30.1% of baseline (p �
0.001, n � 10 neurons) after 40 Hz optogenetic tetanization in the
presence of iPTX in slices of A1R�/� mice. TC LTP induced by
this methods in A1R�/� mice was significantly different from TC
LTP in wild-type mice (p � 0.001), which failed to be induced
without additional activation of cholinergic receptors. These data
strongly suggest that adenosine signaling through A1Rs underlies
gating of TC LTP in a manner similar to that of TC LTD: by
dampening sustained glutamate release and thereby preventing
sufficient activation of postsynaptic group I mGluRs. Once the
adenosine machinery is suppressed, glutamate release from tha-
lamic terminals is enhanced during repetitive stimulations and
becomes sufficient to trigger mGluR-dependent TC LTP or LTD,
and activation of presynaptic M1Rs is no longer required
(Blundon et al., 2011).

Discussion
Here we show TC synapses in the ACx re-
tain their capabilities for LTP even after
the end of the early critical period for syn-
aptic plasticity. These results in conjunc-
tion with our previous observations of TC
LTD in the ACx (Blundon et al., 2011)
argue that bidirectional plasticity at TC
synapses does not disappear in adults as
has been previously suggested and
therefore should remain among possi-
ble candidates for cellular substrates of
experience-dependent cortical map
plasticity in sensory cortices.

It is now well accepted that LTP is
readily induced at TC synapses by electri-
cal stimulation of the TR in neonatal ani-
mals but not in adults (Crair and
Malenka, 1995; Kirkwood et al., 1995;
Isaac et al., 1997; Feldman et al., 1998;
Barth and Malenka, 2001; Foeller and
Feldman, 2004; Daw et al., 2007b; Jiang et
al., 2007). We determined that this devel-
opmental decrease in LTP capability is not
attributable to disappearance of plasticity
mechanisms at TC synapses and showed
that LTP can be unmasked at TC synapses
long after the critical period. We demon-
strated that electrical stimulations of the
TR or optogenetic activation of thalamic
projection induces LTP at mature TC syn-

apses in the ACx only if paired with cortical disinhibition and
activation of cholinergic inputs from the NB. In our present and
previous works (Blundon et al., 2011), we determined that the
cholinergic mechanism required for TC LTD and LTP in mature
animal is mediated through M1Rs.

We determined that, in TC synapses, LTP is gated not only by
M1R-dependent mechanisms but also by cortical inhibition. Our
experiments showed that these two mechanisms are independent
of each other. Absence of either M1R activation or cortical disin-
hibition deems TC LTP to fail. Although M1Rs activation is a
common gating mechanism for both TC LTP and TC LTD,
GABAA disinhibition is required for TC LTP but not for TC LTD
(Blundon et al., 2011). Because in live animals TC LTP may be
induced far beyond the early critical period (Lee and Ebner, 1992;
Heynen and Bear, 2001; Dringenberg et al., 2004, 2007; Hogsden
and Dringenberg, 2009), the requirement of cortical disinhibi-
tion for TC LTP in slices may reflect a difference in the inhibitory
tone between brain slices and the intact brain. Alternatively, cor-
tical disinhibition can serve as an active synaptic gate for sensory
information of increased significance to produce a stronger ex-
citatory output in the thalamorecipient neurons in the ACx. Pre-
vious work in vivo revealed that pairing a tone with electrical
stimulation of the NB produced a rapid reduction of synaptic
inhibition followed by a long-lasting increase in synaptic excita-
tion in the rat ACx (Froemke et al., 2007). This restricted period
of activity-dependent cortical disinhibition was proposed to be a
“memory trace” of cortical plasticity (Thompson, 2005; Froemke
et al., 2007). Cortical disinhibition uncouples the balance of ex-
citation and inhibition that is efficiently maintained in thalamo-
recipient neurons during TC transmission through feedforward
inhibition mechanisms (Wehr and Zador, 2003; Gabernet et al.,

Figure 8. Cholinergic projections from the NB are contained in the TR and the ACx. a, Left, AAVs encoding CaMKII�–mCherry
and EF1�–DIO– eYFP were injected (orange) into the MGv and the NB, respectively, of the ChAT– cre mice. Right, Visualization of
mCherry-labeled glutamatergic (red) and eYFP-labeled cholinergic (green) projections in the TR. IN, Interneuron. b, Left, AAVs
encoding EF1�–DIO– eYFP were injected (orange) into the NB of the ChAT– cre mice. Right, Visualization of layer III/IV (LIII/IV)
pyramidal neuron (red) filled with Alexa Fluor 594 through a patch pipette and cholinergic projections from the NB (green) in
the ACx.
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2005) and thus may provide a temporal
window for LTP to occur at TC excitatory
synapses. A recent attempt to decipher the
disinhibitory circuits in the ACx revealed
a circuitry that consists of layer I and
parvalbumin-positive layer II/III fast-
spiking interneurons (Letzkus et al.,
2011). Maturation of fast-spiking in-
terneurons temporarily coincides with the
end of the early critical period for TC syn-
aptic plasticity (Kirkwood and Bear,
1994a; Hensch et al., 1998; Daw et al.,
2007a) and therefore may be a good can-
didate for one component of the LTP gat-
ing mechanism. The fast-forward
inhibitory circuitry restricts the time win-
dow for synaptic integration during TC
synaptic transmission (Gabernet et al.,
2005) and presumably may use the same
mechanism to gate induction of TC LTP.
It is not clear why cortical disinhibition is
required only for TC LTP but not for TC
LTD. Presumably, both forms of TC syn-
aptic plasticity are required for bidirec-
tional cortical map plasticity, during
which the cortical area that responds to a
conditioning tone is enlarged, whereas the
representation of unrelated tone frequen-
cies contracts. There is little doubt that the
cortical map enlargement requires an ac-
tive LTP-like process at synaptic inputs
responding to conditioning frequencies.
However, coincidental cortical map
shrinking may reflect either an active
LTD-like process at synaptic inputs re-
sponding to nonconditioning frequencies
or a consequence of a zero-sum process in
which the relative contribution of uncon-
ditioned inputs decreases. TC LTD could
therefore underlie a form of cortical map
plasticity completely independent of TC
LTP. Indeed, a recent study indicates that
cortical responses in the ACx to identical
auditory stimuli may be either potentiated
or depressed depending on the sign of the
learned behavioral response (to approach
and be rewarded vs to avoid or be pun-
ished) (David et al., 2012).

The role of TC synapses in cortical
plasticity was put in doubt by a work by
Froemke et al. (2007) in which MGv-
evoked EPSCs recorded in vivo failed to
change after induction of cortical plas-
ticity in the ACx induced by pairing of a
conditioning sound with the electrical
stimulation of the NB. In these experi-
ments, Froemke at al. recorded from neu-
rons distributed through several cortical
layers (400 –1100 �m from the pial sur-
face). Although neurons in multiple cortical layers in the ACx
may respond to a sound, not all of these neurons receive mono-
synaptic inputs from the MGv. Among neurons that receive
monosynaptic MGv inputs, there is little evidence that properties

of these inputs are the same as in MGv–LIII/IV synapses. In con-
trast to in vivo experiments in which spatial control is difficult to
achieve, our experiments in slices were well controlled with re-
spect to a postsynaptic target. Therefore, this uncertainty requires

Figure 9. TC LTP is gated by two independent mechanisms. a, Optogenetic stimulation of ChR2-expressing MGv excitatory
neurons activates TC synapses. Diagram representing the TC circuitry with MGv excitatory neurons expressing ChR2. b, Represen-
tative oEPSC and oIPSC evoked optogenetically. c, Paired-pulse depression of oEPSCs is characteristic of TC synapses. Blue bar
represents the occurrence of the 1 ms, 473 nm light pulse. d, Optogenetic tetanization of TC projections is not sufficient to induce
LTP of TC oEPSCs. Left, AAVs encoding CaMKII�–ChR2–mCherry were injected (orange) into the MGv of C57BL/6 mice. Right,
Optogenetically evoked (473 nm) oEPSC as a function of time before and after a 40 Hz train of 473 nm light pulses delivered to layer
III/IV pyramidal neurons in the presence of iPTX. e, Pairing of 40 Hz optogenetic tetanization with bath-applied CCh in the presence
of iPTX is sufficient to induce TC LTP. f, Left, AAVs encoding CaMKII�–ChR2–mCherry and EF1a–DIO–ChR2– eYFP were injected
(orange) into the MGv and NB, respectively, of ChAT– cre mice. Right, Optogenetic tetanization at 40 Hz of glutamatergic and
cholinergic projections into the ACx in the presence of iPTX is sufficient to induce TC LTP. g, Optogenetic tetanization at 40 Hz of
glutamatergic and cholinergic projections into the ACx in the absence of iPTX fails to induce TC LTP. h, i, LTP induced by 40 Hz
optogenetic tetanization of glutamatergic and cholinergic projections into the ACx in the presence of iPTX is blocked by telenzepine
(h) or MPEP (i). Horizontal bar indicates bath application of CCh. Arrows depict the 40 Hz optogenetic induction protocol. Insets
show representative oEPSCs recorded before (1) and after (2) 40 Hz optogenetic tetanization. PN, Pyramidal neuron; IN,
interneuron.
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additional evidence to rule out or to confirm a role of TC synaptic
plasticity in mechanisms of cortical plasticity. If TC synaptic plas-
ticity contributes to cortical plasticity, it is crucial to understand
not only the molecular mechanisms of its gating but also the
mechanisms of its expression. Our data indicate that TC LTP in
the ACx is expressed postsynaptically. TC LTP is induced at post-
synaptic dendritic spines via activation of group I mGluRs and
subsequent elevation of postsynaptic calcium. This type of LTP
was described previously for other central synapses (Dudman et
al., 2007; Cho et al., 2012). Activation of mGluRs may involve
voltage-dependent mechanisms that control intracellular cal-
cium in neurons (Bianchi et al., 1999; Power and Sah, 2005).
Therefore, it is possible that mGluR activation and cortical disin-
hibition work synergistically to induce TC LTP in dendritic
spines of thalamorecipient neurons. Interestingly, in contrast to
the ACx, TC LTP in somatosensory or visual cortices depends on
NMDARs (Crair and Malenka, 1995; Barth and Malenka, 2001;
Heynen and Bear, 2001; Gagolewicz and Dringenberg, 2011). We
also observed a similar discrepancy for TC LTD: whereas TC LTD
in the ACx depends on group I mGluRs (Blundon et al., 2011),
TC LTD in other sensory cortices is NMDAR dependent (Kirk-

wood and Bear, 1994b; Dudek and Fried-
lander, 1996; Feldman et al., 1998, 1999).
It is not clear why the TC synapses in the
ACx use a different postsynaptic mecha-
nism for synaptic plasticity. Nonetheless,
these data add another feature to a list of
morphologic and functional differences
that set the ACx apart from other sensory
cortices (King and Nelken, 2009).

We also determined that electrical
stimulation of the white matter contain-
ing the TR cannot accurately model acti-
vation of TC projections during delivery
of sensory information to the sensory cor-
tices in vivo. Whereas a single electrical
stimulation or a train of low-frequency
stimulations preferentially activate TC
projections (Blundon et al., 2011), high-
frequency trains that we used for LTP in-
duction also involve other projections
that enter the ACx through the TR. As we
show here, the TR contains not only TC
projections but also long-range cholin-
ergic projections from the NB. These cho-
linergic projections densely innervate the
ACx and also provide a cellular basis for
presynaptic gating of synaptic plasticity at
TC synapses. Advances in optogenetic
methods now allow for specific activation
of defined subsets of neurons and thus for
more accurate modeling of sensory infor-
mation processing. Using an optogenetic
approach, we found that exclusive tetani-
zation of TC projections causes LTP in
mature animals only in the presence of
cortical disinhibition and activation of
M1Rs. We determined that these two gat-
ing mechanisms are independent of each
other. Indeed, the release of a single gating
mechanism is not sufficient to produce
TC LTP. Currently, it is not clear whether
these two gating mechanisms emerge con-

comitantly at or near the conclusion of the early critical period.
Because these two mechanisms work independently, maturation
of either cortical inhibition or M1R suppression of adenosine
signaling alone could be sufficient to gate TC LTP in adults.

In conclusion, in this work, we show that TC synapses in slices
from mature animals do not lose the capacity for LTP with age.
Rather TC synapses acquire gating mechanisms that mask TC
LTP after the early critical period. In conjunction with our pre-
vious study, we show that TC LTP and TC LTD (Blundon et al.,
2011) are gated by presynaptic cholinergic mechanisms. Similar
to experience-dependent cortical map plasticity in the ACx of
adults, these cholinergic mechanisms involve activation of pro-
jections from the NB and activation of M1Rs. In our present and
previous works, we describe that M1Rs on thalamic projections to
the ACx negatively regulate presynaptic adenosine signaling
through A1Rs and thus maintain sustained neurotransmitter re-
lease from thalamic terminals (Blundon et al., 2011). Deletion of
A1Rs bypasses the cholinergic requirement for both TC LTP and
TC LTD (Blundon et al., 2011). These data imply that synaptic
plasticity at TC projections may contribute to experience-

Figure 10. Deletion of A1Rs bypasses a requirement of M1R activation in release of TC LTP gating. a, b, Mean EPSC slopes as a
function of time before and after 40 Hz (a) or 200 Hz (b) electrical tetanization of the TR in slices from A1R�/� mice in the presence
of telenzepine and iPTX. c, Mean EPSC slopes as a function of time before and after 40 Hz electrical tetanization of the TR in slices
from wild-type mice in the presence of DPCPX, telenzepine, and iPTX. d, Mean oEPSC slopes as a function of time after 40 Hz
optogenetic stimulation of TC projections in the presence of telenzepine and iPTX in slices from A1R�/� mice. Horizontal bars
indicate bath application of telenzepine or DPCPX. Insets show representative EPSCs or oEPSCs recorded before (1) and after (2)
application of the electrical or optogenetic induction protocol.
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dependent cortical map plasticity in the ACx and suggest a role of
adenosine signaling in these mechanisms.
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