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Cellular Dynamics of Cholinergically Induced � (8 –13 Hz)
Rhythms in Sensory Thalamic Nuclei In Vitro
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Although EEG � (8 –13 Hz) rhythms are traditionally thought to reflect an “idling” brain state, they are also linked to several important
aspects of cognition, perception, and memory. Here we show that reactivating cholinergic input, a key component in normal cognition
and memory operations, in slices of the cat primary visual and somatosensory thalamus, produces robust � rhythms. These rhythms rely
on activation of muscarinic receptors and are primarily coordinated by activity in the recently discovered, gap junction-coupled subnet-
work of high-threshold (HT) bursting thalamocortical neurons. By performing extracellular field recordings in combination with intra-
cellular recordings of these cells, we show that (1) the coupling of HT bursting cells is sparse, with individual neurons typically receiving
discernable network input from one or very few additional cells, (2) the phase of oscillatory activity at which these cells prefer to fire is
readily modifiable and determined by a combination of network input, intrinsic properties and membrane polarization, and (3) single HT
bursting neurons can potently influence the local network state. These results substantially extend the known effects of cholinergic
activation on the thalamus and, in combination with previous studies, show that sensory thalamic nuclei possess powerful and dynam-
ically reconfigurable mechanisms for generating synchronized � activity that can be engaged by both descending and ascending arousal
systems.
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Introduction
� Rhythms are EEG oscillations at �8 –13 Hz that are most ap-
parent during relaxed wakefulness (Berger, 1929). The two best
characterized � rhythms are the classical occipital rhythm of the
visual cortex (Berger, 1929; Adrian and Matthews, 1934; Adrian
and Yamagiwa, 1935) and the � rhythm of the sensorimotor
cortex (Pfurtscheller et al., 1997; Pineda, 2005). Although these
rhythms are traditionally thought to reflect an “idling” of pri-
mary cortical areas, a large body of evidence suggests that they
also play important roles in cognitive processes and sensory per-
ception (VanRullen and Koch, 2003). For example, � rhythm
frequency displays a consistent relationship with both reaction
time (Surwillo, 1961) and the maximal interstimulus interval for
simultaneity judgment (Kristofferson, 1967). Stereotyped
changes in � rhythm power are also closely associated with cer-
tain semantic memory tasks (Klimesch, 1999).

Studies in both humans and animals have consistently identi-
fied the thalamus as a key site for � rhythm generation (summa-
rized in Hughes and Crunelli, 2005). In animal studies, a combi-
nation of chronic electrophysiological recording and
appropriately targeted lesions have directly implicated the lateral
geniculate nucleus (LGN) (visual thalamus) and ventrobasal

complex (VB) (somatosensory thalamus) in the production of
analogs of the occipital � rhythm (Lopes da Silva et al., 1973a,b;
Chatila et al., 1992, 1993) and � rhythm (Rougeul-Buser et al.,
1975; Bouyer et al., 1982, 1983; Rougeul-Buser and Buser, 1997),
respectively. Recently, we highlighted a subset of thalamocortical
(TC) neurons in the cat LGN that can exhibit a novel type of
intrinsic burst firing at � frequencies, termed high-threshold
(HT) bursting (Hughes et al., 2002, 2004). This activity was un-
masked by activation of the metabotropic glutamate receptors
(mGluRs) that are postsynaptic to corticothalamic fibers (i.e.,
mGluR1a) (McCormick and von Krosigk, 1992; Godwin et al.,
1996a,b) and could be synchronized by gap junctions (GJs) to
form a local � rhythm generator (Hughes et al., 2004).

In addition to the considerable mGluR1a-mediated innerva-
tion provided by cortical feedback, thalamic relay nuclei also re-
ceive a substantial cholinergic input from the brainstem (de Lima
et al., 1985). Furthermore, because the muscarinic receptors that
are targeted by this input are coupled to similar postsynaptic
targets on TC neurons to mGluR1a (McCormick and Prince,
1987; McCormick and von Krosigk, 1992), we hypothesized that
muscarinic activation might also lead to synchronized � oscilla-
tions. Interestingly, although the effects of cholinergic activation
on individual thalamic neurons have been extensively investi-
gated (McCormick and Prince, 1987; McCormick, 1992; Zhan et
al., 2000), its influence on thalamic network activity is poorly
understood. In this study, we therefore examined the conse-
quences of cholinergic activation for regional network activity in
slices of the cat LGN and VB maintained in vitro. We demonstrate
that, in both nuclei, cholinergic input acting via muscarinic re-
ceptors does indeed induce synchronized � oscillations that are
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shaped by a GJ-coupled subnetwork of HT
bursting TC neurons. By examining the su-
prathreshold and subthreshold activity of
these neurons during cholinergically in-
duced � rhythms, we highlight a number of
fundamental aspects of their oscillation-
related cellular dynamics.

Materials and Methods
All procedures were performed in accordance
with local ethical committee guidelines and the
United Kingdom Animals (Scientific Proce-
dure) Act, 1986. All efforts were made to mini-
mize the suffering and number of animals used
in each experiment.

In vitro slice preparation and maintenance.
Young adult cats (1–1.5 kg) were deeply anes-
thetized with a mixture of O2 and NO2 (2:1) and
2.5% isoflurane, a wide craniotomy was per-
formed, and the brain was removed. Sagittal
slices (450 –500 �m) of the LGN or VB were
prepared and maintained as described previ-
ously (Hughes et al., 2002, 2004; Blethyn et al.,
2006). For recording, slices were perfused with a
warmed (35 � 1°C) continuously oxygenated
(95% O2, 5% CO2) artificial CSF (ACSF) con-
taining the following (in mM): 134 NaCl, 2 KCl,
1.25 KH2PO4, 1 MgSO4, 2 CaCl2, 16 NaHCO3,
and 10 glucose. Sources of drugs were as follows:
DL-2-amino-5-phosphonovaleric acid (NMDA
receptor antagonist), [S-(R*,R*)]-[3-[[1-(3,4-
dichlorophenyl)ethyl]amino]-2-hydroxypropyl]-
(cyclohexylmethyl)phosphinic acid
(CGP54626) (GABAB receptor antagonist),
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
(AMPA/kainate receptor antagonist), 1,1-dimeth-
yl-4-diphenylacetoxypiperidinium iodide (4-
DAMP) (M3 receptor antagonist), 8-methyl-
8azabicyclo-3-endo[3,2,1]oct-3-yl-1,4-dihydro-2-
oxo-3(2 H)-quinazolinecarboxylic acid ester
hydrochloride (DAU-5884) (M3 receptor antago-
nist), 6-imino-3-(4-methoxyphenyl)-1(6H)-pyr-
idazinebutanoic acid hydrobromide (SR95531)
(GABAA receptor antagonist), 4,9-dihydro-3-
methyl-4-[(4-methyl-1-piperazinyl)acetyl]-10H-
thieno[3,4-b][1,5]benzodiazepin-10-one dihy-
drochloride [telenzepine (Tzp)] (M1 receptor
antagonist) from Tocris Bioscience (Bristol, UK),
carbamylcholine chloride [carbachol (Cch)]
(nonselective cholinergic agonist), carbenoxolone
(CBX) (GJ blocker), 18�-glycyrrhetinic acid (18�-
GA) (GJ blocker), glycyrrhizic acid (GZA) (glycyrrhetinic acid derivative
that is inactive as a GJ blocker), and 5,11-dihydro-11-([4-methyl-piperazi-
n]acetyl)-6H-pyriso(2,3-b)(1,4)benzodiazepine-6-one [pirenzipine (Pzp)]
(M1/M3 receptor antagonist) were obtained from Sigma (Poole, UK). All
drugs were dissolved in ACSF except 4-DAMP, 18�-GA, and GZA, which
were dissolved in DMSO such that the total final volume of DMSO did not
exceed 0.1%.

In vitro electrophysiology. Extracellular recordings were performed us-
ing glass pipettes filled with 0.5 M NaCl (resistance, 1–5 M�) connected
to a Neurolog 104 differential amplifier (Digitimer, Welwyn Garden
City, UK). Field and unit activities were simultaneously recorded
through the same electrode by bandpass filtering at 2–15 Hz and 0.2–20
kHz, respectively. Multisite extracellular recordings were performed with
linear arrays (Frederick Haer Company, Bowdoinham, ME) connected
to a multichannel differential amplifier (Plexon, Dallas, TX). Indepen-
dently mounted intracellular recordings, using the current-clamp tech-
nique, were performed with standard-wall glass microelectrodes filled

with 1 M potassium acetate (resistance, 80 –120 M�) and, in some cases,
2% biocytin or Neurobiotin and connected to an Axoclamp-2A amplifier
(Molecular Devices, Sunnyvale, CA) operating in bridge mode. All re-
cordings in the LGN were obtained from lamina A or A1 (Rougeul-Buser
and Buser, 1997; Hughes and Crunelli, 2005), whereas all VB recordings
were obtained from the ventral posterolateral nucleus (Bouyer et al.,
1982, 1983; Rougeul-Buser and Buser, 1997). Impaled cells were identi-
fied as TC neurons using established criteria (Pirchio et al., 1997; Turner
et al., 1997). Voltage and current records were digitally acquired and
processed using pClamp 9 (Molecular Devices).

In vitro data analysis. The apparent input resistance (RN) was esti-
mated from voltage responses evoked at �60 mV by small (20 –50 pA)
hyperpolarizing current steps. Phase values of neuronal firing were ana-
lyzed by circular statistical methods using Oriana 2.0 software (Kovach
Computing Services, Anglesey, UK). Quoted phase values are the circular
means of the phases at which there was an oscillation-related peak in
firing. Significant non-uniformity in the phase of firing relative to the

Figure 1. Muscarinic receptor activation elicits LFOs at � frequencies in slices of the cat LGN and VB that require intact
GJ-mediated communication. A, LGN extracellular field recording in vitro exhibiting � oscillations after 50 �M Cch application.
The corresponding spectrogram is shown below (a.u., arbitrary units). The underlined section is further expanded below. The
autocorrelation functions and power spectra pertaining to the Control, Cch, and Wash scenarios are shown on the right. B,
Cch-induced LFOs are abolished by the M1/M3 receptor antagonist Pzp. The corresponding autocorrelation functions are shown
on the right. C, Spectrogram showing a reversible disruption of Cch-induced � activity by the GJ-blocker 18�-GA. Raw traces are
shown below as indicated.
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ongoing local field oscillation (LFO) was tested for with Rao’s spacing
test ( p � 0.05). This test calculates the probability of the null hypoth-
esis that the data are distributed in a uniform manner. In all other
cases, statistical significance was assessed using Student’s t test. Ab-
solute spike and spikelet times were determined using a straightfor-
ward visually determined threshold or peak detection approach, re-
spectively. Typically, to construct a spike timing histogram, the times
of at least 400 (for HT bursting cells) or 200 (for tonic firing cells)
consecutive spikes were determined relative to the nearest negative
peaks of the LFO using custom-written transform routines in Sig-
maPlot 9 (Systat, Hounslow, UK). These times were subsequently
assigned a given phase between these peaks (i.e., between 0° and 360°)
and then binned at 20° or 24° for HT bursting cells and 36° for tonic
firing cells. For clarity, and to afford a sense of rhythmicity, these data
were repeated over an additional full cycle of the oscillation (�360° to
0°) to produce the final plot (Klausberger et al., 2003, 2004; Hajos et
al., 2004). For assessing the effect of firing in individual neurons on
the amplitude of LFOs (see Fig. 10), neurons were allowed to fire
spontaneously for at least 20 s. In some cases, neurons were permitted
to fire for a longer period. However, this never resulted in an addi-
tional enhancement of the LFO because the full effect of individual
neuron firing was always achieved within the first 20 s. Spectrogram
plots were created using Neuroexplorer (Nex Technologies, Littleton,
MA). All auto-correlation, cross-correlation, and power spectra plots
were produced with OriginPro 7.5 (OriginLab, Northampton, MA).
All quantitative data are expressed as mean � SEM.

Results
Activation of muscarinic acetylcholine (ACh) receptors elicits
population oscillations at � frequencies in slices of the cat
LGN and VB that rely on GJs
In control conditions, extracellular field recordings obtained
from slices of the cat LGN (n � 52) and VB (n � 30) exhibited a
lack of spontaneous activity (Fig. 1A). However, application of
the cholinergic agonist Cch (50 �M) reversibly induced robust
LFOs in the � frequency band (mean frequency, 7.9 � 0.3 Hz;
mean peak-to-peak amplitude, 149.5 � 12.4 �V; n � 40) (Fig.
1A) (see also Figs. 2, 6 –10). These LFOs were persistent for the
duration of Cch application and could often remain stable and
unaltered for several hours. No significant differences were ob-
served in either the mean frequency (LGN, 7.8 � 0.4 Hz, n � 28;
VB, 8.1 � 0.5 Hz, n � 12; p � 0.5) or peak-to-peak amplitude
(LGN, 154.3 � 15.3 �V, n � 28; VB, 138.3 � 22.1 �V, n � 12; p �
0.5) of LFOs between the LGN and VB. Application of lower
concentration of Cch (25 �M) led to oscillations with both a
reduced frequency (4.4 � 0.4 Hz; n � 8) and lower mean peak-
to-peak amplitude (52.0 � 11.7 �V; n � 8). In both nuclei, the
effect of Cch in bringing about LFOs was through muscarinic
receptors because application of Pzp (1–10 �M) abolished all
rhythmic activity (Fig. 1B). Because at low micromolar concen-
trations Pzp can block both muscarinic type 1 (M1) and type 3

Figure 2. Cholinergically induced � rhythms are correlated with phase-shifting and synchronized HT bursting in TC neurons. A, Simultaneous field and unit recording from the LGN slice
preparation during ongoing Cch-induced � activity. The underlined section is enlarged below and shows the presence of HT bursts intermingled with single spikes (see the additional underlined
section that is further enlarged below) (compare with Figs. 3B2, 4 B). The corresponding spike timing histogram to the right illustrates that the majority of spikes occur close to the negative peak of
the LFO. However, a small cluster of spikes also occur in an antiphase relationship (red arrows). B, Additional example of a simultaneous field and unit recording from the LGN in vitro. Again, the
underlined sections are enlarged below and reveal an HT bursting TC neuron that extensively shifts between periods of in-phase (1) and antiphase (2) firing with respect to the negative peak of the
LFO (compare with Fig. 7A). Again, this phase-shifting is patently illustrated by the spike timing histogram to the right, which possesses two clear peaks. C, LFOs in the VB in vitro are also associated
with phase-shifting HT burst activity in individual TC neurons. In this case, HT bursting is manifested as rhythmic spike doublets (see underlined and enlarged section) (compare with Figs. 4 A, 5A).
D, Three distinct HT bursting cells recorded in the presence of 50 �M Cch using a linear array of three independent electrodes, each separated by 190 �m. The corresponding cross-correlograms are
shown on the right and reveal varying degrees of synchrony between the three cells. In this and all the following figures, the red traces labeled LFO are for references purposes only. Unless otherwise
stated, 50 �M Cch was present in each of the experiments depicted in this and all subsequent figures.
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(M3) receptors (Zhu and Uhlrich, 1998; Lawrence et al., 2006a)
and because immunohistochemical studies indicate a lack of M1

receptors in the cat LGN (Plummer et al., 1999), we also exam-
ined the effects of the M1 receptor preferring antagonist Tzp and
the M3 receptor preferring antagonist 4-DAMP. Tzp, applied at 1
�M, failed to inhibit cholinergically induced � oscillations (n � 5).

Conversely, 4-DAMP (1 �M) consistently
abolished � activity (n � 5) (supplemental
Fig. 1A, available at www.jneurosci.org as
supplemental material), suggesting that
the effects of Cch in bringing about rhyth-
mic � activity are most likely to be medi-
ated mainly through M3 receptors.

Cholinergically induced � oscillations
were resistant to the application of block-
ers of ionotropic glutamate, GABAA and
GABAB receptors (CNQX, 10 �M; APV, 50
�M; SR95531, 20 �M; CGP54626, 20 �M;
n � 10) but were reversibly abolished by
the GJ blockers CBX (100 �M) (n � 4) and
18�-GA (100 �M) (n � 3) (Fig. 1C)
(Davidson and Baumgarten, 1988). Im-
portantly, however, the glycyrrhetinic acid
derivative that is inactive as a gap junction
blocker, GZA (100 �M), failed to inhibit
Cch-induced � activity (n � 3).

Cholinergically induced � rhythms are
correlated with HT bursting in
TC neurons
To assess the neuronal activity associated
with cholinergically induced � oscillations,
we obtained simultaneous extracellular
field and single-unit recordings of TC neu-
rons from the LGN and VB slice prepara-
tions. In control conditions, TC neurons
were identified by the presence of sporadic
or rhythmic (�1–2 Hz) low-threshold
Ca 2� potential (LTCP)-mediated bursts
(Leresche et al., 1991). After Cch (50 �M)
application and the instigation of LFOs,
the firing of theses neurons was reversibly
altered in one of three ways: (1) neurons
became quiescent (n � 14 of 82; 17%), (2)
firing was transformed from LTCP-
mediated bursting to single spike activity
(mean frequency, 14.9 � 1.2 Hz; n � 40 of
82; 49%) (data not illustrated) (McCor-
mick and Prince, 1987; McCormick, 1992),
or (3) firing was transformed from LTCP-
mediated bursting to rhythmic HT burst-
ing (8.3 � 0.5 Hz; n � 28 of 82; 34%) (Fig.
2A–C) (Hughes et al., 2002, 2004). In all
cells, HT bursts were of short duration,
consisting of only two to four spikes
[spikes per burst, 2.3 � 1.1; interspike in-
terval (ISI), 10.6 � 0.6 ms; n � 80 bursts],
which were typically intermingled with
single spikes (Fig. 2A). In all cases, applica-
tion of Pzp (1–10 �M) abolished HT burst
generation so that neurons reverted to ei-
ther intermittent or rhythmic LTCP-
mediated bursting (n � 12). In agreement

with field oscillation recordings, HT bursting was also abolished
by the M3 receptor preferring antagonists 4-DAMP (1–2 �M)
(n � 6) and DAU-5884 (1–2 �M) (n � 4) but not by the M1

receptor preferring antagonist Tzp when applied at 1 �M (con-
trol, 6.6 � 1.6 Hz; Tzp, 6.2 � 1.6 Hz; n � 6; p � 0.5) (Fig. 3C,D)
(supplemental Fig. 1B, available at www.jneurosci.org as supple-

Figure 3. Basic effects of Cch on TC neurons in vitro assessed with intracellular recordings. A, Application of 50 �M Cch to an
LGN TC neuron in vitro causes a rapid depolarization that is initially associated with a profound reduction in input resistance RN (2)
but later with an increase in RN (3). In this cell, the depolarization brought about by Cch shifts the cell to just below the threshold
for tonic firing (see inset). B, Example of an LGN TC neuron in which Cch application leads to a change from LTCP-mediated
bursting (1) to HT bursting (2) and the reversal of this situation by Pzp (10 �M) (3). C, Left, Simultaneous extracellular and
intracellular recordings of an HT bursting TC neuron and a tonic firing cell, respectively. Middle, Application of 2 �M DAU-5884
abolished both types of activity and hyperpolarizes the tonic firing cell. Right, Washout of DAU-5884 leads to a reinstatement of
both HT bursting and tonic firing. D, Left, Simultaneous extracellular and intracellular recordings of two distinct HT bursting cells.
Middle, Application of Tzp fails to affect either recording. Right, Activity is also unchanged after washout of Tzp.
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mental material). However, application of a
higher concentration of Tzp (5 �M) revers-
ibly blocked HT bursting (n � 3). When ap-
plied at �500 nM, neither 4-DAMP, DAU-
5884, nor Tzp had an appreciable effect (n �
3 for each; data not illustrated). These results
also implied a primary role for M3 receptors
in bringing about rhythmic activity. No sig-
nificant differences were found in any of the
properties of HT bursts (i.e., mean interburst
frequency, spikes per burst, and ISIs) be-
tween neurons in the LGN and VB ( p � 0.5).

The firing of all HT bursting neurons
was significantly correlated to the LFO
( p � 0.05, Rao’s test), with the majority of
spikes occurring close to the negative peak
(9.5 � 2.5°; n � 28) (Fig. 2A–C). However,
in most cells, a substantial cluster of spikes
also occurred in an antiphase relationship
with the negative LFO peak (177.6 � 3.5°;
n � 20 of 28; 71%), indicating a dynamic
switching in the phase at which these neu-
rons prefer to fire (Fig. 2A–C, red arrows).
This close association of HT bursting TC
neurons with ongoing � oscillations clearly
indicates that the activity of these cells is
correlated. Indeed, as direct evidence of
this, simultaneous recordings of distinct
HT bursting neurons with independent ex-
tracellular electrodes mounted on a linear
array often revealed clearly synchronous
activity (n � 8) (Figs. 2D, 3D).

HT bursting is a pervasive phenomenon
in TC neurons of the LGN and VB after
muscarinic receptor activation
Previous studies examining the effects of
activating cholinergic receptors on cat TC neurons have not re-
ported the presence HT bursting (McCormick and Prince, 1987;
McCormick, 1992; Zhan et al., 2000). Thus, to fully assess the
extent to which muscarinic receptor activation invokes HT burst-
ing in the TC neuron population, we performed intracellular
recordings from morphologically identified TC neurons in LGN
and VB slices (n � 50). In control conditions, these cells exhibited
a resting membrane potential (Vm) of �66.2 � 2.4 mV (n � 36)
and an apparent input resistance (RN) of 190.4 � 22.3 M� (n �
36) (Fig. 3A). In all cells, action potential output at depolarized
membrane potentials in this condition was characterized solely
by tonic firing (Fig. 4A). Consistent with previous studies (Mc-
Cormick and Prince, 1987; McCormick, 1992), Cch application
(50 �M) caused a rapid depolarization (19.1 � 2.6 mV; n � 20)
(Fig. 3A, top trace) that was initially associated with a pro-
nounced reduction in RN (15.3 � 4.6% of control at 5 min; n �
20) (Fig. 3A2) but later by a significant increase in RN (140.2 �
10.1% of control at 20 min; n � 20) (Fig. 3A3). In the majority of
TC neurons (n � 37 of 50; 74%), this depolarization led to either
spontaneous tonic firing or to neurons expressing a Vm that was
just below action potential threshold (Fig. 3A). Importantly,
however, in both cases, action potential output at depolarized
membrane potentials continued to consist exclusively of tonic
firing (Fig. 3A). In marked contrast, in the remainder of TC neu-
rons (n � 13 of 50; 26%), the Cch-induced depolarization led to
spontaneous, rhythmic HT bursting at 8.6 � 2.3 Hz (n � 10)

(spikes per burst, 2.1 � 0.05; ISI, 10.8 � 0.7 ms; n � 80 bursts)
(Figs. 3B2, 4A,B, 5A,B) (Hughes et al., 2002, 2004). Overall, HT
bursting in TC neurons was of similar prevalence in the LGN
(n � 10 of 36; 28%) (Figs. 3B, 4, 5A) and VB (n � 3 of 14; 21%)
(Fig. 5B).

As is the case for mGluR1a-induced HT bursting (Hughes et
al., 2004; Hughes and Crunelli, 2007), the interburst frequency
for rhythmic HT bursting brought about by Cch application in-
creased with increasing steady depolarizing current in the ap-
proximate range 3–15 Hz (Figs. 4B, bottom left, 5). In further
correspondence with mGluR1a-induced bursting, a key cellular
feature that facilitates the transformation of tonic firing into HT
bursting during muscarinic activation was the appearance of a
prominent spike afterdepolarization (ADP). Indeed, this ADP
was clearly absent in control conditions (Fig. 4A) and was fully
blocked after Pzp application (n � 6) (Fig. 4B, bottom right). As
expected from extracellular recordings, all other effects of Cch
observed with intracellular recordings could also be prevented
(n � 8) (data not illustrated) or completely reversed (n � 6) (Fig.
3B) by Pzp (1–10 �M). The Cch-induced excitation of TC neu-
rons was also antagonized by the M3 receptor preferring blockers
4-DAMP (1–2 �M) (change in Vm, �9.5 � 2.6 mV; n � 6) and
DAU-5884 (1–2 �M) (change in Vm, �10.5 � 2.6 mV; n � 3)
(Fig. 3C) (supplemental Fig. 2A,B, available at www.jneurosci.
org as supplemental material) but not by the M1 receptor prefer-
ring antagonist Tzp (1 �M) (change in Vm, �1.4 � 0.4 mV; n � 6)

Figure 4. Properties Cch-induced HT bursting in TC neurons. A, Comparison of the tonic firing that occurs in control conditions
(left traces) with the HT bursting that is induced by Cch in an LGN TC neuron in vitro. B, Comparison of the HT bursting that occurs
after Cch application (top left traces) with the tonic firing that is restored by Pzp (10 �M) (top right traces) in a different LGN TC
neuron in vitro. The bottom left plot shows the relationship between HT burst frequency and steady current injection. The traces
on the bottom right show a close comparison of the action potential output observed in Cch (red traces) and after Pzp application
(blue traces). Note the presence of a prominent spike ADP when Cch is present, its clear involvement in HT burst generation, and
its complete elimination after Pzp application.
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(Fig. 3D) (supplemental Fig. 2A, available at www.
jneurosci.org as supplemental material).

Examination of the suprathreshold and subthreshold cellular
dynamics of HT bursting TC neurons during cholinergically
induced � rhythms
During isolated intracellular recordings of HT bursting TC neu-
rons in the LGN and VB, we regularly observed rhythmic, sub-
threshold depolarizing potentials that we hypothesized to repre-
sent GJ-mediated network input from additional TC neurons
(Fig. 5A,B, arrows) (Hughes et al., 2004; Hughes and Crunelli,
2005, 2007). To confirm this and so that we could better under-
stand the cellular dynamics that control the output of HT burst-
ing neurons during network oscillations, we performed intracel-
lular recordings from HT bursting cells in the LGN while
simultaneously monitoring the LFO with a proximal (�200 �m)
extracellular electrode (Figs. 6 – 8) (see Fig. 10). All HT bursting
LGN TC neurons were significantly correlated with ongoing net-
work oscillations (n � 13; p � 0.05, Rao’s spacing test) (Figs.
6 – 8) (see Fig. 10). As with extracellular recordings, in the absence
of any steady injected current, these cells predominantly gener-
ated action potentials close to the negative LFO peak (6.7 � 16.6°;
n � 8) (Figs. 6 – 8) (see Fig. 10). Additionally, in the vast majority
of cells (n � 9 of 13; 77%), a secondary cluster of spikes was also
evident that occurred close to the positive LFO peak (167.8 �
12.5°; n � 7) (Figs. 6, 7, red arrows in 8).

Hyperpolarization below action potential threshold in HT
bursting cells commonly (n � 6 of 13; 46%) revealed unambig-
uous spikelets (i.e., action potentials generated in distinct cells
that have been transmitted through an electrical synapse (Sohl et
al., 2005) (duration, 8.6 � 0.8 ms; amplitude, 1.5 � 0.2 mV; n �
40 events) (Fig. 6C) (see Fig. 10A, blue arrows). Spikelets typi-

cally occurred in brief bursts (i.e., burstlets) (Hughes et al., 2004;
Long et al., 2004) interspersed with single events (spikelets per
burstlet, 2.2 � 0.1; interspikelet interval, 14.1 � 1.3 ms; n � 20
burstlets) (Fig. 6C) and were primarily evident near the negative
LFO peak (14.5 � 7.5°; n � 4 cells) (Fig. 6D) (see Fig. 10B) but
sometimes switched to an antiphase relationship (195.0 � 14.2°;
n � 4) (Fig. 6D). Thus, spikelets entirely replicated action poten-
tial output from HT bursting neurons, confirming that these cells
are interconnected by GJs. Importantly, within all cells in which
unambiguous spikelets were present, their properties were very
well conserved (Fig. 6C,D), indicating that the dominant network
input to these cells arises from one, or very few, additional cells.
In some HT bursting neurons (n � 5 of 13; 38%), although the
presence of rhythmic subthreshold network-related activity was
clearly present (Figs. 7B, 8B), we did not observe unequivocal
individual spikelets or burstlets. However, the average subthresh-
old activity of these cells, triggered by the negative peak of the
LFO, often revealed clear and correlated rhythmic burstlets, in-
dicating that these cells are also the recipients of discrete,
oscillation-related GJ-mediated input from additional HT burst-
ing cells (Fig. 7B, bottom right).

Phase preference in HT bursting TC neurons is modulated by
membrane polarization
In some HT bursting cells that exhibited extensive phase-shifting
in their spiking output, despite the fact that clear antiphase sub-
threshold network input was present, the dominant and over-
whelming network input still occurred in-phase with the negative
LFO peak (n � 3) (Fig. 7). Consistent with previous work
(Hughes et al., 2004; Hughes and Crunelli, 2007), this suggested
that extensive phase shifting most likely results from a complex
interaction between network input and the intrinsic bursting

Figure 5. HT bursting TC neurons in the LGN and VB exhibit rhythmic, subthreshold depolarizing potentials during hyperpolarization. Intracellular recordings of HT bursting TC neurons from the
LGN (A) and VB (B) at different levels of injected steady current as indicated. Note again the characteristic increase in frequency of rhythmic HT bursting as the cells are depolarized and the presence
of subthreshold transient depolarizing events during steady hyperpolarization (arrows in bottom traces).
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properties of individual cells. To investi-
gate this further, we examined the effect of
injecting different quantities of steady cur-
rent on the phase preference of action po-
tential output in HT bursting TC neurons
(Fig. 8A). In all cells in which we per-
formed this experiment (n � 7), we ob-
served a stereotyped sequence of events
whereby, during gradual depolarization
from below threshold (Fig. 8B), action po-
tential output first predominantly oc-
curred close to the negative LFO peak and
then gradually shifted toward an earlier
phase before being transformed into an
overt phase-shifting pattern (Fig. 8A,C).
Thus, the phase of the LFO at which HT
bursting cells preferentially fire and the
presence of phase-shifting can be dynami-
cally modulated and are determined by a
combination of network input, intrinsic
properties, and membrane polarization.

A small proportion of tonic firing TC
neurons are also engaged in local �
activity by GJs
Interestingly, hyperpolarization of some
tonic firing TC neurons (n � 4 of 18; 22%)
below action potential threshold also re-
vealed rhythmic spikelets and burstlets (see
Figs. 9A,B, 10C) that primarily occurred
near the negative LFO peak (16.8 � 10.4°;
n � 4) but that sometimes shifted to an
antiphase pattern (165.8 � 13.7°; n � 4)
(see Fig. 9B, 10C). Spikelets in tonic firing
cells often occurred in brief bursts and had
temporal properties that were indistin-
guishable from those observed in HT
bursting cells (duration, 8.5 � 0.5 ms;
spikelets per burstlet, 2.3 � 0.1; inter-
spikelet interval, 10.7 � 0.8 ms; n � 20
events and p � 0.25 for each case), suggest-
ing that these cells are directly connected to
HT bursting cells via GJs (Hughes et al.,
2004, their Fig. 7B). Although the mean
amplitude of spikelets was significantly
smaller than in HT bursting cells (0.8 � 0.1
mV; p � 0.001; n � 20 events), action po-
tential timing could be closely aligned to,
and remarkably well predicted by, this pre-
sumed GJ-mediated network input so that
action potentials in these cells also oc-
curred predominantly close to the negative
peak of the LFO (Fig. 9B). In agreement
with this, simultaneous extracellular re-
cordings of HT bursting and tonic firing TC neurons often ex-
hibited a moderate degree of synchronous firing (Fig. 9C) (see
also Fig. 3C, right traces).

Single HT bursting TC neurons can potently influence the
local network state
Given that both HT bursting cells and some tonic firing cells are
engaged in network oscillations by GJs, we asked to what extent
their different forms of output can influence the overall oscilla-

tory state of the local network. To address this, we examined the
effect of a brief period of continuous HT bursting or tonic firing
in an individual neuron on the amplitude of the local � field
oscillation. Specifically, we held single TC neurons below firing
threshold with steady hyperpolarizing current for an extended
period after impalement (�2 min) and then compared the mean
peak-to-peak amplitude of the LFO in this condition with that
observed in the 20 s immediately subsequent to a period of at least
20 s when the neurons were allowed to fire continuously (Fig.

Figure 6. Suprathreshold and subthreshold membrane potential dynamics of an individual HT bursting TC neuron in the LGN
during network � activity. A, Simultaneous field recording of the Cch-induced (50 �M) � LFO and intracellular recording of an HT
bursting TC neuron in the cat LGN in vitro. The underlined section is expanded below and reveals a clear correlation between the
LFO and TC neuron firing. The additional expansion below illustrates the robust, rhythmic nature of the HT bursting activity. B, The
correlation between the LFO and TC neuron shown in A is clearly evident in the corresponding spike timing histogram (top). Note
the small cluster of spikes that occur in an antiphase relationship to the negative LFO peak (red arrows). The plot below represents
the pooled output of eight different HT bursting cells recorded intracellularly in the LGN. Again, note the presence of both
in-phase and antiphase peaks. C, Activity of the TC neuron in A after hyperpolarization below action potential threshold. The
underlined section is expanded below and shows the presence of depolarizing events that are followed by an afterhyperpolar-
ization (AHP) and that appear to occur predominantly close to the negative LFO peak. The further expansion reveals that these
events comprise an underlying slow depolarization that is crowned by spikelets (pairs of blue arrows), i.e., a burstlet. These
burstlets are also intermingled with single spikelet events (indicated by single blue arrows). D, Top two traces, Average of the
intracellular membrane potential (black trace) triggered by the negative peak of the LFO for the epoch shown in C. The red trace
is the corresponding average LFO. Middle section, Spikelet timing histogram confirming that the majority of these events occur
close to the negative field peak but that a small cluster also occur antiphasically. Bottom section, Distribution of time-to-peak (bin
size, 0.5 ms) and amplitude (bin size, 0.05 mV) of spikelets from the cell in C. In both cases, the narrow distribution reflects a
conserved all-or-none appearance.
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10A). In doing so, we found that the mean peak-to-peak field
amplitude was significantly greater in the 20 s after HT bursting
than in the initial hyperpolarized period (118.4.9 � 5.1% of con-
trol; n � 8 trials from 8 cells; p � 0.01) (Fig. 10A,B). Further-
more, in some cases, when neurons were again subjected to the
same level of hyperpolarizing current that was present during the
initial phase, some of them continued to exhibit action potential
output that was correlated to the LFO rather than become quies-
cent (n � 2 of 8; 25%) (Fig. 10A4). In contrast, a brief period of
tonic firing did not appreciably influence the LFO (peak-to-peak
amplitude in the 20 s after the firing epoch, 97.8 � 2.1% of
control; n � 12 trials from 4 cells; p � 0.5) (Fig. 10C,D). Thus, a
single HT bursting TC neuron is able to potently influence the
local network, whereas an individual tonic firing cell is not.

Discussion
This study greatly extends the previously known consequences of
cholinergic activation on the thalamus. The specific main find-
ings are as follows. (1) Activation of muscarinic ACh receptors in
slices of the cat LGN and VB elicits synchronized oscillations at �
frequencies. (2) These oscillations are shaped by a GJ-coupled
subnetwork of HT bursting TC neurons. (3) The appearance of

HT bursting after muscarinic receptor ac-
tivation is fundamentally reliant on the in-
statement of a prominent spike ADP. (4)
HT bursting can exhibit a complex dy-
namic relationship with ongoing network
oscillations, often spontaneously switching
between an in-phase and antiphase associ-
ation with the negative LFO peak. More
generally, the phase of the LFO at which
HT bursting cells prefer to generate action
potentials and the appearance of phase
shifting are determined by the combined
effects of network input, intrinsic proper-
ties, and membrane polarization. (5) Single
HT bursting TC neurons are able to pow-
erfully influence the local network state,
whereas individual tonic firing cells are
not. In concert with previous work
(Hughes et al., 2004; Hughes and Crunelli,
2005), these results show that sensory tha-
lamic nuclei contain powerful and dynam-
ically reconfigurable mechanisms for gen-
erating robust � rhythms that can be
enlisted by both descending and ascending
arousal systems.

Relationship to previous in vitro studies
An important and fundamental new find-
ing of this study is that muscarinic receptor
activation can induce intrinsic HT bursting
in a subset of TC neurons of the LGN and
VB. Thus, the excitatory effect of activating
muscarinic receptors on TC neurons is not
always to simplistically switch the firing
mode from LTCP-mediated bursting to-
ward tonic action potential output but can
be to fundamentally change the properties
of cells so that they become more facilitat-
ing of network oscillations, as shown for
other neuronal types (Lawrence et al.,
2006b; Tai et al., 2006). In this sense, TC
neurons appear to behave more like neo-

cortical neurons, which are flexible entities that readily change
their firing mode depending on the local neuromodulatory con-
ditions (Steriade, 2004). The instigation of HT bursting by Cch is
also striking because several previous in vitro studies investigating
the effects of activating cholinergic receptors on TC neurons have
failed to observe this phenomenon (McCormick and Prince,
1987; McCormick, 1992; Zhu and Uhlrich, 1998; Zhan et al.,
2000). In some of these studies, experiments were performed on
the rat (Zhu and Uhlrich, 1998) or guinea pig (McCormick and
Prince, 1987; McCormick, 1992) thalamus or on the cat auditory
thalamus, i.e., the medial geniculate body (McCormick and
Prince, 1987), suggesting that HT bursting might be restricted to
the somatosensory and visual thalamus of higher mammals, an
idea that is partly in keeping with a recent study looking at
nucleus- and species-related differences in the effects of mGluR
activation on TC neurons (Zhu et al., 2006). However, as to why
HT bursting was not observed in previous in vitro experiments
performed in the cat LGN may be attributable to numerous fac-
tors, including the use of ACh or acetyl-�-methylcholine to acti-
vate cholinergic receptors rather than Cch (McCormick and
Prince, 1987), a lower concentration of Cch (Zhan et al., 2000), or

Figure 7. Extensive phase-shifting in an HT bursting TC neuron in the LGN assessed with intracellular recording. A, Example of
extensive and overt phase-shifting observed intracellularly in an LGN TC neuron in vitro. The underlined sections from the top
trace are enlarged below and show HT bursting dynamically shifting between periods of in-phase (1) and antiphase (2) activity
(compare Fig. 2 B). The corresponding spike timing histogram is shown to the right. Note that, in this neuron, bursting does not
occur continuously which is consistent with the demonstration in Figure 6C that GJ-mediated input does not necessarily occur on
every oscillation cycle. B, Subthreshold activity of the neuron shown in A obtained after hyperpolarization. The underlined
sections (3, 4 ) are expanded below, and, although individual burstlet events are not obviously present, the corresponding LFO
negative peak-triggered subthreshold membrane potential average to the right clearly reveals that this cell is subject to discrete
GJ-mediated input from an additional HT bursting cell (blue and red arrows indicate in-phase and antiphase spikelets, respec-
tively. Note that the very small antiphase subthreshold input is unlikely to alone explain the large amount of antiphase action
potential output observed in this neuron during depolarization as shown in A.
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a lower initial RN. Nevertheless, the major-
ity of TC neurons in this study still gener-
ated tonic action potentials after musca-
rinic activation. Furthermore, a small
proportion of these are entrained in net-
work oscillations via GJ connections with
HT bursting cells, suggesting that, al-
though single HT bursting neurons can po-
tently influence the local network (see be-
low), the overall population oscillation
may be an emergent property of a both cell
types. This raises the important of question
of what occurs to the remaining majority of
tonic cells during � rhythms. With respect
to this, our preliminary data suggests that
these cells are not entrained in � activity in
any consistent manner but do receive pha-
sic inhibition from local circuit interneu-
rons, which themselves are directly excited
by HT bursting cells (our unpublished
observations).

Comparison of mGluR1a- and
muscarinic receptor-mediated effects on
thalamic network activity
Activating mGluR1a also brings about �
oscillations in the LGN that are shaped by
HT bursting and GJs (Hughes et al., 2004;
Hughes and Crunelli, 2005). However, un-
like the oscillations described here,
mGluR1a-induced rhythms are of smaller
amplitude (typically 40 –50 vs �150 �V
peak-to-peak amplitude). This suggests
that, although they are very similar, there
are some key differences in the mecha-
nisms that lead to � oscillations in the two
cases. This is not entirely surprising be-
cause, although the postsynaptic targets of
mGluR1a and muscarinic receptors are
certainly alike, they are unlikely to be iden-
tical. In addition, the location of these re-
ceptors on the somatodendritic axis of TC
neurons is also distinct with mGluR1a be-
ing situated at more distal sites (Erisir et al.,
1997a,b). Another possibility is that
mGluR1a and muscarinic receptors differ-
entially influence GJ function in TC neu-
rons. For example, it is now known that
mGluR activation in neurons of the tha-
lamic reticular nucleus can lead to a persis-
tent reduction in coupling strength (Landisman and Connors,
2005), a phenomena that may also occur in TC neurons. That
mGluR1a and muscarinic receptor activation can recruit differ-
ent mechanisms to promote network oscillations at similar fre-
quencies has also been demonstrated in the hippocampal CA3
region (Palhalmi et al., 2004) and clearly points to the fact that, in
various brain areas, mGluR1a and muscarinic receptors have re-
lated, but distinct, roles in controlling network oscillations.

Mechanisms and potential functional significance of
phase shifting
A common feature of both mGluR1a and muscarinic receptor-
induced � oscillations is that HT bursting neurons can exhibit a

dynamic phase relationship with the ongoing field oscillation,
often spontaneously switching between an in-phase and an-
tiphase association (Hughes et al., 2004; Hughes and Crunelli,
2007). This dynamic phase intonation contrasts markedly with
that which occurs in other brain areas, such as the hippocampus,
in which the firing patterns of neurons of a similar type are re-
markably stereotypical and exhibit a reproducible monophasic
relationship with respect to the ongoing field oscillations (Klaus-
berger et al., 2003, 2004; Hajos et al., 2004). Interestingly, dy-
namic phase shifting in the thalamus dictates that, at any point in
time, the local network state essentially reflects the destructive
interference between two populations of neurons that oscillate in
an essentially antiphase relationship to each other (Hughes et al.,

Figure 8. LFO-related spike output patterns in HT bursting TC neurons are determined by a combination of network input,
intrinsic properties, and membrane polarization. A, Activity of an HT bursting TC neuron in the LGN in vitro during ongoing
network � oscillations at different levels of steady injected current as indicated. The corresponding spike timing histograms are
shown on the right and reveal that, as the cell is progressively depolarized, spike phase preference changes from a predominantly
in-phase pattern (top) to a more overt phase-shifting pattern (bottom). B, Activity of the same neuron after hyperpolarization
below action potential threshold illustrating that subthreshold network input appears to occur predominantly close to the
negative LFO peak. This is verified by the LFO negative peak-triggered subthreshold membrane potential average shown below,
although a clear anti-phase input is also revealed (red arrow). C, Plot providing a more comprehensive representation of the
phase preference of the neuron depicted in this figure for different amounts of steady current. Different points in the plot
represent distinct peaks in the spike timing histograms (see A).
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2004, 2007). Because phase shifting appears to be a response to
increasing depolarization, one prediction of this scheme is that
the reduction of gross � waves that occurs in the intact brain with
increased attention, and particularly on eye opening, may not
necessarily reflect a decrease in cellular � activity (Hughes et al.,
2004).

We recently hypothesized that one of the reasons that HT
bursting TC neurons can exhibit a dynamic phase shifting pattern
is because, like GJ-coupled networks of excitatory neurons in
other brain areas (Draguhn et al., 1998; Traub and Bibbig, 2000),
they are sparsely connected (Hughes et al., 2004; Hughes and
Crunelli, 2007). The current study strongly endorses this view
because (1) the subthreshold network-derived input to single
cells is often manifested as unambiguous spikelets that within
that cell display a conserved all-or-none appearance, indicating a

probable origin from one or very few other
neurons (Fig. 6C), and (2) even when un-
ambiguous individual spikelets are not ap-
parent, the LFO-triggered subthreshold
average reveals discrete GJ-mediated input
(Fig. 7B). One upshot of this sparse cou-
pling appears to be that single HT bursting
cells are able to exert a greater degree of
influence on surrounding cells, probably
via a domino effect, ultimately enabling
them to discernibly alter the proximal LFO.

Cholinergic input, network oscillations,
and brain functioning
Although the classical view of � rhythms is
that they reflect an idling state of primary
cortical areas, there is a long history of re-
search indicating that they also play impor-
tant roles in a variety of cognitive pro-
cesses, aspects of sensory perception, and
memory operations (Bartley, 1940; Linds-
ley, 1952; Varela et al., 1981; VanRullen
and Koch, 2003). For example, both reac-
tion time (Surwillo, 1961) and the maximal
interstimulus interval for simultaneity
judgment (Kristofferson, 1967) are highly
correlated with � rhythm frequency. In ad-
dition, several studies have shown close
links between � band oscillations and dif-
ferent types of long-term memory pro-
cesses (Klimesch, 1999). Given the known
involvement of the cholinergic system in
bringing about oscillations in other brain
areas that are intimately linked to cognitive
function and memory processing (Huerta
and Lisman, 1993; Fisahn et al., 1998, 2002;
Mann et al., 2005; Traub et al., 2005; Oren
et al., 2006), we suggest that the finding
that activating muscarinic receptors in-
duces robust and dynamically complex �
oscillations in sensory thalamic nuclei is
consistent with the concept that EEG �
rhythms in the whole organism represent
far more than a simple standby condition.
Finally, given the importance of the cholin-
ergic system in generating normal � activ-
ity indicated by this study, it is tempting to
speculate that a shortfall in thalamic ACh

may explain the � rhythm slowing that occurs in cognitive disor-
ders such as Alzheimer’s disease and schizophrenia (Soininen et
al., 1992; Hughes and Crunelli, 2005).
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