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SYMPOSIUM REVIEW

Synaptic mechanisms underlying cholinergic control
of thalamic reticular nucleus neurons

Michael Beierlein

Department of Neurobiology and Anatomy, University of Texas Medical School, Houston, TX 77030, USA

Neuroscience

Abstract Neuronal networks of the thalamus are the target of extensive cholinergic projections
from the basal forebrain and the brainstem. Activation of these afferents can regulate neuronal
excitability, transmitter release, and firing patterns in thalamic networks, thereby altering the
flow of sensory information during distinct behavioural states. However, cholinergic regulation
in the thalamus has been primarily examined by using receptor agonist and antagonist, which
has precluded a detailed understanding of the spatiotemporal dynamics that govern cholinergic
signalling under physiological conditions. This review summarizes recent studies on cholinergic
synaptic transmission in the thalamic reticular nucleus (TRN), a brain structure intimately
involved in the control of sensory processing and the generation of rhythmic activity in the
thalamocortical system. This work has shown that acetylcholine (ACh) released from individual
axons can rapidly and reliably activate both pre- and postsynaptic cholinergic receptors, thereby
controlling TRN neuronal activity with high spatiotemporal precision.
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Introduction are the target of extensive cortical feedback, generated
by corticothalamic neurons in layer 6. Both of these
long-range connections between thalamus and neocortex
form axon collaterals onto TRN neurons, which in turn
project onto TC neurons (Pinault, 2004). Thus, sensory
processing in TC neurons is controlled by TRN-mediated
feedforward inhibition triggered by corticoreticular inputs
as well as by TRN-mediated feedback or lateral inhibition
evoked by thalamoreticular inputs (Fig. 1C).

GABAergic neurons of the thalamic reticular nucleus
(TRN) are intimately involved in the bidirectional
information transfer between thalamus and neocortex, as
well as between different thalamic nuclei (Jones, 2007).
Thalamic output generated by thalamocortical (TC) relay
neurons leads to the activation of neocortical networks via
TC synapses in layers 4 and 5/6 of neocortex. TC neurons
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Extensive research over the last several decades has
provided ample evidence that activity in thalamic circuits
formed by TRN and TC neurons is constantly regulated
by a number of afferent systems, whose activation
depends on the behavioural state of the animal (Lee

& Dan, 2012). Perhaps the best understood of these
systems are cholinergic afferent projections which arise
from two distinct areas. Cholinergic neurons in the
pedunculopontine and laterodorsal tegmental nuclei of
the brainstem innervate virtually all thalamic nuclei,

CT axon

Cholinergic
axon

Figure 1. Cholinergic signalling modes in the thalamic reticular nucleus

A, axonal arborizations with small diameter varicosities formed by cholinergic afferents in the rat TRN (Rt). Axons
are immunostained for choline acetyltransferase (ChAT), the enzyme responsible for ACh synthesis. Scale bar,
20 pum. B, micrographs show two examples of axonal varicosities (labelled dark) formed by cholinergic axons
in the TRN. Left image depicts an unmyelinated axon containing vesicles leading into a varicosity, without an
obvious synaptic junction. Right image shows synaptic junction (outlined by arrows), formed onto a postsynaptic
spine (sp). Scale bar, 1 um. Images reproduced with permission from Parent & Descarries (2008). C, schematic
diagram illustrates thalamic circuitry as well as possible targets of ACh signalling in the TRN. Cholinergic afferents
(green) contact distal dendrites of TRN neurons and generate E-I cholinergic responses, probably mediated by
ultrastructurally defined synapses (area outlined by square and shown in more detail in D). In addition, ACh released
from en passant varicosities could act over larger distances and activate extrasynaptic receptors expressed on TRN
dendrites, nAChRs expressed by thalamocortical (TC) axons or receptors expressed at presynaptic corticothalamic
(CT) terminals. In turn, glutamate release from CT axons could modulate cholinergic signalling by acting on
pre- or postsynaptic receptors at cholinergic synapses. D, schematic diagram illustrating the cellular mechanisms
underlying cholinergic synaptic signalling in the TRN, based on the findings in Sun et al. (2013). ACh release
activates postsynaptic ionotropic NAChRs (probably «482) and metabotropic Gj,-coupled M2 mAChRs, which
are expressed both pre- and postsynaptically. M2 mAChR activation in the postsynaptic membrane triggers the
liberation of the By subunit complex, in turn leading to the opening of G protein-coupled inwardly rectifying K+
(GIRK) channels. Presynaptic M2 mAChRs are responsible for autoinhibition of ACh release, probably generated
by By subunit complex-mediated inhibition of presynaptic Ca?* channels.
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including TRN. In vivo, these neurons show persistent
increases in activity rates during wakefulness and arousal
(Boucetta et al. 2014). TRN is the target of a separate
projection formed by basal forebrain (BF) cholinergic
neurons (Hallanger et al. 1987). Transient increases in BF
neuronal activity are implicated in regulating a number of
processes on more rapid time scales, such as sleep-wake
transitions, learning, sensory processing and attention
(Parikh et al. 2007; Letzkus et al. 2011; Pinto et al. 2013;
Han et al. 2014). As reviewed elsewhere, BF cholinergic
control of the majority of these processes is assumed to
be mediated by the rapid activation of distinct neuro-
nal circuits in neocortex (Arroyo et al. 2014; Munoz &
Rudy, 2014), while the involvement of TRN remains largely
unexplored.

The cellular actions of acetylcholine (ACh) on thalamic
neurons are well documented, but we know little about
the spatiotemporal dynamics governing endogenous ACh
signalling in thalamic circuits. TC neurons express M1 and
M3 muscarinic acetylcholine receptors (mAChRs), whose
activation leads to the closure of potassium conductances
mediated by TASK and TREK channels (Bista et al. 2012)
and depolarization of the resting membrane potential.
This allows TC neurons to undergo a switch in their
response mode from burst firing to tonic firing, in large
part mediated by the inactivation of low-threshold T-type
Ca’t channels (McCormick & Bal, 1997). Membrane
depolarization can similarly be generated by the activation
of nicotinic acetylcholine receptors (nAChRs) (Zhu &
Uhlrich, 1997). However, how nAChRs and mAChRs
are recruited under physiological conditions is not well
understood. In vivo studies have documented long-lasting
membrane depolarizations in TC neurons evoked by only
brief extracellular stimulus trains applied to the brainstem
cholinergic region (Hu et al. 1989a; Curro Dossi et al.
1991; Steriade, 2004). These data have led to the idea that
brainstem cholinergic afferents globally regulate TC cell
firing mode by influencing populations of neurons over
long time scales (Descarries et al. 1997).

TRN neurons also express both nAChRs and
mAChRs, but their respective activation appears to
generate opposing effects on resting membrane potential.
Activation of cholinergic afferents in the brainstem leads
to a biphasic response, with a fast nAChR-mediated
depolarization followed by long-lasting mAChR-mediated
hyperpolarization (Hu et al. 1989b). Such biphasic
responses have also been observed in vitro, following
brief applications of ACh (Lee & McCormick, 1995).
Other work has emphasized that activation of cholinergic
afferents primarily acts to inhibit TRN neuronal firing
(Pinault & Deschénes, 1992), an effect that can be
mimicked by the application of the cholinergic agonist
carbachol in TRN (Hirata et al. 2006). This has led to
the hypothesis that cortical desynchronization observed
during attentional tasks is at least in part mediated
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by BF-evoked inhibition of TRN neurons, resulting in
disinhibition of TC neurons and a switch into tonic firing
mode, allowing them to more faithfully respond to rapid
changes in sensory afferent activity (Harris & Thiele,
2011).

To help resolve these conflicting data requires a
better understanding of the cellular mechanisms under-
lying cholinergic signalling. Anatomical studies have
provided clues for the existence of several distinct
signalling modes. Cholinergic afferents into TRN form
a dense network of unmyelinated axonal arborizations
(Fig. 1A) which form numerous, more or less equally
spaced synaptic varicosities, with an average diameter
of ~0.6 um. While about 40% of these terminals show
ultrastructural specializations indicative of conventional
synapses, a majority of potential release sites do not
appear to be associated with the postsynaptic membrane
(Fig. 1B), suggesting that fast synaptic transmission and
certain forms of volume transmission might coexist.
To help distinguish between these possibilities requires
insights into how ACh released by physiologically
realistic activity patterns activates nAChRs and mAChRs
expressed in the somatodendritic membrane. However,
such information has been lacking until recently, in part
due to the absence of an in vitro model of cholinergic
transmission.

Biphasic cholinergic synaptic signalling in TRN
neurons

In a recent study carried out using brain slices of
the somatosensory thalamus we employed conventional
extracellular stimulation using patch pipettes and isolated
putative cholinergic inputs using receptor antagonists
for fast glutamatergic and GABAergic synaptic trans-
mission (Sun et al. 2013). Single stimuli applied
locally in the TRN generated highly reliable biphasic
excitatory—inhibitory (E-I) responses in all postsynaptic
TRN neurons examined (Fig. 2A), with an initial
short-latency nAChR-mediated EPSC (nEPSC) followed
by a long-lasting mAChR-mediated IPSC (mIPSC).
Fast-latency nEPSCs had slow kinetics as compared to
AMPA receptor (AMPAR)-mediated EPSCs (decay time
constants of 100-300 ms, Fig. 2B) and were mediated by
non-«7 nAChRs (most likely ¢4 82), whereas long-latency
mIPSCs (decay time constants of 500-700 ms) were
triggered by the activation of M2 mAChRs, thereby
leading to the opening of a G protein-coupled inwardly
rectifying potassium (GIRK) conductance (Fig. 1D).
These data indicate that in the TRN, both nAChRs and
mAChRs are expressed near sites of ACh release and
can be recruited following low-frequency afferent activity.
While ACh-mediated E-I synaptic signalling may seem
highly unusual, similar responses have been described
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Figure 2. Properties of biphasic cholinergic synaptic signalling

TRN neurons were recorded with a K*-based internal solution, except for the recordings shown in B-D, which
were obtained with a Cs*-based internal solution. Cholinergic synaptic transmission was isolated by including
antagonists of glutamatergic and GABAergic synaptic transmission, except for data shown in B. A, E-l postsynaptic
response (red trace) evoked by single stimuli applied locally. The EPSC was blocked by the nAChR antagonist DHBE,
while the remaining IPSC (blue trace) was eliminated by the mAChR antagonist atropine (not shown). Subtraction
of the IPSC from the biphasic response yields time course of nicotinic EPSC (nEPSC, black trace). B, comparison of
the time course of the postsynaptic responses evoked by cholinergic and glutamatergic afferents to TRN. Single
stimuli evoked EPSCs with a fast and a slow component (red trace) in a TRN neuron. The fast component generated
by activation of corticoreticular and thalamoreticular inputs was blocked by the AMPAR antagonist NBQX and the
slow component (black trace) was blocked by the nAChR antagonist DHBE (not shown). C, nEPSCs evoked by
paired stimuli (inter-stimulus interval (ISI) 500 ms) prior to (red) and following application of the M2 mAChR
antagonist AF-DX 116 (10 um, black) in a representative recording. Blocking M2 mAChRs leads to an increase
in NEPSC amplitude evoked by the second stimulus, showing that ACh release is controlled by autoinhibition.
Note that the nEPSC amplitude evoked by the first stimulus remains unchanged, indicating the ACh release is not
controlled by tonic activation of presynaptic mAChRs. D, summary (n = 5) showing nEPSC,/nEPSC (paired-pulse
ratio) for different ISls in control (red circles) and AF-DX 116 (black circles). £, activation of individual presynaptic
cholinergic axons elicits E-I postsynaptic responses. Overlay of individual trials evoked at a constant stimulus
intensity, showing both PSCs (light red) and response failures (grey), with averages for the two groups shown in
red and black, respectively. £, graph plots mIPSC amplitude against nEPSC amplitude of individual trials (n = 38),
for data shown in E. Note that nEPSCs and mIPSCs occur in common trials. Data adapted from Sun et al. (2013).
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in a number of other systems (Blankenship et al. 1971;
Yarosh et al. 1988; Glowatzki & Fuchs, 2000), though the
mechanisms generating biphasic responses vary between
preparations. Studies employing brief agonist applications
have revealed additional examples. In layer 5 neocortical
neurons I-E responses are generated by activation of only
M1 mAChRs, with sustained excitation preceded by trans-
ient inhibition mediated by phospholipase C-dependent
Ca’" increases from internal stores and the activation of
Ca’**-dependent SK conductances (Gulledge & Stuart,
2005; Gulledge et al. 2009). GABAergic neurogliaform
cells in layer 1 can generate E-I responses mediated by
a42 nAChRs and M1 mAChRs whose activation similarly
results in the opening of SK conductances (Brombeas et al.
2014). It remains to be determined if biphasic responses
in neocortical neurons can also be generated by end-
ogenously released ACh.

In addition to acting on nAChRs and mAChRs
expressed in TRN dendrites, synaptically released ACh
also activated M2 mAChRs expressed presynaptically,
thereby mediating autoinhibition (Fig. 2C). Cholinergic
responses evoked by paired-pulses displayed considerable
synaptic depression over a range of interstimulus intervals,
mediated by a combination of presynaptic (e.g. vesicle
depletion) and postsynaptic mechanisms (e.g. receptor
desensitization). Paired-pulse depression was partially
relieved following block of presynaptic M2 mAChRs,
showing that even single stimuli lead to the activation
of autoreceptors expressed on presynaptic terminals
(Fig. 2D). The mechanisms for M2 mAChR-mediated
reduction in transmitter release have not been further
investigated, but probably involve the inhibition of pre-
synaptic Ca®* channels (Vogt & Regehr, 2001, Fig. 1D).

To examine the possibility that nAChRs and mAChRs
are recruited by different cholinergic afferents or that the
synchronous ACh release from many presynaptic fibres is
required to activate either receptor system, we recorded
from TRN neurons and activated individual presynaptic
inputs at threshold, using minimal stimulation. Even
under these conditions, E-I signalling was observed for
all neurons examined (Fig. 2E and F). Individual trials
either resulted in response failures (due to failure of axonal
stimulation) or in biphasic responses with surprisingly low
amplitude variability, indicating that ACh release occurs at
multiple release sites, with a high initial release probability
(but see below for alternative explanation). Moreover,
the large size of single-axon-mediated nEPSCs (~50 pA)
indicates that synchronous activity of only a small number
of cholinergic inputs can strongly influence TRN neuronal
activity.

Are biphasic cholinergic synaptic responses mediated
by conventional synapses? While studies examining the
ultrastructure of cholinergic terminals have described
small terminals that contact distal dendrites of TRN
neurons (Hallanger & Wainer, 1988; Parent & Descarries,
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2008), many varicosities do not appear to be associated
with postsynaptic membranes, suggesting the existence of
multiple signalling modes (Fig. 1B). Studies performed
in neocortex have shown that layer 1 interneurons express
both a7 as well as non-o7 nAChRs and that BF cholinergic
afferents activate these two populations of nAChRs via
distinct signalling modes (Arroyo et al. 2012; Bennett
et al. 2012). Fast nEPSCs mediated by o7 nAChRs
were found to be highly variable in amplitude from
trial to trial and were insensitive to perturbations of
ACh breakdown, suggesting signalling via conventional
synapses. In contrast, slower nEPSCs mediated by non-«a7
nAChRs displayed smaller trial-to-trial fluctuations and
were highly sensitive to perturbations of ACh break-
down, implying that they are mediated by some form
of volume transmission (Arroyo et al. 2014). Similarly,
nEPSCs in the TRN also displayed very low trial-to-trial
variability (~0.1 for single-axon responses, Fig. 2E
and F) and showed dramatic prolongation following
block of ACh breakdown. In principle, this would
be consistent with the activation of dendritic nAChRs
and mAChRs by ACh released from multiple sites and
with the diffusion of ACh over considerable distances.
However, under our conditions, nEPSCs were generated
at latencies comparable to AMPAR-mediated EPSCs
(~3.5 ms). Furthermore, activation of even single pre-
synaptic axons was sufficient to generate postsynaptic
responses in TRN, showing that pooling of ACh released
from multiple afferents is not required for the activation
of postsynaptic receptors. It is possible that post-
synaptic responses are generated by the synaptic activation
of high-affinity nAChRs with slow kinetics, as has
been proposed for slow nAChR-mediated components
at the cholinergic motoneuron—Renshaw cell synapse
(d’Incamps & Ascher, 2014). Understanding the cellular
mechanisms as well as the functional consequences of the
cholinergic signalling remains an important area for future
investigations.

Control of TRN neuronal activity by cholinergic inputs

The location of cholinergic synapses on distal dendrites of
TRN neurons (Hallanger & Wainer, 1988) and their slow
kinetics as compared to glutamatergic synapses would
suggest that ACh release merely modulates TRN neuro-
nal activity. In marked contrast with this assumption,
current clamp recordings showed that activation of even
individual cholinergic inputs could reliably trigger action
potentials (Fig. 3B). Interestingly, ACh-evoked action
potential generation required the activation of post-
synaptic low-threshold T-type Ca** channels (Fig. 3C).
In TRN neurons, the most abundant subtype expressed
is Cay3.3 with a smaller contribution of Cay3.2 (Astori
et al. 2011) and it is well established that their activation
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Figure 3. Cholinergic synaptic inputs triggers TRN neuronal firing via activation of T-type Ca?* channels
A, somatic burst discharges produce robust Ca2* responses in distal dendrites of TRN neurons, mediated by the
activation of T-type Ca?t channels. Left, image of TRN neuron filled with the green Ca%*-sensitive dye Fluo-4

and the red Ca?*-insensitive dye Alexa 594, obtained using 2-

photon laser scanning microscopy. Boxes in blue

and red outline regions from which Ca?t measurements were obtained. Middle, Ca?* responses in the proximal
and distal dendrite of a different cell, evoked by burst firing at the soma. Fluorescence changes are expressed as
AG/R, calculated as the change in Fluo-4 fluorescence, normalized to the average fluorescence of Alexa 594. Right,
summary data (n = 14 dendrites) showing larger burst-evoked Ca* transients in distal dendrites (red) as compared
to transients at more proximal dendrites (blue). Data reproduced with permission from Crandall et al. (2010). B,
activation of cholinergic inputs triggers burst firing in TRN neuron. A representative experiment shows individual
trials of either PSPs generating action potentials (red) or response failures (black), evoked at a constant stimulus

intensity, indicating activation of a single presynaptic axon. C,
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is intimately linked to the generation of state-dependent
burst firing, a property that enables networks of TRN
and TC neurons to engage in oscillatory activity (Lithi,
2013). More recent imaging studies have shown that
these conductances are expressed non-uniformly in the
somatodendritic membrane, with higher densities at
increasing distance from the soma (Fig. 3A; Crandall
et al. 2010). This suggests an important role of T-type
Ca** channels in the amplification of synaptic inputs that
contact the distal dendrites, including not only cholinergic
afferents (Sun et al. 2013) but also glutamatergic feed-
back projections from neocortex (Crandall e al. 2010).
For cholinergic inputs, it is possible that action potential
initiation from resting membrane potentials is mediated
by the generation of a dendritic Ca®" spike which then
propagates towards the initiation zone for Na™ spikes
in the axon. The fact that action potentials can also be
evoked in tonic mode suggests that T-type conductances
expressed in dendrites are not fully inactivated by somatic
depolarization (Errington & Connelly, 2011; Deleuze et al.
2012).

Studies in vivo have reported that cholinergic neurons
in the brainstem and the BF can fire at rates of ~5-15 Hz
(Hassani et al. 2009; Boucetta et al. 2014), with BF
neurons often generating rhythmic bursts of action
potentials during active waking (Lee et al. 2005). This
raises the question of how cholinergic synaptic inputs
triggered by stimulus trains can influence postsynaptic
firing. As described above, nAChR-mediated excitation
is tightly controlled by both autoinhibition and post-
synaptic hyperpolarization, mediated by pre- and post-
synaptic M2 mAChRs, respectively. As a consequence,
nAChR-mediated EPSPs are curtailed by mIPSPs during
stimulus trains, followed by a long-lasting mIPSP at
the end of stimulation (Fig. 3D). However, this does
not appear to limit the influence of cholinergic afferent
activity to the onset of cholinergic stimulation. In TRN
neurons that generate sustained action potential activity
(mimicked by depolarizing pulses) cholinergic responses
evoked by stimulus trains can entrain postsynaptic firing
with high temporal precision (Fig. 3E-G). It remains to
be determined how E-I synaptic signalling and intrinsic
conductances expressed in TRN dendrites can dynamically
interact to control neuronal firing under more realistic
conditions.
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Remaining questions

Our findings have shown that cholinergic afferents to
TRN can generate highly reliable biphasic responses in all
TRN neurons, thereby tightly regulating TRN neuronal
output. Nevertheless, a number of important questions
remain unanswered. Many cholinergic release sites in
TRN are not associated with postsynaptic dendrites and
it is possible that ACh release from these terminals
is responsible for slow and sustained activation of
either extrasynaptic receptors in TRN dendrites or pre-
synaptic receptors expressed by nearby glutamatergic or
GABAergic synapses, thereby mediating heterosynaptic
plasticity (Fig. 1C). Furthermore, slow changes in ACh
levels might be involved in the activation of nAChRs
expressed in TC axons (Kawai et al. 2007). In turn, it will
be important to understand if and how fast cholinergic
synaptic strength can be modulated on different time
scales, for example by local increases in glutamate, or by
the release of endocannabinoids from TRN neurons (Sun
etal 2011).

A more fundamental issue is the origin of synaptic
afferents giving rise to fast E-I signalling. TRN is
unique in that it receives cholinergic afferents from both
BF and the brainstem. Given the prevalence of fast
cholinergic responses mediated by BF cholinergic afferents
in neocortex (Letzkus et al. 2011; Arroyo et al. 2012),
hippocampus (Bell et al. 2011; Gu & Yakel, 2011), and the
olfactory bulb (Ma & Luo, 2012), it would be tempting
to conclude that E-I signalling is similarly mediated by
BF neuronal activity but this awaits direct anatomical
and physiological confirmation. If BF neurons are in fact
responsible for the recruitment of TRN neurons, it raises
the interesting possibility of a rapid and spatiotemporally
precise cholinergic control of sensory processing and
perception on two distinct levels, in the thalamus as well
as in neocortex.
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