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Tsanov M, Chah E, Wright N, Vann SD, Reilly R, Erichsen JT,
Aggleton JP, O’Mara SM. Oscillatory entrainment of thalamic neurons
by theta rhythm in freely moving rats. J Neurophysiol 105: 4–17, 2011. First
published October 20, 2010; doi:10.1152/jn.00771.2010. The anterior tha-
lamic nuclei are assumed to support episodic memory with anterior
thalamic dysfunction a core feature of diencephalic amnesia. To
date, the electrophysiological characterization of this region in
behaving rodents has been restricted to the anterodorsal nucleus.
Here we compared single-unit spikes with population activity in
the anteroventral nucleus (AV) of freely moving rats during
foraging and during naturally occurring sleep. We identified AV
units that synchronize their bursting activity in the 6 –11 Hz range.
We show for the first time in freely moving rats that a subgroup of
AV neurons is strongly entrained by theta oscillations. This feature
together with their firing properties and spike shape suggests they
be classified as “theta” units. To prove the selectivity of AV theta
cells for theta rhythm, we compared the relation of spiking rhyth-
micity to local field potentials during theta and non-theta periods.
The most distinguishable non-theta oscillations in rodent anterior
thalamus are sleep spindles. We therefore compared the firing
properties of AV units during theta and spindle periods. We found
that theta and spindle oscillations differ in their spatial distribution
within AV, suggesting separate cellular sources for these oscilla-
tions. While theta-bursting neurons were related to the distribution
of local field theta power, spindle amplitude was independent of
the theta units’ position. Slow- and fast-spiking bursting units that
are selectively entrained to theta rhythm comprise 23.7% of AV
neurons. Our results provide a framework for electrophysiological
classification of AV neurons as part of theta limbic circuitry.

I N T R O D U C T I O N

The anterior thalamic nuclei appear to be vital for human
episodic memory (Aggleton and Sahgal 1993; Gold and
Squire 2006; Harding et al. 2000); animal lesion experi-
ments (including cross-disconnection studies) confirm the
critical role of these nuclei for hippocampal-dependent
learning (Parker and Gaffan 1997; Warburton et al. 2001).
Of the rodent anterior thalamic nuclei, only the electrophys-
iological properties of the anterodorsal (AD) nucleus are
well described, a consequence of its role within the head-
direction circuit (Taube 2007). In contrast, electrophysio-
logical information concerning the other nuclei (anterome-
dial, anteroventral) remains scarce even though this infor-
mation may explain the significance of these thalamic relays
for hippocampal-dependent memory. Here we seek to ad-

dress the lacuna in the literature by recording the electro-
physiological responses of rat anteroventral (AV) neurons,
using chronically implanted microelectrodes. We attempt
the first classification of AV unit activity in the freely
moving animal by classifying the recorded units according
to their firing rate, interspike intervals, and spiking rhyth-
micity.

Intracellular recordings show that AV neurons have in-
trinsic membrane properties similar to those of other
thalamocortical neurons (Jahnsen and Llinas 1984b; Pare et
al. 1987), yet AV neurons may differ from the rest of
thalamus because of their predisposition to rhythmic dis-
charges (Bland et al. 1995). Single-unit recordings from AV
and the anteromedial (AM) thalamic nuclei in urethan-
anesthetized rats indicate that some AV neurons tend to fire
in theta-rhythmic manner (Vertes et al. 2001). This discov-
ery is significant as theta rhythm in the limbic system may
serve to modulate episodic memory formation (Buzsáki
2002, 2005; Hasselmo and Eichenbaum 2005). Additionally,
the anterior thalamic nuclei are hypothesized to be an
interface between limbic theta activity during active behav-
ior and thalamic oscillatory mode, characterized by sleep
spindles. The reticular nucleus, a generator of spindling
rhythmicity (Steriade et al. 1985, 1987), projects to rodent
anterior thalamic nuclei (Gonzalo-Ruiz and Lieberman
1995), leaving open the question of the relationship between
generators of spindle oscillatory activity and theta rhythm
within AV. We hypothesized that the distribution of theta
and spindle local spectral power within AV are independent
as they are triggered by different sources. Here we recorded
single units from AV in freely moving rats (previous studies
have used urethan anesthesia) during active and sleep-
associated behavioral states. To demonstrate that theta
rhythm is a locally induced oscillation, unlike spindle os-
cillations, we compared the spectral power distribution of
both rhythms across all tetrodes implanted in AV, and we
also evaluated theta units’ contribution to both oscillations.
We used small-diameter, high-impedance electrodes to tar-
get the field activity from a small number of cells in a
nonlayered structure (Berke et al. 2004), allowing localiza-
tion of the signal in close proximity to the electrode tip
(Buzsaki 2004; Pesaran 2009). For larger-scale estimates of
AV low-frequency oscillations, we used a large-diameter,
low-impedance electrode. We investigated the contribution of
the rhythmical cellular bursts to the local and global oscillatory
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spectral power of anterior thalamus. We show that AV units are
related to the amplitude of the theta but not to the spindling
rhythm. Our large-scale recordings confirm the theta oscillatory
patterns of AV and suggest the anterior thalamus as a component
of the limbic theta circuit.

M E T H O D S

Surgical implantation of electrodes

The recording electrodes consisted of four bundles of four plati-
num-iridium wires (90% platinum, 10% iridium; HM-L insulated, 25
�m bare wire diameter, California Fine Wire) twisted together.
Tetrodes were threaded through a 25 gauge guide cannula and pro-
tected with a 21 gauge cover. Tetrodes were then mounted in a small
microdrive (Axona) and implanted in the anteroventral thalamus
(�1.6 AP, �1.4 ML and 4.5 mm ventral to dura).

The microdrive was fixed with dental acrylic (Associated Den-
tal, Swindon, UK) applied to the anchor screws inserted in the
skull. The anchor screw located on the left frontal bone was used
as a grounding point. The single-unit recordings were referenced to
tetrode wire implanted together with the recording tetrodes (Ander-
son and O’Mara 2003; Gray et al. 1995). For the simultaneous LFP
recordings of small- and large-diameter electrodes, we added
large-diameter electrode (100 �m) in the guide cannula. The
intracranial length of all electrodes was the same, and they were
simultaneously lowered into anterior thalamus by the microdrive in
50 �m steps. Experiments were conducted in accordance with
European Community directive, 86/609/EC, and the Cruelty to
Animals Act, 1876, and followed Bioresources Ethics Committee,
Trinity College, Dublin, Ireland, and international guidelines of
good practice.

Recording techniques

We used only 4 tetrodes (16 channels in total) to protect
thalamic tissue from the destructive side effect of electrode im-
plantation. Large numbers of neurons are likely to be damaged by
the blunt end of the closely spaced electrode wires (Buzsaki 2004).
Thus only a small fraction of the neurons can be reliably separated
with currently available probes and spike sorting algorithms
(Csicsvari et al. 1999; Harris et al. 2003; Wilson and McNaughton
1993). This choice of implantation was related to our purpose of
evaluating the contribution of extracellularly recorded activity to
the LFP signal. After �1 wk recovery, subjects were connected,
via a 16 channel headstage (Axona) to a recording system that also
allowed for animal position tracking. Signals were amplified
(10,000 –30,000 times) and band-pass filtered between 380 Hz and
6 kHz for single-unit detection. To maximize cell separation, only
waveforms of sufficient amplitude (�3 times noise threshold) were
acquired. Candidate waveforms were discriminated off-line using
graphical cluster-cutting software (Axona), which allows wave-
form separation based on multiple features including spike ampli-
tude, spike duration, maximum and minimum spike voltage, and
the time of occurrence of maximum and minimum spike voltages.
Autocorrelation histograms were built for each unit, and the whole
unit was removed from the analysis if the histogram revealed the
existence of correlations within the first 2 ms (refractory period),
inconsistent with good unit isolation. Autocorrelograms were plot-
ted between �50/�700 and 50/700 ms with a bin width of 1 ms.
To measure the degree of spiking rhythmicity, we calculated the
ratio of the maximal amplitude of sinusoidal fitted curve to the
maximal value of the nonsinusoidal fitted curve of the autocorre-
lograms. A sine wave with decaying amplitude was fitted to the
autocorrelograms shown in Eq. 1 (excluding the peak around 0)

�a�sin��t� � 1� � b� · e
��t�
�1 (1)

The Theta index is defined as the ratio of the fitted parameters, a/b
(Royer et al. 2010), where a is amplitude of oscillation and b is the
offset of the oscillation.

Recording sessions

The recordings took place in a square arena (64 � 64 � 25 cm
high) situated in the center of a room with multiple background
cues available (surrounding curtains were open). Rats were placed
in the open field and 20 mg food pellets (TestDiet, Formula 5TUL)
were thrown in every 20 s to random locations within the open
field; in this way, animals were in continuous locomotion, allowing
for complete sampling of the environment. For spindle recordings,
pellet-throwing was discontinued, and the rats were allowed to
rest. Each experimental session was 16 min. The definition of theta
and spindle periods was based on off-line detection of character-
istic LFP waveforms.

We identified 147 well-isolated units within the anterior thalamic
nuclei from nine male (250–350 g) Lister-Hooded rats (Harlan).
Based on electrophysiological and postmortem histological criteria,
we estimated that 80 of these units were from anteroventral nucleus
(AV), whereas 67 were from anterodorsal nuleus (AD) or from
laterodorsal thalamic nucleus, ventrolateral part (LDVL; Fig. 1A).

Postmortem verification of electrode site

At the end of the study, brains were removed for histological
verification of electrode localization. The animals underwent tran-
scardial perfusion with 0.1 M PBS followed by 10% formol-saline.
The brains were postfixed in 10% formol-saline and then trans-
ferred to 25% sucrose overnight. Brain sections (16 �m) were
stained according to the Nissl method using 1% toluidine blue, and
then examined using a light microscope. Data from brains in which
incorrect electrode localization was found (e.g., anterodorsal tha-
lamic nucleus or ventral anterior thalamic nucleus) were excluded.

Statistical analyses

All data were analyzed using Prism software (GraphPad Soft-
ware, La Jolla, CA). Statistical significance was estimated by using
two-tailed t-test, two-way ANOVA paired with Tukey posttest.
The probability level interpreted as statistically significant was P
� 0.05. For the correlation analyses, we used Pearson’s coefficient.
For the experiments where we correlated the large-diameter-re-
corded local field potential (LFPl) and small-diameter-recorded
local field potential (LFPs) signal, we used epochs with bin size of
1 s. LFP signals were sampled at 0.5 kHz and stored for further
off-line analysis. Fourier analysis of artifact-free 1-s-long epochs
was performed with the Hanning window function using Matlab.
The absolute values of spectral power for each pair of LFPl and
LFPs signals were normalized and then correlated for the entire
recording of 16 min (960 bins per recording in total).

Recording volume of the LFPl and LFPs

Our goal was to evaluate the approximate contribution of AV
synchronized activity to recorded thalamic LFPl (larger-diameter
electrode: 100 �m, with impedance: 50 –250 k�) and LFPs signals
(small diameter electrode: 25 �m, with impedance: 1–1.5 M�)
under our experimental conditions. The amplitude of intracellu-
larly measured thalamic membrane potential oscillations during
synchronized states can reach values of 1/4 to 1/3 (0.285 on
average) of the amplitude of the spike (Contreras et al. 1997b;
Fuentealba et al. 2004; Steriade et al. 1993). The conductive
properties of excitable membranes preserve the same ratio when
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measured extracellularly (Ylinen et al. 1995), for which we take
the value of 0.285 for peak oscillation amplitude to peak spike as
a point source. A point source is a single identifiable localized

source of certain signal and neurons are accepted point sources for
the extracellularly recorded currents (Csicsvari et al. 2003). We
then model the thalamic neuron as a point source with peak

FIG. 1. Properties and distribution of major an-
teroventral nucleus (AV) neuron classes. A: Nissl-
stained coronal brain section from a rat where four
chronically implanted tetrodes targeted the AV
(highlighted with white dashed line). White arrow,
the tip of the tetrodes surrounded by a small area of
gliosis. The histological section lies within coronal
plane with anterio-posterior coordinates of �1.7 �
0.2 mm from Bregma (top inset). Rat AV (marked
with red on the atlas schematic, right) is located
ventrally to the anterodorsal nucleus (AD) and lat-
erodorsal thalamic nucleus, ventrolateral part
(LDVL; both nuclei marked with blue). B: 3-dim-
nensional (3D) scatter plot of electrophysiological
parameters for 80 AV neurons (9 rats), recorded
during behaviorally active periods. We used 3 pa-
rameters to represent AV characteristics: average
firing frequency (Hz), spike width (�s), and spike
amplitude (�A). Nonbursting units are blue, theta-
rhythmical units red, nonclassified units are white,
and nontheta bursting units are black. Although
spike amplitude depends on the proximity of the
tetrode to the recorded unit, we have included this
parameter because of its characteristically low val-
ues for theta-rhythmic units (143 � 43.8 �A).
C: AV neuronal diversity: we plot here the average
firing rate (y axis) against the mean value (1st
moment) of the spike autocorrelogram (Csicsvari et
al. 1998), the autocorrelation index (x axis). All unit
classes formed distinct clusters: slow-spiking theta
bursters (red rectangles, n � 10); fast spiking theta
bursters (red dots, n � 9); theta-modulated bursters
(brown circles, n � 9); low-probability bursters
(black rectangles, n � 19); nonbursters (blue dots,
n � 10). The exceptions were high-probability non-
theta bursters (white rectangles, n � 16), which had
a less-defined distribution. Finally, nonclassified
neurons are presented as white circles (n � 7).
D: representative waveforms for the main AV
classes described below: nonbursting (left), low-
probability bursing (middle), and high-probability
bursing (right) neurons. Horizontal scale bar: 300
�s, vertical bar 300 �V. E: firing properties of
nonbursting AV unit from 16 min recording during
active behavioral state. Left image: an example of 50
ms autocorrelogram; dashed vertical red line, the value
of autocorrelation index. Middle image: 700 ms auto-
correlogram of the same unit. Right image: 2D log-
scale interspike interval (ISI) scatterplot for the
same neuron. The points below the dashed hori-
zontal red line represent the action potentials
within bursts. F: representative example of 50 ms
(left) and 700 ms (middle) autocorrelogram and
ISI scatterplot (right) for low-probability bursting
AV unit. G: representative example of 50 ms (left)
and 700 ms (middle) autocorrelogram and ISI
scatterplot (right) for high-probability bursting
AV unit. The distance between time 0 and 1st 5 ms
(marked with blue vertical dashed line) in the 50
ms autocorrelogram denotes the proportional
number of spike counts within the bursting range.
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oscillation amplitude. The first step in the approximation of the neuronal
number mediating the signal of our recordings is the estimation for a
homogeneous medium that the amplitude of the source signal is
decaying according to

V(r) �
V

r2 (2)

The peak amplitude of 150 �V (estimated as 0.285 times from the peak
amplitude of the recorded spikes) decreases with distance from the
electrode as show in Eq. 2. The minimum detectable change of our
recording systems (Axona, A-M system) is �5 �V; therefore we used a
“point electrode” where the maximum distance between the source and
point electrode for an amplitude higher than 5 �V is rpointelectrode �110 �m.

We assume the electrode can be modeled by infinite point elec-
trodes and that the calculated rpointelectrode corresponds to the point on
the electrode closest to the source, i.e., the edges of the electrode
determine the listening volume of the electrode as a cylinder V �
	r2h, where r and h represent the radius and height of the cylinder.

The approximate estimation of h for AV in 300 g rat is �1 mm,
which we accept as a homogenous structure and is constant for both
type of electrodes. Then the only variable varying is the radius r,
which is the sum of rpointelectrode and the radius of the electrode

r � rpointelectrode � relectrode (3)

In this study, the radius relectrode for small-diameter electrode was 12.5
�m and for large-diameter the radius was 50 �m. Thus we obtain
values for r (using Eq. 3) of 122.5 and 160, respectively. Then the
recorded area is a cylinder with volume Vs � 0.0471 mm3 for the
small-diameter and Vl � 0.0804 mm3 for the large-diameter electrode.
The average density of rodent dorsal thalamus is �23,000 neurons per
mm3 (Mooney and Miller 2007; Ramos et al. 1995), which translates
to �1,083 local neurons that contribute to LFPs and �1,849 neurons
to LFPl, respectively. Our model is coherent with the passive neuronal
electrical parameters known to undergo fast amplitude decay, which is
proportional to the square of the distance to the point source (Pettersen
and Einevoll 2008). We have to point out the approximate nature of
this calculation, which is based on what will be the local input to the
recorded signal, but we did not include the long-scale currents from
neighboring structures or even the entire brain.

Next we estimated the role of electrode impedance on the recorded
signal. We analyzed the resistance values of the recording setup to
evaluate the effect of the electrode impedance on the voltage sensed
by the amplifier (Nelson et al. 2008). Because the resistance of the
amplifier (�10 M�) used in our study (Axona and A-M System) is
much larger than the electrode resistance, we can conclude that the
effect of electrode impedance on the signal amplitude is negligible.
Resistance of the electrode is, however, directly proportional to the
amount of thermal noise produced by the electrode. Using the resis-
tor’s absolute temperature, the resistance of the electrode and the
bandwidth of the frequencies of interest (Huigen et al. 2002), we
estimated that the thermal noise by the electrode is 0.5–1 �V for the
LFPl electrode and 2- 2.3 �V for the LFPs electrode. As both values
are beyond the minimum detectable change of our recording systems

(Axona, A-M System), we can conclude that the resistance of the
electrodes has a negligible effect on the recorded signal.

R E S U L T S

Distinct classes of AV neurons in freely moving rats

We combined electrophysiological and anatomical ap-
proaches to identify AV units. AV lies beneath the anterodorsal
nucleus (Fig. 1A), which contains predominantly head-direc-
tion cells (Taube 1995). From 147 well-isolated units in the
anterior thalamic nuclei, we confirmed 80 units from nine rats
with postmortem histological verification to be within AV.
Thalamic neurons are homogenous in terms of morphology
(Jones 1985) and electrophysiological properties (Jahnsen and
Llinas 1984a; Steriade et al. 1997), thus restricting the extra-
cellular differentiation of neuronal clusters based only on the
spike’s shape and frequency (Fig. 1B). To distinguish cell
classes within AV, we also measured the spiking autocorrela-
tion (Fig. 1, C and E) and ISI (E). The great majority of AV
cells were classified as bursting (70/87.5%), based on their
ability to discharge with an ISI of �5 ms, while relatively few
(10/12.5%) were classified as nonbursters (Fig. 1E, Table 1).
The bursting units revealed different profiles of activity, form-
ing two subgroups of low- versus high-propensity-to-burst
units (Fig. 1, F and G, left). The ISI plots (Fig. 1, F and G,
right) show that the vast majority of the action potentials
possess tonic firing properties. The action potentials located
under the red horizontal line occur within the 4 ms range that
defines bursting mode. Among the high-probability bursting
cells, we identified neurons that fire in a rhythmic manner with
a frequency of 6–11 Hz (theta range; Fig. 2). Depending on
their average firing rate and their autocorrelogram profile, we
subclassified the theta-bursting cells as fast (40.9 � 15.3 Hz,
Fig. 2A, Table 1)- or slow-spiking (14.9 � 6.9 Hz, B, Table 1).
Additionally, a third subgroup of bursting cells that fired only
partially in a theta-rhythmic manner (Fig. 2C) completed the
diversity of neuronal types recorded in AV (theta-modulated
cells).

To quantify theta unit rhythmicity of AV cells, we fitted a
sinusoidal function to the autocorrelogram of detected spikes
of each neuron and used the relative amplitude of the sinusoid
component as an index of theta rhythmicity (Royer et al. 2010).
Theta index represents the maximal amplitude of sinusoidal
fitted curve to the maximal value of the nonsinusoidal fitted
curve of the autocorrelograms (see Eq. 1, METHODS). Thus this
parameter provides information on how rhythmic is the spiking
activity of the neurons in the theta frequency range. This theta
index was highest for slow-spiking theta-bursting cells (0.49 �
0.33), suggesting that this group fired mostly during theta

TABLE 1. Electrophysiological classification of anteroventral thalamic units in freely behaving rats

Cell types Nonbursting
Bursting-Low

Probability
Bursting-High

Probability Nontheta
Theta-Bursting
(Fast Spiking)

Theta-Bursting
(Slow Spiking)

Bursting-Theta
Modulated Nonclassified

n 10 19 16 9 10 9 7
Average frequency, Hz 9.8 � 5.9 29.6 � 19.1 22.7 � 7.3 40.9 � 15.3 14.9 � 6.9 27.4 � 7.6 7.6 � 3.3
Mean spike width, �s 174.9 � 51.8 196.8 � 76.3 237.4 � 115.3 175.1 � 49.9 382.6 � 102.5 293.3 � 67.2 313.3 � 66.3
Auto-correlation index 32.7 � 3.7 27.5 � 1.8 23.4 � 3.4 22.1 � 1.4 13.2 � 3.0 24.2 � 1.4 26.5 � 0.5
Theta index — — — 0.11 � 0.06 0.49 � 0.33 0.03 � 0.02 —

Values are � SE.
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episodes (see METHODS, Table 1). The theta index for fast-
spiking theta-bursting cells (0.11 � 0.06) shows they are
continuously spiking with synchronization of their bursts
within 6–11 Hz during theta episodes. Occasional firing in the
theta range of otherwise theta-unrelated spiking is a feature of
the theta-modulated cells with a lower theta index (0.03 �
0.02). Overall, neurons firing predominantly in a rhythmical
mode of 6–11 Hz (slow- and fast-spiking cells) comprise about
a quarter (19/23.7%) of recorded AV units.

The fact that AV is characterized by a theta unit population
is evident when it is compared with other anterior thalamic
nuclei. For purposes of comparison, we also recorded 67 units
from AD and LDVL. From these recordings only five units
(7.5%) were classified as theta-bursting cells, all of which
being slow-spiking (15.8 � 9.2 Hz) with theta index 35.2 �
8.1. The predominant population of AD and LDVL cells
(55/82.1%) expressed behaviorally head-directional properties
(Supplemental Fig. S11). The head-direction cells were slow
spiking (26/38.8%, 20.4 � 6.4 Hz, Supplemental Fig. S1B) and
fast spiking (29/43.3%, 39.2 � 5.1 Hz, Supplemental Fig.

S1C), while the rest of the AD/LDVL identified units (7/
10.4%, 11.5 � 4.9 Hz) were nonbursters.

Rhythmicity of theta unit bursting decreases during
spindle periods

Thalamic neurons fire in two distinct modes: tonic and
bursting (Deschenes et al. 1984; Fanselow et al. 2001; Jahnsen
and Llinas 1984a). Thalamic bursts occur predominantly dur-
ing slow-wave sleep, an oscillatory synchronized brain state
(Weyand et al. 2001), whereas some theta unit types in limbic
structures tend to fire in bursts more often during waking,
active behavioral states (Klausberger et al. 2003). We com-
pared the bursting properties of AV theta units during synchro-
nized and desynchronized states. For the desynchronized (wak-
ing) state, we included all theta periods (Fig. 3, A and B, left).
For the synchronized (sleeping) state, we included all spindle
periods (A and B, right), which we identified off-line from the
local field signal. Unlike spindle periods, the slow-wave sleep
and the REM periods had no detectable oscillatory amplitude
in thalamic extracellular local field potentials.1 The online version of this article contains supplemental data.

FIG. 2. Bursing properties of theta-rhythmic neurons in anteroventral thalamic nucleus. A: firing properties of theta-bursting fast-spiking AV unit from 16 min
recording during the active behavioral state. Left: an example of 50 ms autocorrelogram; the dashed vertical red line indicates the value of autocorrelation index �
the mean 1st moment of the histograms (Csicsvari et al. 1998). Middle: the 700 ms autocorrelogram of the same unit, allowing us to detect the theta rhythmicity
of the recorded unit. The calculation of theta index is based on the relative amplitude of the sinusoid component of the autocorrelogram (Royer et al. 2010). Right:
a 2D log-scale interspike interval (ISI) scatterplot for the same neuron. The abscissa indicates the interval to the previous action potential and the ordinate
indicates the interval to the next one. The points below the dashed horizontal red line represent the action potentials within bursts. B: firing properties of a
theta-bursting slow-spiking AV unit from 16 min recording during the active behavioral state. Representative examples of 50 ms (left) and 700 ms (middle)
autocorrelograms and interspike interval scatterplot (right). C: firing properties of a theta-modulated AV unit from 16 min recording during the active behavioral
state, shown with a representative example of 50 ms (left) and 700 ms autocorrelograms (middle). Theta rhythmicity is not visually detectable and here is based
on the theta index values. Right: is the interspike interval scatterplot for the same unit. Top insets, right: representative waveforms for theta-bursting fast-spiking
(top), theta-bursting slow-spiking (middle), and theta-modulated (bottom) neurons recorded extracellularly from rat AV.
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Fast-spiking theta units showed a higher degree of bursting
during theta periods (3.23 � 0.95 burst/s) compared with
subsequent spindle periods (1.43 � 0.41 burst/s; Fig. 3C,
Student’s t-test P � 0.05). The increased degree of bursting
was not due to prolonged duration of the bursts as the burst-
length histogram showed no significant change in burst length
between the two states (Fig. 3D, ANOVA, F � 1, P � 0.05).
Burst length was defined as the time from the first to last spike
within each burst. The major difference was expressed in the rhyth-
micity of bursts (Fig. 3, E and F), where theta periods are
characterized by more frequently occurring bursts than spindle
periods (Fig. 3, G and H). Autocorrelogram rhythmicity, mea-
sured by the theta index, was lower for fast-spiking theta units
(Fig. 3E, Student’s t-test P � 0.01) and slow-spiking theta
units (F, Student’s t-test P � 0.01) during spindle periods. The
burst frequency histogram shows there are predominantly 1–3
burst/s during spindle periods, with no more than 8 burst/s (Fig.
3G). Theta periods show a similar degree of bursting at all
frequencies, with a significant increase in the range of 6–11 Hz
range, compared with spindle periods (Fig. 3G, Tukey P �
0.05). The increased bursting activity in the theta range reflects
preburst pauses of the same rate during theta periods (Fig. 3H).

Graded intensity of theta oscillations matches the
distribution of fast-spiking theta units

The functional impact of theta units can be represented by
their influence on the theta amplitude of the LFP. Depending
on the electrode properties and their localization, the neu-
ronal area that generates the LFP ranges from a few hundred
micrometers to a few millimeters (Katzner et al. 2009;
Kreiman et al. 2006). We used small-diameter, high-imped-
ance electrodes to target the LFP from a small number of
cells in what is a nonlayered structure (Berke et al. 2004)
and large-diameter, low-impedance electrodes to provide a
large-scale estimate of the LFP (Logothetis et al. 2007).
Therefore our initial aim was to restrict the volume of
recorded tissue so that the field signal reflects the activity of
a restricted and localized neuronal population. For this
purpose, we used electrodes of small diameter (25 �m) and
high impedance (1–1.5 M�) arranged in a tetrode configu-
ration. Considering the small percentage of theta units in
AV, we reasoned that oscillatory patterns measured with
small-diameter electrodes might vary, depending on the
proximity of each tetrode to the nearby theta unit. The LFPs
analyses of all rats showed that the amplitude of theta

FIG. 3. Thalamic theta units express a smaller degree of bursting during spindle periods. A: log-scale ISI histograms for a representative fast-spiking theta
unit during theta (left) and spindle (right) periods. B: log-scale ISI histograms for representative slow-spiking theta unit during theta (left) and spindle (right)
periods. The red horizontal line denotes the units within bursting mode. C: estimation of burst length for fast-spiking theta cells. The majority of burst segments
are composed of 3 spikes. Right inset: the higher number of bursts (defined as 3 consecutive spikes with an interspike duration of 4 ms) per second during theta
periods (red) compared with spindle periods (blue; P � 0.05). D: theta (red) and spindle (blue) periods share similar bursts duration (P � 0.05). The highest
number of burst counts occurs for the length of 4–7 ms for both periods. E: representative 700 ms autocorrelogram of a fast-spiking theta unit during theta periods
(left) compared with spindle periods (right). F: representative 700 ms autocorrelogram of a slow-spiking theta unit during theta periods (left) compared with
spindle periods (right). G: burst frequency histogram reveals a predominantly low frequency of the burst counts for spindle periods (blue), compared with theta
periods (red). H: state-dependent firing pattern of thalamic theta units. Two second duration plots of spike times for 3 fast-spiking units recorded from AV during
theta periods (top) and spindle periods (bottom).
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spectral power is higher when recorded from a tetrode, used
to isolate a theta unit, compared with tetrodes that are not
able to detect theta units (Fig. 4, A and B, left, and C and D,
Student’s t-test P � 0.05). In the cases where theta units
were recorded from more than one tetrode, theta spectral

power still reflected the proximity of the units although the
heterogenity of the signal along all tetrodes was less appar-
ent (Fig. 5). The bursting activity of theta units was phase-
locked to the trough of the local field oscillation, which was
evident during robust theta epochs (Fig. 4B). Our data

FIG. 4. Proximity of theta units deter-
mines the amplitude of theta rhythm in AV.
A: configuration of the implanted tetrodes
within AV and example of concurrent
small-diameter-recorded local field poten-
tial (LFPs) signals during theta (left). The
most prominent theta amplitude is evident
on the 2nd tetrode (T2), where a fast-spik-
ing theta unit is also isolated. Bottom trace:
the speed of the animal (cm/s). Right: the
LFPs signal from the same tetrodes during
an inactive behavioral period of the animal.
The presence of high-voltage spindles LFPs

defines this epoch as a spindle period.
B: the same example 24 h later demon-
strates the stability of the signal for both
theta and spindle periods. Note that while
tetrode 2 has the largest theta amplitude, in
the following spindle period the amplitude
of the sleep-associated oscillations is most
expressed on tetrode 1 (T1). The trace ep-
ochs within the dashed rectangles represent
the maximal amplitude values of the mea-
sured oscillation. C: comparison of the
maximal absolute amplitudes between T1
(top) and T2 (bottom) LFPs oscillations
during theta (left) and spindles (right) peri-
ods. D, top: the averaged relative values of
the maximal theta amplitude for all rats are
significantly higher for the tetrodes with
isolated theta-units (red bar) compared with
the tetrodes where no theta-unit was iden-
tified (white bar; P � 0.05). Bottom: aver-
aged relative values of the maximal spin-
dles amplitude for theta-unit (blue bar) and
nontheta unit tetrodes (white bar) for the
same rats (P � 0.05). E: comparison of
theta (top) and spindles (bottom) power
spectrograms. While both express a spectral
power peak around 8Hz (white vertical
dashed line), spindles are also characterized
by a robust harmonic secondary oscillations
at higher frequencies. F: the same compar-
ison 24 h later. The black vertical dashed
lines denote the same 2 s epochs presented
in A and B, respectively.
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highlight the thalamic origin of the measured theta oscilla-
tion, which we conclude is not merely a volume conduction
from overlying cortical structures.

We then compared spectral powers for each tetrode between
theta and spindle periods. The thalamic reticular nucleus is
regarded as a pacemaker of the spindle activity (Steriade et al.
1985), and focal zones within anterior thalamus receive differ-
entiated reticular innervation in rodents (Gonzalo-Ruiz and
Lieberman 1995). Electrophysiologically, we found diverse
AV spindle amplitudes (from 3 to 280 �V), depending on the
electrode tip configuration (Fig. 4, A and B, right). Spindle
oscillations had maximal amplitude values that did not match
the maximal theta amplitude values for each tetrode (Fig. 4C).
Although both oscillations were in the range of 6–11 Hz, the
spectral profile of spindles differed from theta. Unlike theta
oscillations (Fig. 4, E and F, top), recorded spindles were
robust harmonic oscillations characterized by multiple spectral
peaks (Fig. 4, E and F, bottom). Furthermore, spindle spectral
power undergoes a gradual frequency decrease with highest
values at the start of the spindle epoch (Fig. 4, E and F).

We next determined if the amplitude of the spindles is
dependent on the amplitude of the preceding theta episodes. To
detect corresponding pattern between theta and spindles am-
plitude, we measured their values for all tetrode channels. We
compared maximal amplitude values for all theta epochs to
maximal amplitude for all subsequent spindle epochs across all
tetrodes (Fig. 6, A–I). The relation between the average theta
periods values (Fig. 6, A, D, and G) and spindle periods values
(B, E, and H) was measured using the theta-spindles ratio. The
theta-spindles ratio for all recordings showed no selectivity of
theta unit tetrodes for spindle oscillation amplitudes (Fig. 6, C,
F, and I). The LFPs mapping of theta spectral power did not
correspond with spindle spectral power (Fig. 6, J and K). The
average amplitude of spindle amplitude from a tetrode, detect-
ing a theta unit, has similar values compared with average
spindle amplitude from the remaining (nontheta unit) tetrodes

(Student’s t-test P � 0.05). Taken together, these data suggest
that theta and spindle oscillations within AV are triggered by
different inputs.

Ratio of theta to delta spectral powers shares concurrent
dynamics in LFPs and LFPl recordings

To prove that theta rhythm is not restricted to individual
cells but represents the synchronized activity of AV, we
needed an LFP signal from a larger thalamic population. A
current hypothesis is that the magnitude of LFP oscillations
indicates the presence of synchronous synaptic activity and is a
measure that averages activity across a region of tissue (Mitzdorf
1985; Murthy and Fetz 1996; Pesaran 2009). We calculated that
small-diameter (25 �m) high-impedance electrodes (1–1.5 M�)
could detect a low-frequency signal from thalamic neurons within
�0.047 mm3 of thalamic tissue (see METHODS), considering that
the extracellular signal decreases as a function of distance from
the neuron (Fig. 7). The decay explains why a single neuron had
so robust effect on our LFPs (Fig. 4, A and B). A similar
exponential rule is used to identify extracellular spike signals
(Henze et al. 2000). A cylinder with a radius of 47 �m contains
on average 1,083 neurons in rat thalamus (Mooney and Miller
2007; Ramos et al. 1995), which is the maximum number of
possible recordable cells by a single small-diameter electrode. In
this case, the total number of AV theta cells (23.7%) contributing
to the LFPs will be �257. To evaluate the field oscillatory
properties of the anterior thalamus over a larger volume (but still
localized to AV), we used a larger-diameter (100 �m), low
impedance (50–250 k�) electrode. Electrode impedance has very
little effect on recording area of LFP, and its effect is restricted
mainly to the noise levels (see METHODS). Thus the parameter that
allowed us a larger volume recording is the increase in the
electrode diameter. Our calculations predict that, in this case, the
signal will include the activity of �1,849 neurons within 0.080
mm3 of thalamic tissue (see METHODS). As a result, �440 theta
cells will be entrained in the LFPl signal.

FIG. 5. Theta oscillatory pattern follows the distribution of theta units. Configuration of the implanted tetrodes within AV and an example of concurrent LFPs

signals during theta period (left) with 2 theta-unit tetrodes. Theta amplitude is prominent on tetrode 1 (T1) and tetrode 2 (T2), where theta units were isolated,
and theta amplitude is well-expressed also on tetrode 3 (T3). Bottom trace: the speed of the animal (cm/s). Right: the LFPs signal from the same tetrodes during
an inactive behavioral period of the animal. The presence of high-voltage spindles defines this LFPs epoch as a spindle period. Note the largest spindles amplitude
is on T3.
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Because the AV is composed of nonlayered cells and the net
potential difference after simultaneous dendritic activation
could be very small, the interpretation of LFPl is difficult on its
own. We therefore compared the signals from small- and
large-diameter electrodes implanted in AV during simulta-
neous recordings. The increase in LFPl theta oscillation am-

plitude coincided with the appearance of theta rhythm on the
LFPs from the tetrode that was simultaneously recording a
theta unit (Fig. 8A). Although the theta epochs revealed tem-
porally concurrent oscillations between LFPl and LFPs (Fig.
8B), the residual nontheta epochs did not show oscillatory
coupling; the correlation of the nontheta signal between LFPl

FIG. 6. Local theta amplitude follows an independent distribution from local spindles amplitude. A: example of maximal theta spectral power amplitude for
all theta epochs for each tetrode per recording session. The different tetrodes are represented with blue (T1), red (T2), green (T3), and orange (T4) colors. The
T2 (red line) is also a tetrode with an identified theta unit. Each theta epoch represents concurrently-measured relative theta amplitude (6–11 Hz). B: relative
maximal spindle amplitude from the same tetrodes over of 25 spindle epochs. C: theta-spindles ratio is the ratio between the averaged maximal theta values and
averaged maximal spindles values per tetrode. The theta-spindles ratio of theta-unit tetrode (T2) in this case has a similar value to nontheta unit tetrode
(T3; P � 0.05). D: example of maximal theta spectral power amplitude for all theta epochs per recording session with 2 theta-units isolated with T1 and
T2. E: relative maximal spindles amplitude from the same tetrodes. F: the theta-spindles ratio in this case represents a significant difference between both
theta-unit tetrodes (P � 0.01). G: example of the maximal theta spectral power amplitude from all theta epochs per recording session with theta-modulated
unit (T2). H: the relative maximal spindles amplitude from the same tetrodes. I: theta-spindles ratio can be lower or higher for the theta-modulated unit,
when comparted to the rest tetrodes. J: example of LFPs power spectrogram map from a fast-spiking theta unit identified on the 1st tetrode (T1). Each
rectangle represents color-coded spectral power for the frequency range of 6 –11 Hz and duration of 2 s during a theta epoch. Columns denote tetrode
number and rows denote the channel number for each tetrode. K: LFPs power spectrogram map for the same rat during a subsequent spindle epoch. Note
the tendency of peak frequency to decrease for all channels. The low-expressed spindles amplitude is not specific to T1 channels but is also evident for
T4 channels.
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and LFPs was not statistically significant (Pearson, P � 0.05,
r � 0.0531, n � 4). The correlation of LFPl and LFPs signals
included epochs with bin size of 1 s for a recording session of
16 min. As the common feature of LFPl and LFPs was the
detection of theta epochs and considering the fact that the decrease
of theta (6–11 Hz) is usually paralleled by an increase of delta
(2–4 Hz) (Buzsáki 1996), we decided to evaluate the coherence of
LFPl and LFPs signals using these two frequencies. The compar-
ative dynamics of theta and delta can be represented as the theta
ratio (T-ratio—the ratio of the relative values of theta and delta
spectral powers per time bin) (Harris et al. 2002). The values
of LFPl and LFPs correlated for the entire duration of all
recording sessions (Pearson, P � 0.01, r � 0.234, n � 4, Fig.
8, C–E). Take together our data propose that thalamic theta
rhythm is generated by local oscillations evoked selectively by
theta units in anterior thalamus.

D I S C U S S I O N

We have shown that distinct populations of single units can
be discriminated in extracellular recordings from AV thalamic
nucleus in freely behaving rats. Bursting thalamic units that are
highly entrained to limbic theta rhythm (6–11 Hz) comprise
23.7% of AV neurons. These units also determine the ampli-
tude of the local oscillations during theta periods but are
uncorrelated with the amplitude of the subsequent spindles. We
also found that theta rhythm is a characteristic feature of the
LFPl for AV, which functionally positions anterior thalamus as
a part of limbic circuitry.

Classification of AV neurons

We used three independent criteria to differentiate AV
neurons in freely behaving rats. These were: ability to burst,
average firing frequency, and rhythmic spiking in the theta
range (6–11 Hz). We identified a small population of AV
neurons (12.5%) that only fire single spikes (which we classi-
fied as nonbursting), characterized by a low average firing rate
(9.8 � 5.9 Hz). Depending on the susceptibility to burst, the
remaining units were divided into low- and high-probability

bursting groups. The low-probability bursting neurons (23.7%)
possess a preferentially tonic firing mode, indicated by a high
autocorrelation index (27.5 � 1.8). The high-probability burst-
ing units were subdivided into theta-bursting (35.0%) and
nontheta bursting neurons (20.0%).

Rodent AV cells have electrophysiological properties com-
parable to other thalamic neurons (Pare et al. 1987, 1991).
Electron microscope studies of anterior thalamic nuclei reveal
two main types of neurons: thalamocortical, which are glutama-
tergic, and therefore excitatory, and local-circuit GABAergic
neurons, the axonal domain of which is located within the
limits of the thalamic nuclei (Pare et al. 1991; Somogyi et al.
1978). About half the neurons recorded in our study, namely
the low- and high-probability bursting non-theta cells, are
likely to be principal (or relay) thalamocortical cells. The
narrow shape of the spike of the fast-spiking theta cells (175.1
� 49.9 �s) as well as their high firing frequency (40.9 � 15.3
Hz), are suggestive of Golgi type II interneurons (Somogyi et
al. 1978). Depending on the average firing rate, we identified
slow-spiking (14.9 � 6.9 Hz) and fast-spiking (40.9 � 15.3
Hz) theta cells, which comprise 23.7% of the AV units. By
comparison, only 7.5% of the units in antero- and laterodorsal
thalamic nuclei were classified as theta cells. We also charac-
terized a third, theta-related group in AV with a very low theta
index (0.03 � 0.02) as these theta-modulated cells discharged
within theta frequency for only brief periods. In total, we
estimated that one third of AV neurons (35.0%) fire in theta-
rhythmic mode. This is approximately half the number of
theta-related units estimated in rat AV under anesthesia (75%)
(Vertes et al. 2001). The electrophysiological characteristics of
many neurons vary with the preparation (Steriade 2001b), and
the bursting firing patterns of cortical and thalamic cells in
nonanesthetized, awake animals (Steriade et al. 2001) can
differ substantially from those in anesthetized animals (Nunez
et al. 1993; Steriade et al. 1998). Here we confirm AV as a
locus of theta-bursting neurons, because one-third of AV units
express a theta profile during recordings in freely behaving
rats.

Cellular entrainment by local field oscillations

Theta rhythm, which shows power augmentation during
behavioral arousal and locomotion, is believed to serve a
critical role in the mnemonic functions of the limbic system
(Burgess et al. 2002; Hasselmo et al. 2002; Kahana et al. 2001;
Kirk and Mackay 2003; Vertes and Kocsis 1997). Inactivation
of medial septum abolishes the theta rhythmical discharge in
both the hippocampal formation and mammillary bodies (Kirk
et al. 1996), which appear to be also the two major regions that
provide monosynaptic inputs to anterior thalamus (Ishizuka
2001; Wright et al. 2010). Lesions of hippocampal projections
to thalamus have been shown to disrupt the spiking activity of
rabbit AV neurons (Smith et al. 2004). This line of research
suggests that anterior thalamus is involved in information
processing within the medial (theta-related) hippocampo-dien-
cephalic system (Aggleton et al. 2010; Vann and Aggleton
2004). Our data, which reveal the theta properties of antero-
ventral nucleus, support this view.

Neuronal bursts in thalamic nuclei can occur during waking
states, although bursting is more prevalent than during slow-
wave sleep (Fanselow et al. 2001; Guido and Weyand 1995;

FIG. 7. Exponential distribution of the point source signal. The peak
amplitude of the extracellularly detected thalamic unit oscillation (150 �V)
decreases exponentially with distance from the center of the electrode.
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Reinagel et al. 1999; Swadlow and Gusev 2001; Weyand et al.
2001). Thalamic theta units in our experiments fired in bursts
more often during waking states (particularly locomotion-
related periods), suggesting these units are component of the
limbic circuit. However, to define AV theta units as typical

limbic theta cells, we needed to obtain information about their
relation to the oscillatory field properties of anterior thalamus,
particularly theta rhythm. Although recent research has dem-
onstrated the possibility of exploiting the relationship between
LFPs and individual spiking (Katzner et al. 2009; Logothetis et

FIG. 8. Large- and small-diameter signals undergo parallel alterna-
tions of theta amplitude. A: example of parallel AV recording with low-
and high-impedance electrodes during theta periods. Top: large-diame-
ter local field potential (LFPl). Bottom: LFPs detected from different
tetrodes. The signal from tetrode one (LFPs1) is represented by all four
channels. The same tetrode simultaneously isolates a fast-spiking theta
unit. Note the lack of theta oscillations in the signals from the 2nd and
3rd tetrodes (LFPs2 and LFPs3, respectively). The red rectangle marks
the concurrent occurrence of the theta epoch in LFPl and LFPs1.
B: magnified image of the LFPl (red trace) and LFPs1, channel 1 (blue
trace) from the marked theta epoch in A. Top and lower pairs are
subsequent epochs. C: a positive correlation is evident between LFPl and
LFPs1 for the theta ratio (theta- over delta spectral amplitude) evaluated
in epochs with a bin size of 1 s. D: example of coherent alternations of
LFPl (top red trace) and LFPs1 (bottom blue trace) theta ratios. The brief
increase denotes the occurrence of theta epoch. E: low-impedance
power spectrogram with a temporally superimposed LFPs trace. The
white rectangle marks a theta period with a simultaneous increase of
spectral power in the 6–11 Hz range and augmentation of oscillatory
amplitude.
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al. 2007), LFP interpretation faces the difficulty of estimating
the volume of involved neuronal tissue. To demonstrate that
the theta signal is of local origin and not a contaminated signal
from distant structures, we used small-diameter (25 �m) high-
impedance tetrodes (1–1.5 M�). Importantly, the observed
LFPs oscillatory amplitude strongly differed when compared
for all tetrodes. We found that theta units reflected the ampli-
tude of the LFP during theta periods, which were characterized
by high locomotor activity. The theta-unit tetrodes corre-
sponded to higher values of theta amplitude compared with the
tetrodes, which could not discriminate theta units.

To demonstrate the selective effect of theta cells on limbic
theta but not on other thalamic oscillations, we examined their
relation to spindles. Spindle oscillations, which predominantly
occur during the early stages of sleep, are generated by tha-
lamic circuits (Steriade et al. 1985). In contrast to delta and
slow oscillations, which are also feature of other brain regions
such as hippocampal formation, spindles are generated exclu-
sively by thalamocortical interactions (Contreras and Steriade
1996, 1997; Contreras et al. 1996, 1997a). We reveal that LFP
theta zones are formed differently when compared with the
spindle amplitude distribution during subsequent behaviorally
inactive periods. While theta unit tetrodes obtained the highest
theta spectral power, the same tetrodes were not necessarily
linked to the lowest spindle spectral power. As the theta unit
tetrodes lacked the selective increase of theta-spindles ratio
(maximal theta over maximal spindles) compared with the
remaining tetrodes, we concluded that thalamic fast-and slow-
spiking theta cells selectively determine the spectral amplitude
of limbic theta oscillation. The thalamic reticular nucleus plays
a key role as the generator and pacemaker of the thalamic
spindle waves (Steriade et al. 1985, 1987), and the rat anterior
thalamic nuclei receive a heavy input from cell groups in the
ipsilateral rostral reticular nucleus (Gonzalo-Ruiz and Lieber-
man 1995). The occurrence of thalamic spindles in AV is
demonstrated by the comparative finding that the cat anterior
thalamic group, which is devoid of reticular input, does not
display spindling oscillations (Pare et al. 1987). Our finding
that theta and spindle oscillations differ in their spatial distri-
bution within AV suggests that the reticular nucleus does not
control theta rhythm in anterior thalamus. We also observed
that AV spindles are harmonic oscillations with a dominant
frequency in the range of 7–10 Hz, and the value of this
frequency gradually decreases after the onset of the spindling
epoch (Mackenzie et al. 2005; Sitnikova et al. 2009). Thalamic
spindle periods occur during global inhibition of thalamocor-
tical neurons by the thalamic reticular nucleus (Diekelmann
and Born 2010; Steriade 2001a). This allowed us to explore
thalamic theta cells during their inhibited mode, where the AV
theta units exhibited less bursting and higher degree of tonic
spiking during the spindle periods. We did not observe periods
with theta oscillations during sleep recordings. This finding
supports the oscillatory profile of thalamic sleep rhythms,
characterized by spindles during slow-wave sleep and lack of
theta rhythm during the REM phase (Pace-Schott and Hobson
2002; Steriade 1997; Steriade et al. 1993).

In summary, the present data together with previous studies
(Albo et al. 2003; Smith et al. 2004), suggest that the theta
signal integrates functionally the anterior thalamus in the
hippocampo-diencephalic circuitry, damage to which can

cause diencephalic amnesia (Aggleton and Sahgal 1993; Gold
and Squire 2006; Harding et al. 2000).
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