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Acetylcholine (ACh) signaling is involved in a wide range of processes, including arousal, attention, and learning. An increasing number
of studies indicate that cholinergic control of these functions is highly deterministic, mediated by synaptic afferents that generate reliable
and precise responses in postsynaptic neurons. However, mechanisms that govern plastic changes of cholinergic synaptic strength
are poorly understood, even though they are likely critical in shaping the impact of cholinergic inputs on neuronal networks. We have
recently shown that in the thalamic reticular nucleus (TRN), synaptic release of ACh generates excitatory–inhibitory biphasic postsyn-
aptic responses, mediated by the activation of �4�2 nicotinic (nAChRs) and M2 muscarinic receptors (mAChRs), respectively. Here,
using voltage-clamp recordings from TRN neurons in thalamocortical slices of mice, we demonstrate that the activation of Group I
metabotropic glutamate receptors (mGluRs) by ambient or synaptically released glutamate evokes transient increases of nicotinic EPSCs.
Additionally, we find that the selective Group I mGluR agonist DHPG [(S)-3,5-dihydroxyphenylglycine] evokes long-term potentiation of
nicotinic EPSCs (mGluR-nLTP), dependent on increases in postsynaptic Ca 2� concentration and the activation of phospholipase C. Both
the induction and the maintenance of mGluR-nLTP require synergistic activation of mGluR1 and mGluR5. Together, our results show
that postsynaptic Group I mGluRs are critically involved in the regulation of cholinergic synaptic strength on different time scales,
suggesting that cholinergic control of local thalamic circuits is highly context-dependent and regulated by the overall levels of
glutamatergic afferent activity.
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Introduction
Information processing in the thalamocortical system is regu-
lated by cholinergic afferent projections originating in the basal
forebrain (BF) and the pedunculopontine/laterodorsal tegmental
area of the brainstem (Zaborszky, 2002; Woolf and Butcher,

2011). Release of acetylcholine (ACh) from cholinergic afferents
controls diverse cognitive functions, including learning and
memory, sensory processing, and attention (Hasselmo and
Sarter, 2011), whereas the loss of cholinergic neurons has been
linked to Alzheimer’s disease and to certain forms of dementia
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Significance Statement

Cholinergic signaling controls information processing and plasticity in neuronal circuits, but the mechanisms underlying the
regulation of cholinergic synaptic strength on different time scales are unknown. Here we identify mGluR1 and mGluR5 as key
elements in the dynamic regulation of cholinergic synaptic inputs onto neurons of the TRN. Our findings highlight potential
mechanisms that regulate cholinergic signaling in the mammalian brain.
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(Whitehouse et al., 1982). Recent studies have led to important
insights into the cellular mechanisms and functional consequences
of cholinergic signaling in the thalamocortical system. Collectively,
these studies have shown that synaptically released ACh can act with
high temporal precision, by rapidly and reliably activating both
nicotinic (nAChRs) and muscarinic (mAChRs) receptors expressed
by specific types of neurons (Arroyo et al., 2014; Muñoz and Rudy,
2014). As a consequence, cholinergic inputs control synaptic plastic-
ity (Gu and Yakel, 2011) and postsynaptic neuronal activity (Arroyo
et al., 2012; Sun et al., 2013), in turn leading to specific and transient
effects on neuronal circuits that underlie learning or sensory pro-
cessing (Letzkus et al., 2011; Pinto et al., 2013; Eggermann et al.,
2014; Hangya et al., 2015).

Despite the importance of the cholinergic system in mediating
a number of diverse computations, the mechanisms that regulate
cholinergic synaptic strength over distinct time scales remain
poorly understood. Cholinergic action in postsynaptic targets is
undoubtedly shaped by the temporal dynamics of presynaptic
afferent activity. Neuronal firing patterns of cholinergic neurons
in the BF and the brainstem vary as a function of sleep–wake cycle
state and arousal (Lee et al., 2005; Hassani et al., 2009; Boucetta et
al., 2014). In addition, BF neuronal activity can be tightly linked
to the occurrence of salient stimuli (Hangya et al., 2015), allowing
for the rapid and precise control of large cortical target regions,
mediated by axonal afferents that form extensive arborizations
across all layers of multiple columns (Wu et al., 2014). Short- or
long-term changes in synaptic strength might allow for addi-
tional flexibility in cholinergic function. Studies in prefrontal
cortex have suggested that glutamatergic synaptic inputs can trig-
ger local and brief cholinergic transients by activating presynaptic
receptors expressed by cholinergic terminals (Sarter et al., 2014),
potentially enabling more specific control of cortical function.
However, how neurotransmitters, such as glutamate or GABA,
modulate cholinergic synaptic strength has never been explored
in any detail.

Here we have addressed this question by exploring the
glutamate-mediated regulation of cholinergic synapses targeting
neurons in the thalamic reticular nucleus (TRN). The TRN is a
major source of inhibition for first- and higher-order thalamic
nuclei (Pinault, 2004) and is critically involved in the generation
of certain forms of rhythmic activity, such as sleep spindles (Kim
et al., 1997; Halassa et al., 2011) and in mediating attentional
processes (McAlonan et al., 2006; Wimmer et al., 2015). Synaptic
release of ACh in the TRN is mediated at least in part by afferents
from the BF (Pita-Almenar et al., 2014; Ni et al., 2016) and leads
to short-latency excitatory–inhibitory (E-I) biphasic postsynap-
tic responses, mediated by the activation of postsynaptic �4�2
nAChRs and M2 mAChRs, respectively (Sun et al., 2013). Both
glutamatergic afferents from cortical layer 6 and cholinergic af-
ferents are thought to target distal dendrites of TRN neurons,
raising the possibility that changes in glutamate levels could reg-
ulate cholinergic synaptic strength. Our studies reveal that the
activation of postsynaptic mGluRs expressed in TRN neurons
plays a critical role in regulating cholinergic signaling on short
and long time scales.

Materials and Methods
Slice preparation. Mice of either sex of the following strains were used:
wild-type (WT) C57BL/6J, mGluR5�/�, GABAergic neuron-specific
mGluR5 knock-out, and Ntsr1-Cre�/Rosa-ChR2�/�. GABAergic
neuron-specific mGluR5 knock-out mice were generated by crossing
distal-less homeobox 5/6-Cre (DLX-Cre) transgenic mice (The Jackson
Laboratory, stock #008199) with mGluR5f/f mice. In DLX-Cre animals,

the expression of Cre recombinase is restricted to GABAergic neurons in
the striatum and forebrain (Monory et al., 2006; Chao et al., 2010).
Ntsr1-Cre�/Rosa-ChR2�/� mice were generated by crossing Ntsr1-Cre
mice (MMRRC, 030648-UCD) with Rosa-ChR2 mice (The Jackson
Laboratory, stock #012569). In Ntsr1-Cre mice, the expression of Cre
recombinase is restricted to a subpopulation of cortical layer 6 neurons
(Bortone et al., 2014).

Thalamocortical slices (400 �m) were prepared from young mice
(P13–P18) as described previously (Agmon and Connors, 1991). Ani-
mals were anesthetized with isoflurane and decapitated, following pro-
tocols in accordance with National Institutes of Health guidelines and
approved by institutional animal welfare committees. Slices were cut in
an ice-cold sucrose-containing solution consisting of the following (in
mM): 234 sucrose, 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 26 NaHCO3, 10
glucose, and 0.5 CaCl2, bubbled with 95% O2-5% CO2, using a vibratome
(Leica VT1200S) at slicing speed of 0.2 mm/s and a blade vibration am-
plitude of 0.8 mm. Slices were incubated at 34°C for 45 min in solution
containing the following (in mM): 126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 10 glucose, 2 CaCl2, and 2 MgCl2. Slices were allowed to
recover at room temperature for at least 30 min before recordings.

Electrophysiology. Slices were mounted on glass coverslips coated with
poly-L-lysine (Sigma) and placed in a submerged chamber (Warner In-
struments) attached to an upright Olympus BX51WI microscope
(Olympus Optical) and perfused (3 ml/min) using a Minipulse 3 pump
(Gilson). All recordings were performed at near-physiological tempera-
tures (32–34°C) using an in-line heater (Warner Instruments). Whole-
cell voltage-clamp recordings from TRN neurons were obtained under
visual control in infrared-differential interference contrast mode using a
CCD camera (Hamamatsu). Recording pipettes (2– 4 M�) were filled
with an internal solution containing the following (in mM): 120
CsMeSO3, 10 CsCl, 10 HEPES, 11 EGTA, 1 MgCl2, 1 CaCl2, 2 Mg-ATP,
0.3 Na-GTP, and 1 QX-314, adjusted to 295 mOsm and pH 7.3. For
experiments in which intracellular Ca 2� levels were clamped at 50 –100
nM, the internal solution contained the following (in mM): 20 Cs4BAPTA,
102 CsMeSO3, 10 CsCl, 2 MgCl2, 4 CaCl2, 10 HEPES, 2 Mg-ATP, 0.4
Na-GTP, and 1 QX-314. For recordings of biphasic or isolated mAChR-
mediated responses, the internal solution contained the following (in
mM): 120 KGluc, 10 KCl, 10 HEPES, 11 EGTA, 1 MgCl2, 1 CaCl2, 2
Mg-ATP, and 0.3 Na-GTP, adjusted to 295 mOsm and pH 7.3. Neurons
were voltage-clamped at �70 mV, and recordings were discarded if the
series resistance (�20 M�) changed by �20%. Cholinergic synaptic re-
sponses were evoked by stimulating afferents with patch pipettes (tip
diameter: 5– 8 �m) filled with ACSF and placed locally in the TRN (100 –
200 �m from the recorded cell). Stimulation intensities ranged from 7 to
62 �A (stimulus duration, 200 �s), and stimuli were typically applied
every 12 s. Optical stimulation of corticothalamic (CT) afferents express-
ing ChR2 was performed using an LED (475 nm, 3 mW/mm 2) coupled
to a dry objective (4�, NA 0.13).

Experiments were performed in the presence of NBQX (10 �M),
3-[( R)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (R-CPP; 5
�M), picrotoxin (50 �M), and CGP55845 (5 �M) to block AMPARs,
NMDARs, GABAARs, and GABABRs, respectively. Unless noted, the
bath solution included atropine (10 �M) to block mAChRs. For experi-
ments using the phospholipase C (PLC) inhibitor U73122, slices were
incubated in ACSF containing U73122 (5 �M) for 1 h. Recordings were
performed in the continuous presence of U73122 (5 �M).

NBQX, R-CPP, picrotoxin, CGP55845, LY 341495, 7-(Hydroxy-
imino)cyclopropachromen-1a-carboxylate ethyl ester (CPCCOEt),
2-Methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP), (RS)-
2-Chloro-5-hydroxyphenylglycine (CHPG), DL-threo-�-Benzy-
loxyaspartic acid (TBOA), Dihydro-�-erythroidine hydrobromide
(DH�E), and U73122 were purchased from Tocris Cookson. BAPTA
was obtained from Invitrogen. All other chemicals were obtained
from Sigma-Aldrich.

Data acquisition and analysis. Data were acquired using pClamp soft-
ware (Molecular Devices). Recordings were filtered at 3 kHz and digi-
tized at 20 kHz with a 16-bit analog-to-digital converter (Digidata 1440A,
Molecular Devices). Data analysis was performed using custom-macros
written in Igor Pro (Wavemetrics). Postsynaptic current (PSC) ampli-
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tudes for each recording were binned in 1 min segments and normalized
to the average PSC amplitude obtained during the baseline period just
before drug application, unless stated otherwise. LTP magnitude was
determined from a 5 min period between 25 and 30 min after induction
and normalized to the PSC amplitude measured in a 5 min period just
before LTP induction. Data were analyzed with two-way ANOVA and
Student’s unpaired or paired t test, and significance was taken as p � 0.05.
All data are expressed as mean � SEM.

Results
Increases in ambient glutamate enhance nicotinic synaptic
strength via activation of mGluR1 and mGluR5
To examine mechanisms regulating cholinergic synaptic strength,
we performed whole-cell voltage-clamp recordings from TRN neu-
rons in thalamocortical slices of mice. Cholinergic synaptic inputs
were activated electrically using glass electrodes placed locally in the
TRN, in the presence of antagonists for fast glutamatergic and
GABAergic receptors, as described previously (Sun et al., 2013). To
isolate nicotinic EPSCs (nEPSCs), recordings were performed using
a Cs-based internal solution unless reported otherwise. We first ex-
amined the effects of enhancing endogenous glutamate levels on
cholinergic transmission by applying the glutamate transporter in-
hibitor TBOA. Bath application of TBOA (100 �M) for 10 min led to
a rapid and reversible increase in nEPSC amplitude (153 � 21% of
baseline at t 	 10 min, n 	 5, p 	 0.069, paired t test; Fig. 1A). To
determine whether TBOA-induced enhancement of nEPSC is me-
diated by activation of mGluRs, we repeated these experiments in the

presence of either the mGluR1 antagonist CPCCOEt (100 �M) or
the mGluR5 antagonist MPEP (50 �M). Under both conditions,
TBOA-induced nEPSCs increases were completely blocked
(CPCCOEt: 86 � 3% of baseline at t 	 10 min, n 	 5, p 	 0.030; Fig.
1B; MPEP: 84 � 2% at t 	 10 min, n 	 5, p 	 0.034, unpaired t
test; Fig. 1C). By contrast, the Group II mGluR antagonist LY
341495 (200 nM) did not significantly influence TBOA-
induced increases in nEPSC amplitude (151 � 15% of base-
line, t 	 10 min, n 	 5, p 	 0.93, unpaired t test; data not
shown). These data indicate that increases in endogenous glu-
tamate levels can rapidly and reversibly enhance cholinergic
neurotransmission, mediated by the synergistic activation of
mGluR1 and mGluR5.

Activation of postsynaptic Group I mGluRs can lead to
Ca 2� release from internal stores and the activation of PLC.
To examine whether this pathway is involved in TBOA-
induced enhancement in cholinergic transmission, we re-
corded neurons with an internal solution containing the Ca 2�

chelator BAPTA (20 mM) to hold postsynaptic Ca 2� levels at
50 –100 nM. Under these conditions, TBOA still led to an in-
crease in nEPSC amplitude (197 � 28% of baseline at t 	 10
min, n 	 5, p � 0.001, paired t test; data not shown). Similarly,
for slices incubated in ACSF containing the PLC antagonist
U73122 (5 �M), TBOA led to increases in nEPSC amplitude
(163 � 10% of baseline at t 	 10 min, n 	 6, p � 0.001, paired
t test; data not shown). Together, these data indicate that tran-

Figure 1. Increases in endogenous glutamate levels enhance cholinergic synaptic signaling. TRN neurons were recorded with a Cs-based internal solution in the presence of atropine (10 �M). A,
Bath application of the glutamate transporter blocker TBOA (100 �M, 10 min) led to a reversible increase in nEPSC amplitude (n 	 5). B, C, TBOA did not lead to nEPSC increase in the presence of
either the mGluR1 antagonist CPCCOEt (100 �M, n 	 5; B) or the mGluR5 antagonist MPEP (50 �M, n 	 5; C). A–C, Left, Representative nEPSCs recorded in control (black) and in TBOA (red) are
shown for each condition. A–C, Middle, Representative experiments show time course of nEPSC during TBOA application. Individual values are averages over 5 consecutive time points. *Time points
of EPSC recordings shown on left. A–C, Right, Summary data, expressed as mean � SEM.
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sient increases in nEPSC amplitude are triggered by Group I
mGluR activation but do not involve increases in postsynaptic
Ca 2� or the activation of PLC.

Persistently active mGluR1 enhances nicotinic synaptic
signaling in the TRN
Previous studies have shown that ambient levels of extracellular glu-
tamate (Chanda and Xu-Friedman, 2011; Crabtree et al., 2013) or
changes in receptor properties (Young et al., 2013) can mediate a
persistent activation of mGluRs. As previous reports have docu-
mented activation of NMDARs (Zhang et al., 2009) and mGluRs
(Crabtree et al., 2013) by ambient glutamate levels in the TRN in
vitro, we examined whether mGluR activation can control cholin-
ergic synaptic strength, even under baseline conditions. We found
that bath application of CPCCOEt to block mGluR1 (100 �M, 5
min) significantly decreased nEPSC amplitudes in a reversible man-
ner (78 � 7% of baseline, t 	 5 min, n 	 5, p 	 0.017, paired t test;
Fig. 2A). By contrast, bath application of MPEP to block mGluR5
(100 �M, 5 min) only led to a modest reduction of nEPSC amplitude
that was not statistically significant (89 � 5% of baseline, t 	 5 min,
n 	 5, p 	 0.071, paired t test; Fig. 2B).

ACh release in the TRN evokes biphasic postsynaptic responses
by activating both nAChRs and mAChRs (Sun et al., 2013). To fur-
ther examine the specificity of the mGluR1-mediated regulation of
cholinergic neurotransmission, we recorded biphasic cholinergic
postsynaptic responses in voltage clamp using a K-based internal
solution. Consistent with the above results, CPCCOEt application
led to a significant decrease of nEPSCs (63 � 5% of baseline, t 	 8
min, n 	 5, p 	 0.002, paired t test; Fig. 2C–E). By contrast, musca-
rinic IPSCs (muIPSCs) were unaffected under these conditions
(104 � 9% of baseline, t 	 8 min, n 	 5, p 	 0.68, paired t test; Fig.
2C–E). Together, these data indicate that tonic mGluR1 activation
specifically enhances nicotinic signaling under baseline conditions.
The mechanism for this enhancement was not further investigated.

Activation of CT afferents enhances cholinergic synaptic
signaling in the TRN
Our results described so far point to a critical role of Group I mGluRs
in regulating cholinergic signaling, raising the question of whether
the release of glutamate from afferent projections to TRN can con-
trol cholinergic synaptic signaling via a heterosynaptic mechanism.
In the TRN, Group I mGluRs are thought to be expressed in distal

Figure 2. Persistent mGluR1 activity enhances nicotinic synaptic signaling. A, nEPSC amplitude was reversibly reduced following bath application of the mGluR1 antagonist CPCCOEt (100 �M, 5
min, n 	 5) Recordings were obtained using a Cs-based internal solution. B, Bath application of mGluR5 antagonist MPEP (50 �M, 5 min) led to a modest reduction of nEPSC amplitude (n 	 5). A,
B, Left, Representative nEPSCs recorded in control (black) and following mGluR antagonist application (red). A, B, Middle, Representative experiments show time course of nEPSC during drug
application. Individual values are averages over 5 consecutive time points. *Time points of EPSC recordings shown on left. A, B, Right, Summary data, expressed as mean � SEM. C–E, Persistent
mGluR1-mediated enhancement of cholinergic signaling is limited to nicotinic component. Recordings were obtained using a K-based internal solution. C, Representative traces showing biphasic
cholinergic response before (black) and following bath application of CPCCOEt (red). D, Time course of nEPSC (red) and muIPSC (blue) during wash-in of CPCCOEt for a representative experiment, with
nEPSC and muIPSC values averaged over 5 consecutive time points and normalized to their respective control values. E, Summary data (n 	 5) show nEPSC (red) and muIPSC (blue) in CPCCOEt,
normalized to their respective control values before CPCCOEt wash-in.
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dendrites (Godwin et al., 1996), which are the targets of extensive CT
feedback projections from layer 6 (Jones, 2007) as well as cholinergic
afferents from the BF and the brainstem (Hallanger and Wainer,
1988). Previous studies have demonstrated activation of Group I
mGluRs by trains of glutamatergic afferent activity (Long et al., 2004;
Landisman and Connors, 2005). To examine whether the synaptic
activation of mGluRs can lead to changes in cholinergic synaptic
strength, we performed experiments using Ntsr1-Cre�/Rosa-
ChR2�/� mice that specifically express ChR2 in CT projections (Fig.
3A). We found that wide-field optical activation of CT fibers with 20
Hz stimulus trains for 1 min led to a rapid and transient increase in
nEPSC amplitude (151 � 8% of baseline, n 	 6, p � 0.001, paired t
test; Fig. 3B–D), with nEPSCs returning to baseline levels after 
10
min. To determine the involvement of Group I mGluRs, we repeated
these experiments in the presence of CPCCOEt and found that CT-
evoked nEPSC amplitude increases were significantly smaller com-
pared with control (122 � 8% of baseline, n 	 5, p 	 0.026, two-way
ANOVA; Fig. 3B–D). These data indicate that mGluR1 recruited by
CT afferent activity mediates heterosynaptic potentiation at cholin-
ergic synapses onto TRN neurons.

Activation of Group I mGluRs induces long-term
potentiation of nicotinic synaptic signaling
In an effort to better understand the mechanisms underlying
Group I mGluR-mediated increases in nEPSCs, we recorded
isolated nicotinic responses using a Cs-based internal solution
and bath-applied the Group I mGluR agonist (S)-3,5-dih-
ydroxyphenylglycine (DHPG; 50 �M) for 5 min. We found that
DHPG application led to a rapid enhancement of nEPSCs (167 �
12% compared with control, t 	 5 min, n 	 12, p 	 0.007, paired

t test). However, in contrast to our results using TBOA or CT
activation, nEPSCs remained elevated following DHPG wash-out
(t 	 26 –30 min, 167 � 11% compared with control, n 	 12; p �
0.001, paired t test). For recordings that were stable for at least 40
min following DHPG application, nEPSCs remained potentiated
(t 	 36 – 40 min, 165 � 8% compared with control, n 	 7, p 	
0.001, paired t test; Fig. 4A). In contrast, application of a lower
dose of DHPG (25 �M for 5 min) only led to a transient increase
in nEPSC amplitude, with nEPSC amplitudes returning to base-
line levels within 15 min following DHPG application (data not
shown). Thus, activation of Group I mGluRs using DHPG can
lead to a persistent increase in cholinergic synaptic strength.

Long-term changes in cholinergic synaptic strength could be
expressed either presynaptically or postsynaptically. Any in-
creases in ACh release should result in an enhancement of both
nEPSC and muIPSC, whereas a lack of muIPSC enhancement
would be indicative of a postsynaptic expression mechanism. To
distinguish between these possibilities, we attempted to record
cholinergic biphasic responses and to quantify DHPG-induced
changes of nAChR- and mAChR- mediated components in the
same neuron. However, this approach proved impractical, due to
poor voltage clamp of large-amplitude nEPSCs using a K-based
internal solution. We therefore recorded isolated muIPSCs using
a K-based internal solution in the presence of the nAChR antag-
onist DH�E (500 nM). DHPG application (50 �M for 5 min) did
not lead to a persistent change in amplitude of muIPSC (109 �
7% of baseline, t 	 26 –30 min, n 	 7, p 	 0.15, paired t test; Fig.
4B). To confirm that the observed long-term enhancement of
nicotinic signaling was not limited to recordings obtained using a
Cs-based internal solution, we recorded small-amplitude isolated
nEPSCs with a K-based internal solution in the presence of atro-
pine (10 �M). DHPG still led to reliable and persistent increases
of nEPSC under these conditions (160 � 6% of baseline, t 	
26 –30 min, n 	 2; data not shown).

It remains possible that DHPG-induced changes in cholin-
ergic signaling are at least in part mediated by persistent in-
creases in release probability p, which are not reported as
changes in muIPSC amplitude, due to saturation of postsyn-
aptic mAChRs. To address this possibility, we quantified
changes in nEPSC and muIPSC amplitudes following in-
creases in external Ca 2� concentration from 2 to 3 mM to
enhance p at cholinergic synapses. This treatment resulted in
increases in nEPSCs (147 � 6% of baseline, n 	 5; Fig. 4C),
comparable with the long-term nEPSC enhancement follow-
ing DHPG application. Under the same conditions, muIPSCs
showed similar amplitude increases (137 � 7% of baseline,
n 	 5; Fig. 4C), indicating that both nEPSC and muIPSC
amplitudes are sensitive measures of increases in p.

Together, these data suggest that increases in cholinergic
synaptic transmission following DHPG application are not
accompanied by substantial increases in p but are primarily
mediated by a postsynaptic mechanism restricted to nAChR
signaling. In the following, we will refer to this form of plas-
ticity as mGluR-dependent nicotinic long-term potentiation
(mGluR-nLTP).

mGluR-nLTP requires activation of PLC and increases in
postsynaptic Ca 2�

Several forms of long-term plasticity at glutamatergic synapses
throughout the brain are mediated by the activation of PLC and
the release of Ca 2� from internal stores (Gladding et al., 2009;
Lüscher and Huber, 2010). To determine the involvement of
PLC in mGluR-nLTP, we performed recordings in slices prein-

Figure 3. CT afferent activity enhances nicotinic synaptic signaling. A, Schematic of record-
ing configuration. Cholinergic afferents to TRN (red) were activated using glass electrodes,
before and following optical activation of ChR2-expressing CT afferents (green) with stimulus
trains (10 pulses of 1 ms duration, at 20 Hz) once every second for 1 min. B, Representative
recordings comparing nEPSCs before (Pre) and immediately following CT stimulation (Post), in
control (top) and with CPCCOEt in the bath (bottom). C, Time course of nEPSC amplitude before
and following optical CT activation (blue bar), in control (black circles) and in the presence of
CPCCOEt (red circles), for the same recordings shown in B. *Time points of recordings shown in
B. D, Summary data show time course of CT-evoked nEPSC enhancement in control (black
circles, n 	 6 neurons) and in the presence of CPCCOEt (red circles, n 	 5 neurons). Blue bar
represents duration of CT activation.
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cubated in the PLC inhibitor U73122 (5 �M). Under these con-
ditions, DHPG led to a short-term increase in nEPSC amplitude
similar to what was observed following TBOA application, but
mGluR-nLTP was not induced (113 � 8% of baseline, t 	 26 –30
min, n 	 5, p 	 0.55, paired t test; Fig. 5A). To examine whether
increases in intracellular Ca 2� are critical for mGluR-nLTP, we
included the Ca 2� chelator BAPTA (20 mM) in the internal solu-
tion to hold postsynaptic Ca 2� levels at 50 –100 nM. As observed
during TBOA application, DHPG induced a transient increase in
nEPSC amplitude before values returned to baseline levels
(101 � 11%, t 	 26 –30 min, n 	 5, p 	 0.85, paired t test;
Fig. 5B). Together, these data suggest that the activation of
PLC and increases in postsynaptic Ca 2� are both required for
mGluR-nLTP.

Activation of both mGluR1 and mGluR5 is required for
mGluR-nLTP induction
Our data described above indicate that transient increases in nic-
otinic synaptic strength following TBOA application require ac-
tivation of both mGluR1 and mGluR5 (Fig. 1). To determine
whether mGluR-nLTP is similarly dependent on both types of
receptors, we quantified mGluR-nLTP induced by DHPG, in the
presence of either CPCCOEt (100 �M) or MPEP (50 �M). In the

presence of either antagonist, mGluR-nLTP was completely abol-
ished (CPCCOEt: 91 � 11% of baseline, t 	 26 –30 min, n 	 5,
p 	 0.70, paired t test; MPEP: 83 � 7% of baseline, t 	 26 –30
min, n 	 5, p 	 0.14, paired t test; Fig. 6A,B). Furthermore,
activation of mGluR5 alone using the specific agonist CHPG (500
�M for 5 min) did not enhance nEPSC amplitude (93 � 10% of
baseline, t 	 26 –30 min, n 	 5, p 	 0.22, paired t test; Fig. 6C).
Together, these data indicate that activation of both mGluR1 and
mGluR5 is required for mGluR-nLTP.

To further establish that a synergistic interaction of
mGluR1 and mGluR5 is necessary for the induction of
mGluR-nLTP, we used two genetic mouse models that either
lack mGluR5 throughout the brain or show strongly reduced
mGluR5 expression restricted to GABAergic neurons in the
forebrain, including TRN neurons (H.-C. Lu, unpublished
observations). We found that mGluR-nLTP was absent (86 �
7% of baseline, t 	 26 –30 min, n 	 7, p 	 0.337, paired t test;
Fig. 6D) in mGluR5�/� mice, whereas mGluR-nLTP could be
reliably induced in WT littermates (159 � 14% of baseline, t 	
26 –30 min, n 	 4, p 	 0.036, paired t test; Fig. 6D). Similarly,
mGluR-nLTP was absent in slices derived from GABAergic
neuron-specific mGluR5 knock-out animals (94 � 3%, t 	

Figure 4. Group I mGluR activation by DHPG induces long-term potentiation of nEPSCs (mGluR-nLTP). A, Bath application of the selective Group I mGluR agonist DHPG (50 �M, 5 min) induced
long-term enhancement of nEPSCs (n 	 7). TRN neurons were recorded with a Cs-based internal solution. Atropine (10 �M) was included in the bath to block mAChRs. B, DHPG application did not
lead to a persistent change of muIPSC amplitude (n 	 7). Recordings were performed with a K-based internal solution. muIPSCs were isolated by blocking nAChR currents with DH�E (500 nM). A,
B, Left, Representative traces recorded in control (black) and 30 min following DHPG application (red). A, B, Middle, Representative experiments show time course of synaptic response before and
following DHPG application. Individual values indicate average over 5 consecutive time points. *Time points of recordings shown on left. A, B, Right, Summary data, expressed as mean � SEM. C,
Bath application of ACSF containing 3 mM Ca 2� to increase release probability p led to comparable amplitude increases for nEPSCs and muIPSCs. Left, Representative recordings of nEPSC (red) and
muIPSC (blue). Recordings of isolated nEPSCs and muIPSCs were obtained as described for A and B. Right, Summary of increases in amplitude of nEPSC (red, n 	 5) and muIPSC (blue, n 	 5),
normalized to values in 2 mM Ca 2�.
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Figure 6. Activation of both mGluR1 and mGluR5 is required for the induction of mGluR-nLTP. Recordings were performed with a Cs-based internal solution. A, DHPG failed to evoke mGluR-nLTP
in the presence of the mGluR1 antagonist CPCCOEt (100 �M, n 	 5). B, In the presence of the mGluR5 antagonist MPEP (50 �M), DHPG failed to evoke mGluR-nLTP (n 	 5). A, B, Left, Representative
traces recorded in control (black) and 30 min following DHPG application (red). A, B, Middle, Representative experiments show time course of nEPSC before and following DHPG application.
Individual values indicate average over 5 consecutive time points. *Time points of recordings shown on left. A, B, Right, Summary data, expressed as mean � SEM. C, Summary data quantifying the
magnitude of mGluR-nLTP (measured at t 	 26 –30 min) in the presence of CPCCOEt (100 �M, n 	 5) or MPEP (50 �M, n 	 5) and following application of the mGluR5 agonist CHPG (500 �M, 5
min, n 	 5) replacing DHPG. D, Summary data quantifying the magnitude of mGluR-nLTP (measured at t 	 26 –30 min) in slices derived from mGluR5 knock-out mice (GKO, n 	 7), their WT
littermates (GKO-wt, n 	 4), and from GABAergic neuron specific mGluR5 knock-out mice (CKO, n 	 3).

Figure 5. mGluR-nLTP depends on PLC and postsynaptic Ca 2� increases. Recordings were performed with a Cs-based internal solution. A, No mGluR-nLTP was observed in the presence of the
phospholipase C blocker U73122 (5 �M, n 	 5). B, Inclusion of the Ca 2� chelator BAPTA (20 mM) in the patch pipette also abolished mGluR-nLTP (n 	 5). A, B, Left, Representative traces recorded
in control (black) and 30 min following DHPG application (red). A, B, Middle, Representative experiments show time course of nEPSC before and following DHPG application. Individual values indicate
average over 5 consecutive time points. *Time points of recordings shown on left. A, B, Right, Summary data, expressed as mean � SEM.
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26 –30 min, n 	 3; Fig. 6D), indicating that the activation
of mGluR5 expressed by TRN neurons is essential for
mGluR-nLTP.

Activation of mGluR1 and mGluR5 is required for
mGluR-nLTP expression
Previous studies have shown that Group I mGluRs can be in-
volved in both induction and maintenance of long-term depres-
sion (LTD) of glutamatergic synapses (Palmer et al., 1997; Huang
and Hsu, 2006; Volk et al., 2006). Having established that the
induction of mGluR-nLTP requires activation of both mGluR1
and mGluR5, we next determined their respective roles in the
maintenance of mGluR-nLTP by bath-applying either CPCCOEt
(100 �M) or MPEP (50 �M) 20 min after mGluR-nLTP induc-
tion. Interestingly, both CPCCOEt (51 � 2% of mGluR-nLTP,
t 	 30 min, n 	 5, p 	 0.001, paired t test; Fig. 7A) and MPEP
(64 � 7% of mGluR-nLTP, t 	 30 min, n 	 5, p 	 0.036, paired
t test; Fig. 7B) reversed mGluR-nLTP, and in the case of CPC-
COEt, reduced nEPSC amplitude below control values, consis-
tent with the critical role of mGluR1 activity under baseline
conditions described above (Fig. 2). Thus, persistent activation
of both mGluR1 and mGluR5 is required for mGluR-nLTP
maintenance.

DHPG application can lead to a change in mGluR properties,
resulting in persistent receptor activation in the absence of en-
dogenous or exogenous ligand (Niswender and Conn, 2010;
Lodge et al., 2013; Young et al., 2013), which could explain our
results. Alternatively, incomplete washout of DHPG in our ex-
periments might have led to a continued activation of mGluRs.
However, as described above, lower doses of DHPG only led to a
transient enhancement of nEPSCs, indicating that effective
DHPG concentrations in our slice preparation rapidly decrease
during washout. It is also possible that DHPG application might
have led to persistent increases in excitability and neuronal activ-
ity, resulting in enhanced activation of mGluR1 and mGluR5 due
to increases in glutamate levels. To reveal possible increases in

ambient glutamate levels following DHPG application, we mea-
sured NMDAR-mediated currents, in neurons held at 40 mV. We
found that DHPG caused a transient increase in holding cur-
rent (546.5 � 178.3 pA, n 	 6; data not shown), which decayed
rapidly to baseline levels (taudecay 	 20.4 � 4.8 s). Thus, under
our experimental conditions, increases in glutamate levels
appear to be brief, likely generated by the transient firing
of presynaptic thalamic and cortical neurons depolarized
by DHPG, making enhanced glutamate levels an unlikely
mechanism of mGluR-nLTP. Instead, our data suggest that
mGluR-nLTP is maintained by a persistent and ligand-
independent activation of mGluR1 and mGluR5.

Discussion
Our studies have demonstrated a critical role of postsynaptic
Group I mGluRs in dynamically regulating synaptic strength at
cholinergic synapses in TRN neurons. We found that increases in
ambient or synaptically evoked glutamate levels resulted in short-
term increases in cholinergic signaling, whereas DHPG-mediated
activation of mGluRs led to persistent enhancement of cholin-
ergic synaptic strength. Similar to several mGluR-dependent
forms of LTP and LTD at glutamatergic synapses, mGluR-nLTP
required increases in postsynaptic Ca 2� and the activation of
PLC. Surprisingly, the activation of mGluR1 and mGluR5 was
required for both induction and expression of mGluR-nLTP. To
our knowledge, this is the first description of long-term synaptic
plasticity at a cholinergic synapse in the mammalian CNS.

Group I mGluR-dependent regulation of cholinergic
synaptic transmission
TRN neuronal dendrites express mGluR1 and mGluR5 (Godwin
et al., 1996), and the activation of Group I mGluRs by either
synaptic inputs or exogenous agonists has been shown to trigger
changes in membrane potential (Cox and Sherman, 1999), oscil-
latory activity (Long et al., 2004; Blethyn et al., 2006), or long-
term plasticity at electrical synapses interconnecting TRN

Figure 7. Expression of mGluR-nLTP requires mGluR1 and mGluR5 activity. Recordings were performed with a Cs-based internal solution. A, mGluR-nLTP was reversed following bath application
of CPCCOEt (100 �M, n 	 5), which began 20 min after start of DHPG application. B, mGluR-nLTP was reversed following bath application of MPEP (50 �M, n 	 5), which began 20 min after start
of DHPG application. A, B, Left, Representative traces recorded in control (black), 20 min following start of DHPG application (blue), and 10 min following start of mGluR antagonist application (red).
A, B, Middle, Representative experiments show time course of mGluR-nLTP before and following mGluR antagonist application. Individual values indicate average over 5 consecutive time points.
*Time points of recordings shown on left. A, B, Right, Summary data, expressed as mean � SEM.
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neurons (Landisman and Connors, 2005). However, previous
studies did not explore a role of individual subtypes in regulating
neuronal or synaptic signaling. Here we show that activation of
both mGluR1 and mGluR5 is required for short- and long-term
forms of cholinergic synaptic plasticity. While both subtypes are
canonically linked to Gq/G11 and the activation of phospholipase
C, ultimately resulting in Ca 2� release from internal stores and
the activation of PKC (Niswender and Conn, 2010), each recep-
tor can control additional and separate signaling pathways, re-
sulting in distinct functional roles (Hermans and Challiss, 2001;
Mannaioni et al., 2001). In cases where both receptors are linked
to a common physiological process, their combined activation
often results in larger effects on membrane potential (Mori and
Gerber, 2002) or synaptic plasticity (Gubellini et al., 2003). How-
ever, forms of synergistic signaling that require both subtypes to
trigger any downstream effect as observed in the present study
have rarely been documented (Le Duigou and Kullmann, 2011).
The underlying mechanisms remain to be investigated. It is pos-
sible that only the combined activation of both receptors leads to
a signal sufficiently large in magnitude to trigger downstream
processes. Alternatively, mGluR1 and mGluR5 monomers might
physically interact as heterodimers (Doumazane et al., 2011) or
pairs of homodimers (Sevastyanova and Kammermeier, 2014),
with transmitter binding to one receptor inducing G-protein ac-
tivation in the other. Finally, nonlinear interactions might occur
further downstream, mediated by distinct signaling cascades as-
sociated with both receptor subtypes.

Our findings indicate that CT afferent activity could be a
critical mediator of mGluR-mediated cholinergic plasticity, at
least on short time scales. CT projections (Jones, 2007)
and cholinergic afferents from the BF and the brainstem
(Hallanger and Wainer, 1988) both target the distal dendrites
of TRN neurons, suggesting that synaptically recruited Group
I mGluRs and nAChRs are part of the same functional do-
mains. Cortical feedback might allow for more spatially con-
fined control of cholinergic action. While the large volumes
covered by individual cholinergic axonal projections (Wu et
al., 2014) suggest that cholinergic inputs primarily convey
global signals, plasticity of nicotinic signaling might be con-
trolled more locally, enabled by activation of CT projections
that contact TRN neurons in a highly topographic manner
(Deschênes et al., 1998). A similar concept has been proposed
for glutamatergic control of cholinergic signaling in prefrontal
cortex (Sarter et al., 2014).

In addition, it remains possible that Group I mGluRs required
for nicotinic synaptic plasticity are expressed extrasynaptically
and are activated by increases in ambient glutamate. Consistent
with this scenario, our own findings show a persistent activation
of mGluR1, even under baseline conditions. This agrees with
other studies showing that ambient glutamate in the TRN can
tonically activate presynaptic mGluRs and NMDARs (Crabtree et
al., 2013) or postsynaptic NR2C-containing NMDARs (Zhang et
al., 2009), perhaps due to extrasynaptic release of glutamate or a
slow uptake of synaptically released glutamate.

Properties of mGluR-nLTP
We found that the application of DHPG led to a persistent enhance-
ment in cholinergic synaptic strength (mGluR-nLTP), which in con-
trast to transient forms of cholinergic potentiation required both
increases in intracellular Ca2� and activation of PLC. Although our
results offer an important “proof of principle” for the existence of
long-term forms of cholinergic synaptic plasticity, it remains unclear
why mGluR-nLTP was not observed following increases in endoge-

nous glutamate. It is possible that DHPG application surpassed a
critical threshold level of Group I mGluR activation not reached with
increases in endogenous glutamate, at least under our experimental
conditions.

Our results show that mGluR-nLTP is expressed as an increase
in nEPSC amplitude, whereas mAChR-mediated signaling re-
mains unaffected, consistent with a postsynaptic expression
mechanism rather than an increase in release probability. Long-
term changes in nicotinic signaling could be mediated by a num-
ber of processes, including changes in nAChR kinetics, increased
receptor trafficking, or more efficient clustering of nAChRs at the
postsynaptic membrane. These processes are thought to be con-
trolled by direct nAChR phosphorylation as well as by a number
of nAChR-associated proteins (Jones et al., 2010). Future studies
will be needed to identify the molecular cascades underlying cho-
linergic synaptic plasticity, here and elsewhere in the brain.

We found that persistent activation of Group I mGluRs is re-
quired for the maintenance phase of mGluR-nLTP, extending pre-
vious findings that have shown a critical role of Group I mGluRs in
maintaining long-term cellular plasticity (Young et al., 2013) and
LTD at glutamatergic synapses (Palmer et al., 1997; Huang and Hsu,
2006; Volk et al., 2006). It was shown previously that effective DHPG
concentrations rapidly decrease following washout (Lodge et al.,
2013; Young et al., 2013), suggesting that mGluR-nLTP is not medi-
ated by the continued presence of exogenous agonist. In addition, we
found that postsynaptic NMDAR-mediated currents rapidly de-
cayed following DHPG application, indicating that DHPG-evoked
increases in glutamate levels are highly transient and are therefore
unlikely involved in mediating mGluR-nLTP. The most parsi-
monious explanation for the persistent activation of mGluR1 and
mGluR5 is a change in receptor properties triggered by DHPG ap-
plication. This could be a change in affinity to glutamate as reported
for kainate receptors (Lauri et al., 2006), or more likely, a conforma-
tional change in the receptor itself leading to persistent activity in the
absence of ligand (Hermans and Challiss, 2001). Such a change can
be mediated by scaffolding proteins, such as Homer1a, which is up-
regulated during synaptic activity and displaces Homer3, which un-
der baseline conditions prevents persistent signaling (Ango et al.,
2001; Kammermeier and Worley, 2007).

Regardless of the underlying mechanism, our results clearly
indicate a role of both mGluR1 and mGluR5 during the mainte-
nance phase of mGluR-nLTP. This differs from previous studies
on glutamatergic synapses, which implicate either mGluR1 (Volk
et al., 2006; Lodge et al., 2013) or mGluR5 alone (Huang and Hsu,
2006; Ronesi et al., 2012) in mediating LTD maintenance.

Functional implications
A possible functional role for mGluR-mediated nicotinic synap-
tic plasticity is intimately linked to the more general question of
how cholinergic afferents regulate TRN neuronal firing and thus
thalamic output to neocortex during distinct behavioral states.
Because of the biphasic nature of cholinergic synaptic transmis-
sion (Sun et al., 2013), cholinergic inputs will shape TRN activity
in distinct ways, dependent on the temporal pattern of afferent
activity. Brief and synchronous activity will likely lead to nAChR-
dependent transient firing in many TRN neurons, mediated by
cholinergic afferents with extensive axonal convergence and di-
vergence (Sun et al., 2013; Pita-Almenar et al., 2014). Interest-
ingly, BF cholinergic neurons in awake mice display near-
synchronous phasic responses following punishment or reward
during an attention-demanding task (Hangya et al., 2015). Such
activity patterns relayed by extensive BF projections to neocortex
are thought to enable plastic changes in cortical circuits leading to
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learning and memory (Letzkus et al., 2011, 2015). BF cholinergic
neurons also project extensively to TRN (Hallanger et al., 1987;
Jourdain et al., 1989; Pita-Almenar et al., 2014), with at least a
fraction of BF neurons forming contacts to both targets (Jourdain
et al., 1989). This suggests that TRN might act as an additional
mediator for BF-induced plasticity processes in the thalamocor-
tical system, with mGluR-dependent changes in nicotinic signal-
ing determining both strength and location of plasticity.

On the other hand, ongoing asynchronous activity in popula-
tions of cholinergic and noncholinergic BF neurons, as observed
during periods of arousal and attention (Lee et al., 2005; Hangya
et al., 2015), is thought to lead to an overall decrease in TRN
neuronal firing, in part mediated by temporal summation of
mAChR-mediated inhibition (Sun et al., 2013), ultimately result-
ing in disinhibition of relay cells and enabling more effective
information flow to cortex (Thiele, 2009). However, the relative
contributions of nAChR-mediated excitation and mAChR-
mediated inhibition vary dramatically for different TRN neurons
(Sun et al., 2013), suggesting that, for any given pattern of BF
afferent activity, specific networks of TRN neurons will increase
their firing rates, whereas others will decrease their activity. Our
findings show that Group I mGluRs can dynamically regulate
cholinergic E-I ratio over distinct time scales, allowing for a
context-dependent control of TRN network dynamics. Such
functionally defined subnetworks could act independent of ana-
tomically defined subnetworks (Halassa et al., 2014) and might
allow TRN to dynamically control sensory information flow.
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