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Synchronous neuronal activity in the thalamocortical system is critical for a number of behaviorally relevant computations, but hyper-
synchrony can limit information coding and lead to epileptiform responses. In the somatosensory thalamus, afferent inputs are trans-
formed by networks of reciprocally connected thalamocortical neurons in the ventrobasal nucleus (VB) and GABAergic neurons in the
thalamic reticular nucleus (TRN). These networks can generate oscillatory activity, and studies in vivo and in vitro have suggested that
thalamic oscillations are often accompanied by synchronous neuronal activity, in part mediated by widespread divergence and conver-
gence of both reticulothalamic and thalamoreticular pathways, as well as by electrical synapses interconnecting TRN neurons. However,
the functional organization of thalamic circuits and its role in shaping input-evoked activity patterns remain poorly understood. Here we
show that optogenetic activation of cholinergic synaptic afferents evokes near-synchronous firing in mouse TRN neurons that is rapidly
desynchronized in thalamic networks. We identify several mechanisms responsible for desynchronization: (1) shared inhibitory inputs
in local VB neurons leading to asynchronous and imprecise rebound bursting; (2) TRN-mediated lateral inhibition that further desyn-
chronizes firing in the VB; and (3) powerful yet sparse thalamoreticular connectivity that mediates re-excitation of the TRN but preserves
asynchronous firing. Our findings reveal how distinct local circuit features interact to desynchronize thalamic network activity.
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Introduction
Acetylcholine (ACh) has long been implicated in a number of
cognitive processes, including arousal, attention, learning, and
the processing of sensory information, but the cellular mecha-
nisms underlying cholinergic control remain poorly understood
and controversial (Picciotto et al., 2012; Munoz and Rudy, 2014).
Cholinergic neurons in the basal forebrain (BF; Zaborszky, 2002)
and in the pedunculopontine/laterodorsal tegmental area of the
brainstem (Woolf and Butcher, 2011) comprise two of the main
sources of ACh in the brain. Although activation of cholinergic
projection neurons in both areas is associated with behavioral
states such as arousal that can last tens of seconds to minutes (Lee
et al., 2005; Boucetta et al., 2014), cholinergic control of atten-
tion, sensory processing, and learning occur on timescales of tens
of milliseconds to seconds (Parikh et al., 2007; Letzkus et al.,
2011; Pinto et al., 2013). These roles appear incompatible with

the traditional view of ACh as a global and slow-acting neuro-
modulator (Descarries et al., 1997). In fact, an increasing number
of studies have shown that the synaptic release of ACh can gen-
erate rapid, precise, and highly local presynaptic and postsynaptic
responses (Gu and Yakel, 2011; Arroyo et al., 2012; Sun et al.,
2013; Munoz and Rudy, 2014), potentially allowing cholinergic
systems to control local computations with high temporal preci-
sion (Chubykin et al., 2013). Therefore, it is critical to gain a
better understanding of how cholinergic signaling influences ac-
tivity patterns in neuronal circuits.

Here we examine the influence of cholinergic inputs on net-
work activity of the somatosensory thalamus. Local thalamic
networks are organized as reciprocally interconnected excitatory–
inhibitory loops between glutamatergic neurons of the ventro-
basal nucleus (VB) and GABAergic neurons of the thalamic
reticular nucleus (TRN) (McCormick and Bal, 1997). The TRN is
the only source of GABAergic input to VB cells and is thus inti-
mately involved in gating sensory processing. The TRN also acts
as a pacemaker for oscillatory thalamic activity, such as sleep
spindles, by providing strong inhibition to thalamic nuclei that
deinactivates low-threshold T-type Ca 2� channels in postsynap-
tic relay cells and results in the generation of Ca 2� spikes that can
trigger bursts of action potentials (APs; Huguenard and McCor-
mick, 2007). Studies performed in vivo and in vitro have con-
cluded that oscillatory activity is accompanied by synchronized
firing in populations of neurons, initiated by corticothalamic
(CT) feedback and maintained by electrical synapses between
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TRN neurons and by the extensive synap-
tic divergence and convergence of the in-
trathalamic pathways that interconnect
the TRN and VB (Huguenard and Mc-
Cormick, 2007; Beenhakker and Hugue-
nard, 2009). However, our knowledge of
the functional organization of thalamic
networks and its role in the spatiotempo-
ral transformation of different types of af-
ferent inputs remains incomplete.

We have shown previously that TRN
neurons are the target of powerful cholin-
ergic synaptic inputs (Sun et al., 2013).
Here, by using an optogenetic approach,
we find that brief activation of cholinergic
afferents can trigger synchronous activa-
tion of TRN neurons, leading to persistent
but asynchronous activity in thalamic net-
works. We identify several distinct circuit
motives that underlie cholinergic-evoked
thalamic network activity.

Materials and Methods
Thalamic slice preparation. Thalamic horizon-
tal slices (400 �m) were obtained from both
male and female bacterial artificial chromo-
some (BAC)-transgenic mice expressing
channelrhodopsin-2 (ChR2) under the control
of the choline acetyltransferase (ChAT) pro-
moter (ChAT–ChR2–EYFP; Zhao et al., 2011),
aged P13–P21. For experiments using wild-
type mice, horizontal slices (400 �m) were ob-
tained from C57BL/6 mice of either sex.
Animals were anesthetized with isoflurane and
decapitated following procedures in accor-
dance with National Institutes of Health guide-
lines and approved by the University of Texas
Health Science Center at Houston animal
welfare committee. Slices were cut using a vi-
bratome (Leica VT1200S) in an ice-cold
sucrose-containing solution consisting of the
following (in mM): 212 sucrose, 2.5 KCl, 1.25
NaH2PO4, 10 MgSO4, 26 NaHCO3, 11 glucose,
and 0.5 CaCl2 (saturated with 95% O2–5%
CO2). Slices were incubated at 34°C for 50 min
in saline solution containing the following (in
mM): 126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 10 glucose, 2 CaCl2, and 2 MgCl2
(saturated with 95% O2–5% CO2). Slices were
then kept at room temperature until used for
experiments.

Electrophysiological recordings. Recordings
were performed at 33–35°C using an in-line
heater (Warner Instruments) while perfusing
the recording chamber with saline solution,
supplemented with glutamine (300 �M). We
found that addition of glutamine enhanced the
maintenance of network activity over multiple
trials (Bryant et al., 2009) but had no influence
on cell or network excitability. Visualized
patch recordings were performed under infra-
red differential interference contrast visualiza-
tion using an Olympus BX51WI microscope and an IR-1000 camera
(Dage-MTI). Whole-cell voltage-clamp recordings from TRN and VB
neurons were obtained using glass pipettes of 2– 4 M� filled with an
internal solution containing the following (in mM): 120 CsMeSO3, 10
CsCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 1 QX-314, 11 EGTA, 2 Mg-ATP, and

0.3 Na-GTP (adjusted to 295 mOsm and pH 7.3). Whole-cell current-
clamp recordings from TRN neurons were obtained with an internal
solution containing the following (in mM): 108 KGluc, 26 KCl, 2 MgCl2,
0.16 CaCl2, 10 HEPES, 0.5 EGTA, 2 Mg-ATP, and 0.4 Na-GTP (adjusted
to 295 mOsm and pH 7.3). Loose-patch voltage-clamp or cell-attached

Figure 1. Cholinergic synaptic inputs trigger thalamic network activity. A, Immunostaining for EYFP (left), M2 mAChRs (mid-
dle), and overlay (right) in coronal slices of ChAT–ChR2–EYFP BAC-transgenic mice. B, Multiple consecutive trials showing that
brief (0.3–1 ms) laser pulses trigger both short- and long-latency EPSCs in TRN neurons held in voltage clamp. Top, Long-latency
EPSCs (recorded with a K-based internal solution) were reduced in amplitude by AMPAR antagonist (NBQX, 10 �M). Bottom,
Glutamatergic EPSCs (recorded with a Cs-based internal solution) were eliminated by picrotoxin (50 �M). The schematic here and
in the following figures indicate recording configuration. Green vertical bar indicates time of laser stimulation. C, Top, Multiple
consecutive trials showing that both short- and long-latency EPSCs (recorded with a K-based internal solution) were blocked by the
nAChR antagonist DH�E (500 nM). Bottom, For the same TRN neuron, the remaining IPSC was blocked by the M2 mAChR antagonist
AF-DX 116 (10 �M). Both traces are averages of eight individual trials. D, Whole-cell voltage-clamp recordings from a VB neuron
with Cs-based internal solution, held at 0 mV. Representative experiment showing multiple trials with oscillatory IPSCs evoked by
single stimuli in TRN. Polysynaptic IPSCs were eliminated after bath application of NBQX (10 �M).
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voltage-clamp and current-clamp recordings from TRN and VB neurons
were obtained with pipettes (2–3 M�) filled with ACSF. For loose-patch
recordings, the seal resistance was 50 –100 M�, and, for cell-attached
recordings, seal resistance was �1 G�. To minimize any influence on the
cell membrane potential, holding voltage was adjusted continually to
maintain a holding current near 0 pA (Perkins, 2006). For all experi-
ments, cholinergic terminals were activated every 30 s with single laser
pulses (0.3–1 ms) using a DL447 laser (Crystalaser) at a wavelength of
440 – 447 nm. The laser was focused to a �20 �m diameter spot through
a 60� water-immersion objective. Maximal total laser power at the focal
plane was 10 mW. Extracellular electrical stimuli (10 – 60 �A) were ap-
plied with pipettes pulled from theta glass (10 –15 �m tip diameter; WPI)
and filled with saline solution.

Previous work has shown that ChAT–ChR2–EYFP BAC-transgenic
mice carry additional copies of the vesicular ACh transporter gene
(Kolisnyk et al., 2013), which could potentially alter the synaptic release
of ACh. However, under our experimental conditions, we found that the
properties of cholinergic signaling in the TRN (threshold EPSC ampli-
tude values, biphasic responses, and short-term synaptic plasticity) were
comparable between BAC-transgenic mice and wild-type animals, justi-
fying the use of this model system.

NBQX, dihydro-�-erythroidine hydrobromide (DH�E), 11-[[2-
[(diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-
pyrido[2,3-b][1,4]benzodiazepin-6-one (AF-DX 116) picrotoxin,
(2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl]
(phenylmethyl)phosphinic acid (CGP 55845) D-APV, and apamin were
obtained from R&D Systems. All other chemicals were obtained from
Sigma-Aldrich.

Data acquisition and analysis. Recordings were acquired using a Mul-
ticlamp 700B amplifier (Molecular Devices), filtered at 2–10 kHz, and
digitized at 20 kHz with a 16-bit analog-to-digital converter (Digidata
1440A; Molecular Devices). Data were acquired using Clampex 10.3 soft-
ware (Molecular Devices) and analyzed using custom macros written in
Igor Pro (Wavemetrics). Synchronous synaptic inputs were determined
by calculating a synchrony index, defined as the ratio of the synaptic
events that occurred in both cells within a 5 ms window to the total
number of events. Pearson’s correlation coefficient was calculated using
the following equation:

Peason’s Coefficient

�
�i�0

n�1
	Cell A
i� � Cell A�	Cell B
i� � Cell B�

��i�0

n�1
	Cell A
i� � Cell A�2�i�0

n�1
	Cell B
i� � Cell B�2

,

where Cell A denotes the signal in the reference neuron, and Cell B
denotes the signal of target neuron. To calculate cross-correlations of
postsynaptic responses, recordings were bandpass filtered (1.5–70 Hz)
before performing shift-corrected cross-correlations. For APs recorded
in pairs of neurons, activity was binned into 5 ms windows to obtain AP
trains for each neuron. Shift-corrected cross-correlation was performed
in Igor Pro (Wavemetrics) using the following equation:

CC
lag� � �
i�0

n�1

Cell A
i� � Cell B 
lag � i�,

where Cell A denotes the signal in the reference neuron, and Cell B
denotes the signal of target neuron. Statistical analyses were performed
using paired or unpaired Student’s t tests. Differences were considered
statistically significant at p 
 0.05. Data are presented as mean � SEM
unless otherwise indicated.

Immunohistochemistry. Immunohistochemical staining was per-
formed as described previously (Wu et al., 2010). Brains were sectioned
coronally or sagittally into 50-�m-thick sections with a Leica VT1000S
vibrating microtome. Sections were counterstained with DAPI and
mounted with Vectashield (Vector Laboratories). Three primary anti-
bodies, rat anti-M2 mAChR (1:1000; Millipore), chicken anti-GFP (1:
1000; Aves Labs), and goat anti-ChAT (1:200; Millipore), were used.
Fluorescent signals for M2 mAChRs and EYFP were detected by using the
secondary antibodies goat anti-rat Alexa Fluor 594 (1:1000; Invitrogen)

and goat anti-chicken IgG–Alexa Fluor 488 (1:1000; Invitrogen), respec-
tively. Fluorescent signals for ChAT and EYFP were detected by using the
secondary antibodies donkey anti-goat lgG–Alexa Fluor 647 (1:1000;
Invitrogen) and donkey anti-chicken IgG–Alexa Fluor 488 (1:1000; In-
vitrogen), respectively. Fluorescent images were obtained using a Zeiss
710 confocal microscope.

Results
Activation of cholinergic synaptic inputs to the TRN
generates thalamic network activity
Cholinergic afferents form extensive synaptic connections with
TRN neurons, but their role in controlling thalamic network
activity is poorly understood. To address this question, we
performed experiments using whole-cell and cell-attached re-
cordings in horizontal thalamic slices of ChAT–ChR2–EYFP
BAC-transgenic mice that express ChR2 specifically in cholin-
ergic neurons (Zhao et al., 2011). Immunostaining revealed
strong EYFP expression in the TRN, whereas expression was very
low in the adjacent VB (Fig. 1A). We found that single laser
stimuli (0.3–1 ms, 1–10 mW) directed to the TRN led to short-

Figure 2. Single cholinergic axons form synapses onto neighboring TRN neurons. A,
Voltage-clamp recordings from two adjacent TRN neurons, showing nEPSCs and response fail-
ures in consecutive trials. Cells were recorded with a Cs-based internal solution. B, For the two
cells shown in A, the graph indicates covariation of successes and failures of nEPSCs, indicating
that recorded neurons received divergent input from single cholinergic axons. C, Summary
plotting response failures and successes, with amplitude values for a given neuron normalized
by the average of all successful trials (n � 4 TRN cell pairs).
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latency nicotinic EPSCs (nEPSCs) in all cells examined (Fig. 1B;
latency, 4.1 � 0.2 ms; amplitude, 350.2 � 39.8 pA; rise time,
15.5 � 1.8 ms; n � 32 cells). Our previous study demonstrated
that large-amplitude nEPSCs are generated by the simultaneous
activation of a small number of individual axons (�10) converg-
ing onto a given neuron (Sun et al., 2013). To test whether indi-
vidual cholinergic axons can form diverging contacts with
multiple TRN neurons, we performed dual recordings from
neighboring TRN neurons (
50 �m intersomatic distance) and
activated individual cholinergic axons at a minimal laser intensity
generating both nEPSCs and failures (Fig. 2A,B). For the cell
pairs examined, we could isolate threshold responses, for which
successes and failures occurred in common trials (Fig. 2C; n � 4),
indicating that both neurons were activated by the same presyn-
aptic axon. Thus, cholinergic afferents to TRN neurons are char-
acterized by both axonal divergence and convergence.

In the majority of recordings (24 of 32 cells), laser stimuli led
to multiple additional EPSCs (latency, 278.3 � 12.7 ms; duration
of activity, 524.3 � 46.0 ms; number of EPSCs/trial, 15.7 � 1.5;
n � 24 cells), characterized by large amplitudes and fast kinetics
(amplitude, 366.5 � 66.4 pA; rise time, 0.20 � 0.01 ms; n � 24
cells), with considerable jitter from trial to trial (Fig. 1B). Bath
application of the AMPA receptor (AMPAR) antagonist NBQX
strongly reduced the amplitude of the long-latency synaptic re-
sponses (Fig. 1B; control, 299.1 � 89.9 pA; NBQX, 18.4 � 1.5 pA;
n � 5 cells), indicating that they are generated by glutamatergic

synapses. In addition, the nAChR antagonist DH�E (500 nM)
blocked nEPSCs and completely eliminated glutamatergic EPSCs
(Fig. 1C; control, 15.2 � 2.9 EPSCs per trial; Dh�E, 0 � 0 EPSCs
per trial; n � 5), indicating that nAChR activation was required
for the generation of long-latency responses. The presence of
DH�E revealed a slow muscarinic IPSC (latency, 33.0 � 2.8 ms;
amplitude, 35.3 � 6.7 pA; rise time, 87.7 � 17.3 ms; n � 5 cells)
that was blocked by the M2 mAChR antagonist AF-DX 116.
Thus, release of ACh triggered by single laser pulses can lead to
biphasic postsynaptic responses in TRN neurons, in agree-
ment with our findings using electrical stimulation (Sun et al.,
2013) and, in addition, to the generation of glutamatergic
responses.

We next determined the mechanisms underlying cholinergic-
evoked network activity. Thalamic circuits are organized as recip-
rocal loops, in which inhibitory inputs from TRN neurons can
generate rebound bursting in thalamic cells, in turn leading to
re-excitation of TRN neurons (Huguenard and McCormick,
2007). If cholinergic inputs evoke thalamic activity via rebound
firing in VB neurons, blocking GABAergic synaptic transmission
should eliminate glutamatergic responses recorded in TRN neu-
rons. In agreement, we found that bath application of picrotoxin
completely eliminated glutamatergic EPSCs (Fig. 1B; control,
15.3 � 4.0 EPSCs per trial; picrotoxin, 0.1 � 0.0 EPSCs per trial;
n � 5 cells), whereas the GABABR antagonist CGP 55845 had
little effect on thalamic network activity (control, 9.9 � 1.8

Figure 3. Activation of BF cholinergic afferents triggers synaptic responses in TRN neurons. A, Representative recordings from a TRN–VB neuronal pair using K-based internal solution. Fast
glutamatergic and GABAergic synaptic transmission was blocked pharmacologically. Laser stimuli were placed either in the TRN (left) or VB (right), near the recorded cell. Cholinergic responses were
only detected in TRN neurons after local stimulation. Responses shown are averages of five consecutive trials. B, Representative recording from a TRN neuron using a Cs-based internal solution in a
sagittal brain slice, showing that placing laser stimulation into the BF region (black trace) generated monosynaptic nEPSCs with slightly longer latencies compared with nEPSCs evoked by local
stimulation (red trace). EPSCs shown are averages of 15 consecutive trials. Individual trials (gray traces) indicate minimal latency jitter for BF-evoked nEPSCs. C, Immunohistochemical staining for
EYFP–ChR2 and ChAT in the BF of ChAT–ChR2–EYFP BAC-transgenic mice. Expression of EYFP–ChR2 was detected by green fluorescence. ChAT expression was detected by antibodies against ChAT
(red). Left, Overlay of ChAT and EYFP at low magnification (green and red). Right, Higher-magnification views for the BF area indicated in the left.
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EPSCs per trial; CGP 55845, 9.4 � 1.9 EPSCs per trial; n � 5
cells). Next, we recorded cholinergic-evoked synaptic activity in
VB neurons, whose only source of inhibition originates in TRN.
Single laser pulses triggered rhythmic IPSCs (Fig. 1D) at a fre-

quency of 3.9 � 0.2 Hz that lasted 1.3 �
0.1 s and had an average of 4.8 � 0.4
events (n � 31 cells). Initial, short-latency
IPSCs had little latency jitter from trial to
trial (latency, 29.7 � 1.5 ms; SD, 2.7 � 0.3,
n � 31 cells), suggesting that they were
disynaptic and generated by TRN neurons
that were monosynaptically activated by
cholinergic inputs. In contrast, long-
latency IPSCs had considerable jitter from
trial to trial, suggesting that they were me-
diated by TRN neuronal firing evoked by
glutamatergic thalamoreticular inputs. In
agreement, NBQX completely blocked
long-latency IPSCs (Fig. 1D; control,
3.0 � 0.8 long-latency events per trial;
NBQX, 0.1 � 0.0 long-latency events per
trial; n � 6 cells) but had no influence
on short-latency IPSCs. Together, these
data show that the activation of cholin-
ergic inputs with single stimuli can trigger
robust oscillatory responses in thalamic
networks.

Cholinergic responses in TRN are
evoked by inputs from the BF
We next determined whether fast cholin-
ergic signaling in the thalamus is nucleus
specific by performing simultaneous re-
cordings from TRN–VB neuronal pairs in
the presence of receptor antagonists for
glutamatergic and GABAergic synaptic
transmission. Laser stimuli were directed
to either TRN or VB, near the recorded
neuron. Although laser stimuli in TRN
evoked large-amplitude nEPSCs in all
TRN neurons, no postsynaptic responses
could be detected in VB after laser stimu-
lation in the VB or TRN (Fig. 3A; n � 6
pairs). Identical results were obtained us-
ing extracellular stimulation in slices ob-
tained from wild-type animals (n � 3
TRN–VB pairs; data not shown). Thus,
under our experimental conditions, short-
latency cholinergic signaling is restricted
to the TRN.

Previous anatomical studies have
suggested that cholinergic neurons in
the BF target TRN but not adjacent sen-
sory thalamic nuclei (Hallanger et al.,
1987; Levey et al., 1987). As described
previously (Zhao et al., 2011), we found
that, in ChAT–ChR2–EYFP mice, virtu-
ally all ChAT-positive neurons in the BF
also showed strong expression of ChR2–
EYFP (Fig. 3C; ratio of EYFP/ChAT,
0.96). To obtain independent evidence
for the activation of TRN neurons by BF
cholinergic inputs, we prepared sagittal

slices to preserve synaptic connections between the BF and
TRN. We found that BF laser stimulation reliably evoked
monosynaptic responses in the TRN with minimal latency
jitter, at longer latencies compared with local TRN stimulation

Figure 4. Local clusters of VB neurons receive shared synaptic input from the TRN. A–F, Dual voltage-clamp recordings from
pairs of VB neurons at different intersomatic distances. Cells were recorded with a Cs-based internal solution and held at 0 mV.
Representative recordings show synchronous IPSCs for neighboring VB neurons (20 �m distance) in response to laser stimulation
(A), partially synchronous IPSCs for neurons at an intermediate distance (90 �m, C), and non-synchronous IPSCs for neurons at a
large distance (190 �m, E). Vertical bars (red and blue) denote IPSC onsets. Traces at the bottom show close-ups for the time period
indicated by the horizontal bar in the traces above. Cross-correlograms of polysynaptic IPSC activity (200 –1500 ms) in cell pairs at
close (B, 0 –50 �m, n � 9), intermediate (D, 50 –150 �m, n � 5), and large (F, 150 –250 �m, n � 8) intersomatic distance
pairs, with average shown in blue. G, H, Divergent synaptic contacts formed by individual TRN neurons onto neighboring thalamic
neurons. Laser intensity was adjusted to evoke disynaptic IPSC in �50% of all trials. G, Voltage-clamp recordings show common
IPSCs and response failures in consecutive trials. Vertical bars (red and blue) denote onset of individual IPSCs in the two cells. H, For
the same pair, the graph plots IPSC amplitudes for both neurons in consecutive trials.
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(Fig. 3B; BF-evoked response latency, 7.3 � 0.4 ms, n � 7 cells;
TRN-evoked response latency, 4.1 � 0.2 ms, n � 24 cells; p 

0.001). These data indicate that BF cholinergic neurons can
generate reliable short-latency synaptic responses in TRN
neurons.

Local clusters of VB neurons receive shared inputs from
the TRN
Previous studies performed in vivo and in vitro have led to the
suggestion that intrathalamic oscillatory activity evoked by glu-
tamatergic inputs is accompanied by synchronous firing in
thalamic networks, in part mediated by extensive synaptic con-
vergence and divergence between TRN and thalamic neurons and
by electrical coupling within the TRN (Huguenard and McCor-
mick, 2007; Beenhakker and Huguenard, 2009). We tested
whether VB neurons receive common inhibitory inputs from
TRN cells by recording laser-evoked rhythmic IPSCs from pairs
of VB neurons. For neighboring neurons (
50 �m intersomatic
distance), both the disynaptic IPSC and long-latency polysynap-
tic IPSCs (Fig. 4A) were highly synchronous. Analysis of individ-
ual IPSCs showed that their onset times were identical for pairs of
neighboring VB neurons (synchrony index, 0.81 � 0.01; n � 9
pairs). Moreover, cross-correlograms of the polysynaptic IPSCs
revealed synchronous fluctuations in membrane currents (Fig.
4B; Pearson’s correlation coefficient, 0.73 � 0.03; n � 9 pairs).
IPSC synchrony was strongly dependent on the intersomatic dis-
tance of VB neuronal recordings. For dual recordings ranging
from 50 to 150 �m intersomatic distance in which both cells
showed rhythmic IPSCs (Fig. 4C,D), some synaptic events oc-
curred simultaneously in both neurons, whereas others were lim-
ited to a single cell (synchrony index, 0.2 � 0.05; Pearson’s
correlation coefficient, 0.37 � 0.08; n � 5 pairs). In recordings
from pairs at distances ranging from 150 to 250 �m (Fig. 4E,F),
polysynaptic IPSCs were completely independent (synchrony in-
dex, 0.05 � 0.01; Pearson’s correlation coefficient, 0.05 � 0.003;
n � 8 pairs). These data indicate the local VB neurons share
inhibitory input from a common group of presynaptic TRN neu-
rons, whereas for neurons at distances larger than 150 �m, affer-
ent inhibition is generated by independent clusters of TRN
neurons. To further confirm that individual TRN neurons form
divergent synaptic connections with local VB cells, we recorded
threshold IPSCs (�50% response failures) in pairs of VB neurons
located within 50 �m (Fig. 4G,H). For all cell pairs (n � 5), response
failures and successes were synchronous for the two recordings. Fur-
thermore, for trials generating IPSCs, IPSC latency and the number
and onset of individual synaptic events were identical for simultane-
ously recorded neurons. Thus, neighboring VB neurons are the tar-
get of shared inhibitory inputs, likely generated by TRN neurons
with extensive local axonal arborizations.

BF-evoked VB neuronal activity is asynchronous
Does the presence of shared inhibitory inputs lead to synchro-
nous rebound burst firing in neighboring VB neurons? To ad-
dress this question, we recorded laser-evoked AP activity from
pairs of neighboring VB neurons in cell-attached mode to avoid
perturbations in intracellular chloride concentration (Fig. 5A).
As described above, single laser pulses led to highly reliable and
synchronous disynaptic inhibitory responses in the two neurons
recorded. In contrast, rebound Ca 2� spikes (recorded in current
clamp) and fast Na�-dependent APs (recorded in voltage clamp)
showed considerable fluctuations from trial to trial (Fig. 5A–C;
latency of initial APs, 418.6 � 27.3 ms; SD, 94.8 � 14.5; n � 25).
In addition, latency differences for the initial AP were large be-

tween neighboring neurons (Fig. 5D; 180.6 � 43.2 ms; n � 10 cell
pairs) and fluctuated strongly from trial to trial (SD, 127.3 �
32.6; n � 10 pairs).

Previous work has shown that both probability and latency of
thalamic rebound bursting depend on IPSP amplitude and kinet-
ics, as well as cell-specific differences in postsynaptic conduc-
tances (Sohal et al., 2006), which could at least partly explain the
large differences in AP timing for neighboring neurons. In addi-
tion, local network activity might contribute to AP jitter for a
given neuron and further desynchronize activity between neu-
rons; under this scenario, VB neurons firing at short latencies
could rapidly recruit TRN neurons, whose activity then delays AP

Figure 5. Cholinergic inputs evoke asynchronous firing in neighboring thalamic neurons. A,
Simultaneous cell-attached recordings from neighboring VB neurons, held in either current
clamp (left) or voltage clamp (right) showing synchronous and precise disynaptic inhibition
(left) but imprecise and asynchronous AP firing (right). Rebound Ca 2� spikes are indicated by
arrows (left). Three consecutive trials are shown for each recording configuration. B, Raster plot
shows AP activity in a VB neuronal pair recorded in cell-attached mode, evoked by cholinergic
stimulation at t � 0 ms. C, Distribution of initial AP latency evoked by cholinergic stimulation in
the two neurons. Bin size, 5 ms. Latency for VB1 is 356.4 � 86.5 ms and for VB2 is 295.1 � 75.0
ms (mean � SD). D, The graph plots the distribution of the initial AP latency difference (VB1 �
VB2). Bin size, 5 ms. Latency difference, 63.2 � 83.4 ms (mean � SD). Data in B–D are from the
same pair.
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timing in neighboring VB neuron, via a process termed open-
loop or lateral inhibition (Fig. 6D), as postulated previously
(Pinault, 2004). To examine this possibility, we recorded from
neurons in cell-attached mode to determine AP timing, before
establishing whole-cell mode to record IPSCs in voltage clamp.
We found that, in some neurons, polysynaptic IPSCs occurred
before AP generation (Fig. 6A,B), suggesting that they could be
involved in delaying AP initiation. To directly determine the in-
fluence of lateral inhibition in AP timing, we recorded from sin-

gle or pairs of thalamic neurons in cell-
attached mode, before eliminating
polysynaptic inhibition with NBQX and
APV. Across all neurons examined, block-
ing polysynaptic inhibition led to a signif-
icant reduction in both AP latency (Fig.
6C,F; control, 491.1 � 33.6 ms; NBQX �
APV, 361.9 � 15.9 ms; n � 20 cells) and
AP jitter (Fig. 6C,G; control, 102.8 � 15.3;
NBQX � APV, 45.3 � 5.1; n � 20) and, in
addition, to an increase in AP probability
(Fig. 6H; control, 0.72 � 0.06; NBQX �
APV, 0.86 � 0.03; n � 20). For pairs of VB
neurons, this led to a reduction of both
mean AP latency difference (control,
233.6 � 51.8 ms; NBQX � APV, 100.5 �
35.7 ms; n � 6 cell pairs) and its trial-to-
trial fluctuation (control, 157.9 � 49.6;
NBQX � APV, 48.9 � 14.7; n � 6 cell
pairs), as shown for a representative ex-
periment (Fig. 6E). Notably, even in the
absence of lateral inhibition, trial-to-trial
fluctuations in initial AP timing remained
considerably larger compared with the la-
tency jitter of the underlying disynaptic
IPSC (45.3 � 5.1 for APs, n � 20; 2.7 �
0.3 for IPSC, n � 31), indicating that syn-
aptically evoked rebound bursting in VB
neurons is imprecise. Together, these data
suggest that cholinergic-evoked feedfor-
ward inhibition and TRN-mediated lateral
inhibition interact to generate asynchro-
nous firing of local VB neurons.

A low divergence of thalamoreticular
connections underlies asynchronous
TRN neuronal activity
Although AP output in VB neurons dis-
playedlittlesynchronyduringcholinergic-
evoked activity, synchronous firing might
be more pronounced in networks of TRN
neurons, thereby playing an important
role in sustaining thalamic activity. Indi-
vidual thalamic inputs can form powerful
connections with TRN neurons (Gentet
and Ulrich, 2003), predicting that even a
moderate degree of thalamoreticular syn-
aptic divergence could generate synchro-
nous excitation and AP firing in local
populations of TRN neurons. To measure
TRN neuronal firing during BF evoked
activity, we performed cell-attached and
whole-cell recordings from pairs of closely
spaced TRN neurons (Fig. 7). Single laser

stimuli led to reliable, short-latency burst firing in individual
TRN neurons (latency, 26.3 � 1.3 ms; jitter, 2.1 � 0.19 ms; APs
per burst, 4.0 � 0.2; n � 52 cells), as shown previously (Sun et al.,
2013). For some neurons, initial burst firing was followed by
additional APs at longer latencies. In pairs of neighboring TRN
neurons (
50 �m distance) for which both cells generated short-
latency bursts and at least one neuron generated additional per-
sistent activity, only 4 of 24 pairs showed such activity in both
neurons, and this activity was never synchronized. Instead, for

Figure 6. TRN-mediated lateral inhibition desynchronizes thalamic activity. A, VB neuronal firing can temporally overlap with
polysynaptic inhibition. Dual cell-attached recording from neighboring VB neurons showing AP timing followed by whole-cell
voltage clamp to record IPSCs for the same pair. B, Cumulative probability of initial AP latency and time of onset of polysynaptic
IPSCs for the neurons shown in A, evoked by cholinergic stimulation at t�0 ms. C, Raster plot shows cholinergic-evoked AP activity
in a pair of neighboring VB neurons before and during application of NBQX (10 �M) and APV (25 �M). D, Schematic depicting circuit
mediating lateral inhibition. E, The graph plots distribution of initial AP latency difference (VB2 � VB1) before (black) and during
(red) application of NBQX and APV. Bin size, 10 ms. F–H, Summary data plotting change in the latency of initial AP (F ), in the jitter
of the initial AP (G), and in the probability of cholinergic-evoked VB firing (H ), after bath application of NBQX and APV. Red traces
depict average � SEM. *p 
 0.01, paired t test, n � 20 VB neurons.
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the large majority of pairs, persistent AP
firing could only be detected in a single
neuron (Fig. 7A), indicating that thalam-
oreticular connections triggering su-
prathreshold activity are sparse. For cell
pairs recorded in whole-cell mode in
which at least one neuron generated glu-
tamatergic EPSCs, 25 of 30 pairs displayed
such activity in both cells (Fig. 7C). Sur-
prisingly, glutamatergic synaptic inputs
were rarely synchronized for neighboring
neurons (Fig. 7C–E), even if individual
EPSPs in a given cell were large enough to
trigger APs (Fig. 7B). To verify that neigh-
boring TRN neurons had at least a mod-
erate degree of dendritic overlap that
should enhance the likelihood of shared
excitatory input from individual thalamic
neurons, we performed recordings from
pairs of electrically coupled TRN neurons.
However, glutamatergic EPSCs showed
very little synchrony, indistinguishable
from pairs without electrical coupling
(Fig. 7D,E; peak cross-correlation (CC)
for electrically coupled neurons, 0.109 �
0.038, n � 5 pairs; peak CC for non-
coupled neuronal pairs, 0.110 � 0.039,
n � 14 pairs), indicating that the synaptic
divergence of individual thalamic neu-
rons is minimal in TRN.

It is possible that the synaptic connec-
tivity between TRN and VB is artificially
low in our slice preparation, explaining
the lack of synchronous firing among
neighboring neurons. To address this
concern, we performed experiments in
the presence of the SK channel blocker
apamin, to prolong burst firing in TRN
neurons. As a result, TRN-mediated inhi-
bition in VB neurons should be enhanced,
thereby recruiting additional VB neurons
to generate rebound bursts, ultimately
generating more robust rhythmic activity.
In agreement, we found that apamin led
to a significant prolongation in nEPSP-
evoked burst firing in TRN neurons (Fig.
8A; control, 4.1 � 0.3 spikes per burst;
apamin, 15.8 � 1.2 spikes per burst; n �
10 cells) and a dramatic increase in the
duration of rhythmic activity, for TRN
(Fig. 8A–C) and VB (Fig. 8E,F) neurons
(TRN, 3.4 � 0.4 s, n � 10 cells; VB, 3.0 �
0.5 s; n � 8 cells). However, even under
these conditions, neuronal pairs in TRN
(n � 5) or VB (n � 4) did not generate
synchronous APs (Fig. 8D,G), and sub-
threshold activity for pairs of TRN neu-
rons remained asynchronous (Fig. 8D).

Discussion
Here we provide the first functional demonstration for a BF cho-
linergic projection to TRN, leading to synchronous GABAergic
activity in local clusters of thalamic VB neurons. BF cholinergic

control of sensory processing can thus occur on both cortical and
subcortical levels, as was proposed previously (Thiele, 2009;
Pinto et al., 2013). A unique aspect of the thalamic circuit under
study is the presence of three distinct transmitter systems, each of
which is uniquely involved in generating network activity. This
has allowed us to trace the flow of activity over four relays and has

Figure 7. Adjacent TRN neurons receive powerful but independent thalamic inputs. A, Top, Dual cell-attached recordings from
neighboring TRN neurons show laser-evoked AP activity. Bottom, Raster plot showing APs for the same neuronal pair. B, Left, Dual
whole-cell current-clamp recordings from neighboring TRN neurons during laser-evoked network activity. Right, Recordings in
TRN2 temporally aligned with VB-evoked AP activity in TRN1. Averages of all aligned recordings are shown in color. C, Left,
Whole-cell voltage-clamp recordings from the same pair of TRN neurons shown in B. Right, Recordings in TRN2 temporally aligned
with VB-evoked EPSCs in TRN1. Averages of all aligned recordings are shown in color. D, E, Cross-correlograms of glutamatergic
EPSCs in pairs of electrically coupled (D, n � 5) or non-coupled (E, n � 14) TRN neurons, with the average shown in red. Insets
show representative dual recordings, with hyperpolarizing current step (�100 pA) applied to TRN1. Calibration: Scale bar: TRN1, 20
mV, 50 ms; TRN2, 0.8 mV, 50 ms.
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led to the identification of a number of thalamic circuit motives,
namely highly divergent and convergent reticulothalamic con-
nectivity, lateral inhibition, and sparse but powerful thalamor-
eticular connectivity. We propose that these circuit features are
critical in preventing thalamic networks from generating syn-
chronous activity under a variety of physiological conditions
(Fig. 9).

BF cholinergic pathway targets the TRN
We found that optical activation of cholin-
ergic neurons in the BF leads to strong post-
synaptic responses specifically in TRN
neurons. This confirms anatomical studies
suggesting that BF cholinergic projections
only innervate the TRN but avoid sensory
and motor nuclei in the dorsal thalamus
(Hallanger et al., 1987; Levey et al., 1987). As
of now, anatomical studies that characterize
the complete axonal tree of BF neurons do
not exist, so it is unknown whether BF cho-
linergic projections to the TRN are formed
by the same neurons that send afferents into
the neocortex.

Our previous work has shown that the
convergence of a small number of cholin-
ergic afferents is sufficient to trigger APs
in TRN neurons, because nEPSPs are am-
plified by the activation of T-type Ca 2�

channels in distal dendrites (Sun et al.,
2013). Here, we extend these findings by
demonstrating that individual cholinergic
axons can contact multiple TRN neurons.
Thus, activity in a small number of BF
cholinergic neurons is able to recruit clus-
ters of neighboring TRN neurons.
Whether electrical synapses formed by lo-
cal TRN neurons (Long et al., 2004) play a
role in synchronizing BF-evoked neuro-
nal firing remains to be determined.

Under our experimental conditions,
we could not detect cholinergic synaptic
responses in VB neurons after local opti-
cal or electrical stimulation. Similarly, we
could not evoke responses in TRN by po-
tentially activating brainstem cholinergic
fibers using stimulating electrodes or laser
stimulation located in VB. Laser-evoked
activation of brainstem cholinergic affer-
ents might have been weak because of a
low expression of ChR2 in ChAT–ChR2
mice. Furthermore, slicing could have
damaged cholinergic axons from the
brainstem although BF cholinergic affer-
ents remain functional. Alternatively, it is
possible that cholinergic signaling in the
dorsal thalamus is mediated by distinct
synaptic structures and requires specific
conditions leading to significant ACh
release and activation of postsynaptic tar-
gets. Understanding the synaptic mecha-
nisms of how cholinergic afferents from
the brainstem influence information pro-
cessing in thalamic circuits remains an
important area for future investigations.

Circuit mechanisms underlying cholinergic-evoked
network activity
Our finding showing that activation of BF inputs can lead to
oscillatory activity in thalamic networks confirms that rhythmic
activity is an “intrinsic” property of thalamic circuits and can be
engaged by distinct synaptic afferents (Huguenard and McCor-

Figure 8. Enhancing oscillatory activity in thalamic networks does not lead to synchronous firing. A, Cholinergic-evoked activity
in a pair of neighboring TRN neurons before and after bath application of apamin (100 nM). To enhance visualization of individual
spikes, only 3 s of activity are shown here and in the recordings below. B, Raster plot shows cholinergic-evoked AP activity for the
same pair over multiple trials, before and after application of apamin. Cholinergic inputs were activated at t � 0 ms, every 45 s. C,
Representative recordings of EPSCs after bath application of apamin, for the same pair shown in A. D, Cross-correlograms of AP
activity (top) and glutamatergic synaptic activity (bottom) during apamin application for the same pair. E, Cell-attached recordings
from a pair of neighboring VB neurons before and after bath application of apamin. F, Raster plot shows AP activity for the same
pair over multiple trials, before and during application of apamin. Cholinergic inputs were activated at t � 0 ms, every 45 s. G,
Cross-correlogram of AP activity during bath application of apamin.
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mick, 2007). Importantly, for thalamic os-
cillations triggered by the synchronous
activation of CT feedback, disynaptic in-
hibition generated in VB neurons is at
least partially opposed by monosynaptic
excitation, because virtually all CT axons
target both TRN and VB neurons simul-
taneously. Such an overlap of excitation
and inhibition might be responsible for
limiting thalamic oscillatory activity un-
der normal conditions (Paz et al., 2011).
In contrast, BF cholinergic afferents only
activate one cell type of the oscillatory net-
work and might therefore be more effec-
tive in engaging oscillatory activity in
thalamic circuits.

Our studies highlight the rapid trans-
formation of a near-synchronous activa-
tion of TRN neurons by BF inputs into
asynchronous oscillatory thalamic activ-
ity. Previous work in vivo and in vitro has
led to the identification of a number of
possible mechanisms that could either en-
hance or reduce thalamic synchrony dur-
ing oscillatory activity (Beenhakker and
Huguenard, 2009). Specifically, the high
synaptic divergence for both reticulotha-
lamic and thalamoreticular connections,
together with the presence of electrical
coupling between TRN neurons, is as-
sumed to enhance synchrony (Hugue-
nard and McCormick, 2007), whereas
local GABAergic connections between
TRN neurons are thought to be critical in
preventing generalized synchronization
(Huntsman et al., 1999). Our present
work points to several alternative cellular and circuit-based
mechanisms that interact to prevent synchronous firing during
thalamic oscillations.

First, we found that neighboring VB neurons are the target of
synaptic contacts originating from the same group of TRN neu-
rons, resulting in synchronized inhibition. This extends anatom-
ical work showing that individual TRN neurons form extensive
axonal arborizations within sensory thalamic nuclei, often char-
acterized by a single well circumscribed dense core containing a
large number of putative terminals (Pinault and Deschênes,
1998a). Furthermore, divergence in reticulothalamic connectiv-
ity is accompanied by extensive convergence of multiple TRN
neurons onto a given VB cell, based on the large IPSC amplitudes
recorded in VB neurons.

Despite this anatomical arrangement and the resulting large
and reliable inhibitory input to VB neurons, cholinergic-evoked
rebound bursting had significant latency jitter from trial to trial,
and burst firing in neighboring neurons never occurred synchro-
nously. This suggests that even moderate variations in IPSP am-
plitude (attributable to fluctuations in release probability or TRN
cell recruitment), together with fluctuations in postsynaptic
membrane potential, will strongly influence burst latency in a
given neuron. In addition, although the timing of IPSP bursts was
virtually identical for neighboring neurons, their amplitudes and
overall waveform showed significant differences, likely as a result
of target cell-specific differences in dendritic location, number,
and release properties of synaptic terminals. The strong depen-

dence of burst latency on IPSC kinetics (Sohal et al., 2006) likely
explains why APs in neighboring neurons were never synchro-
nized (Fig. 9A).

Second, we found that lateral inhibition (Pinault and De-
schênes, 1998b) plays a significant role in further desynchroniz-
ing VB cell firing (Fig. 9B). Although lateral inhibition features
prominently in many neuronal circuit models (Karnani et al.,
2014), its precise contribution to information processing has
been difficult to characterize experimentally. In our case, we were
able to quantify the influence of lateral inhibition because it was
mediated by glutamatergic synapses that re-excite TRN GABAe-
rgic neurons, whereas the initial activation of VB cells required
cholinergic and GABAergic synaptic activity. Importantly, the
main consequence of lateral inhibition of cholinergic-evoked VB
activity was an additional increase in spike jitter, accompanied by
a moderate reduction in spike probability. In contrast, for VB
neurons activated by sensory inputs, lateral inhibition mediated
by TRN is expected to enhance precision, by enforcing brief tem-
poral windows in which glutamatergic inputs can be integrated to
generate neuronal output.

Third, we determined that individual thalamoreticular inputs
to the TRN are powerful but sparse and contact only a limited
number of postsynaptic TRN neurons (Fig. 9B), in contrast to
current thalamic circuit models but in agreement with previous
anatomical work (Pinault, 2004). Interestingly, even for TRN
neurons with overlapping dendritic fields (as indicated by elec-
trical synaptic coupling), we found very little evidence of shared

Figure 9. Multiple mechanisms interact to control cholinergic evoked thalamic network activity. A, Top, Schematic represen-
tation of the isolated feedforward inhibitory network, indicating extensive divergence and convergence for both cholinergic inputs
(green) to TRN and for reticulothalamic GABAergic connections (red). Bottom, Schematic of spike timing in the TRN (red) and VB
(blue) in response to cholinergic activity (green), depicting the near-simultaneous activation of TRN neurons, leading to rebound
bursting in VB neurons over a range of latencies. B, Top, Schematic representation of the full thalamic network, including thalam-
oreticular connections (blue) that show little divergence in TRN. Bottom, Asynchronous activity in VB neurons generated by
cholinergic-evoked feedforward inhibition (faint blue) is further desynchronized by the presence of lateral inhibition (blue).
Persistent TRN neuronal activity is sparse and asynchronous (red). For details, see Discussion.
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synaptic inputs. Because cholinergic-evoked activity in VB neu-
rons was asynchronous, this led to the generation of indepen-
dent patterns of excitatory synaptic inputs in neighboring
TRN neurons. As a consequence, AP activity in neighboring
TRN neurons was asynchronous, even under conditions of
apamin-mediated enhanced oscillatory activity. Thus, the
presence of electrical synapses in local clusters of TRN neu-
rons (Long et al., 2004) does not appear to play a role in
generating synchrony under these conditions.

Functional implications
Our findings suggest that activation of the cholinergic BF can
control the processing of sensory information by transiently re-
cruiting thalamic networks. Recent studies have indicated that
cholinergic BF inputs to the neocortex act to desynchronize neu-
ronal activity, leading to improved sensory perception (Pinto et
al., 2013). The specific properties of BF-evoked thalamic modu-
lation of sensory processing remain to be established. Sensory
afferent activity can generate synchronous firing in local clusters
of thalamic neurons with exquisitely high temporal precision
(Bruno, 2011). However, the degree of thalamic synchrony can
vary depending on stimulus features and the number of stimulus
presentations (Temereanca et al., 2008). We suggest that BF in-
puts could similarly limit sensory-evoked correlated firing by
generating synchronous inhibition in local clusters of thalamic
neurons, with cell-specific inhibitory response magnitudes re-
sulting in a range of latencies in spike timing. Such a fine tuning in
the degree of synchrony might be critical for the detection and
discriminability of sensory stimuli (Wang et al., 2010). At the
same time, spatially restricted synchronous inhibition could be
responsible for a correlated switch in firing mode in neighboring
thalamic neurons, allowing for the generation of burst firing in
local clusters of thalamic neurons (Swadlow and Gusev, 2001)
but preventing widespread synchronous burst firing and the gen-
eration of epileptiform activity. More generally, our study em-
phasizes that thalamic circuits formed by TRN and VB neurons,
long assumed to be involved in maintaining synchronous oscil-
lations (Beenhakker and Huguenard, 2009), can in fact play a
critical role in decorrelating afferent synaptic inputs, with impor-
tant consequences for information processing.
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