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OHERENT SPIKE-WAVE OSCILLATIONS IN THE CORTEX AND

UBTHALAMIC NUCLEUS OF THE FREELY MOVING RAT
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bstract—The basal ganglia play a critical role in controlling
eizures in animal models of idiopathic non-convulsive (ab-
ence) epilepsy. Inappropriate output from the substantia
igra pars reticulata (SNr) is known to exacerbate seizures,
ut the precise neuronal mechanisms underlying abnormal
ctivity in SNr remain unclear. To test the hypothesis that
ortical spike-wave oscillations, often considered indicative
f absence seizures, propagate to the subthalamic nucleus,
n important afferent of SNr, we simultaneously recorded
ocal field potentials from the frontal cortex and subthalamic
ucleus of freely moving rats. Spontaneous spike-wave os-
illations in cortex (mean dominant frequency of 7.4 Hz) were
ssociated with similar oscillations in the subthalamic nu-
leus (mean of 7.9 Hz). The power of oscillations at 5–9 Hz
as significantly higher during spike-wave activity as com-
ared with rest periods without this activity. Importantly,
pike-wave oscillations in cortex and subthalamic nucleus
ere significantly coherent across a range of frequencies

3–40 Hz), and the dominant (7–8 Hz) oscillatory activity in
he subthalamic nucleus typically followed that in cortex with
small time lag (mean of 2.7 ms).

In conclusion, these data suggest that ensembles of sub-
halamic nucleus neurons are rapidly recruited into oscilla-
ions during cortical spike-wave activity, thus adding further
eight to the importance of the subthalamic nucleus in ab-
ence epilepsy. An increase in synchronous oscillatory input
rom the subthalamic nucleus could thus partly underlie the
xpression of pathological activity in SNr that could, in turn,
ggravate seizures. Finally, these findings also reiterate the
mportance of oscillations in these circuits in normal
ehaviour. © 2005 Published by Elsevier Ltd on behalf of

BRO.

ey words: basal ganglia, absence epilepsy, substantia
igra, corticosubthalamic.

diopathic non-convulsive (absence) epileptic seizures in
umans are characterised by a sudden, brief impairment of
onsciousness that is accompanied by a generalised, syn-

Corresponding author. Tel: �44-1865-271870; fax: �44-1865-271647.
-mail address: peter.magill@pharm.ox.ac.uk (P. J. Magill).
bbreviations: GP, globus pallidus; LFP, local field potential; SNr,
c
ubstantia nigra pars reticulata; STN, subthalamic nucleus; 6-OHDA,
-hydroxydopamine.

306-4522/05$30.00�0.00 © 2005 Published by Elsevier Ltd on behalf of IBRO.
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hronous, slow (2.5–4 Hz) ‘spike-wave’ oscillation in the
lectroencephalogram (for review, see Crunelli and Lere-
che, 2002). Recent studies on animal models of absence
pilepsy have stressed that although these spike-wave
scillations, which are usually faster in animals (5–11 Hz),
re generated within corticothalamic ‘loop’ networks, other
orebrain systems may still exert strong influences over
eizure activity (for review, see Danober et al., 1998).
ndeed, the basal ganglia, particularly the GABAergic pro-
ection neurons of the substantia nigra pars reticulata
SNr), are thought to play a critical role in the expression of
pileptic activity (Proctor and Gale, 1998; Deransart and
epaulis, 2002). In support of this, spike-wave oscillations
ave been reported to occur in the SNr during absence
eizures (Vergnes et al., 1990; Deransart et al., 2003), and
uppressing nigral activity has wide-ranging antiepileptic
ffects (McNamara et al., 1984; Sperber et al., 1989; for
eview, see Deransart and Depaulis, 2002).

Whilst these correlations are clear, the precise neuro-
al mechanisms underlying seizure-related activity in SNr
re unknown. Studies in rats that are genetically suscep-
ible to absence epilepsy suggest that at least three nigral
fferents, provided by the GABAergic projection neurons
f the striatum and globus pallidus (GP), and the glutama-
ergic neurons of the subthalamic nucleus (STN), exert
owerful influences over the SNr during seizures (Deran-
art and Depaulis, 2002). Electrophysiological studies in
naesthetised (Slaght et al., 2002) and unanaesthetised
ats (Vergnes et al., 1990; Berke et al., 2004) have shown
hat spike-wave oscillations (or ‘high-voltage spindles’) in
ortex are accompanied by similar activity patterns in the

ocal field potentials (LFPs) recorded from striatum and
P. Seizures are also suppressed during GABA-mediated

nhibition of SNr neurons, further implicating the participa-
ion of striatonigral and pallidonigral circuits in epilepsy
ontrol (Deransart and Depaulis, 2002).

Excitatory drive from STN is also an important deter-
inant of SNr activity and thus, may influence the propa-
ation of seizures. Indeed, inhibition or inactivation of STN
y pharmacological or electrical means, which suppress
Nr activity through a process of disfacilitation, has anti-
pileptic effects (Vercueil et al., 1998). The STN is in a
rime position to be directly recruited during spike-wave
ctivity in the cortex and thalamus because it receives
onosynaptic excitatory projections from both of these

tructures (Smith et al., 1998). Studies in immobilised rats
ave shown that spike-wave oscillations are present in the

subthalamic region’ during seizures (Vergnes et al., 1990).
owever, the nature of population activity in STN during

ortical spike-wave activity remains uncharacterised. To
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est the hypothesis that cortical spike-wave oscillations
ropagate to STN, we simultaneously recorded LFPs from
he cerebral cortex and STN of freely moving rats during
pontaneous behaviour.

Propagating epileptic activity likely exploits normal pat-
erns of connectivity and some forms of epilepsy involve
xaggerations of physiological phenomena, such as the
xaggerated corticospinal ‘drive’ seen in myoclonic epi-

epsy (Guerrini et al., 2001). Likewise, the high-voltage
pindles at 7–12 Hz in the cortex of animals may not, in
act, be solely indicative of absence epilepsy, but may
nstead be shared by a natural activity state that is analo-
ous to the � rhythm in humans (Wiest and Nicolelis, 2003;
lso see Berke et al., 2004). Oscillatory activity in cortico-
asal ganglia circuits may be important for normal behaviour
Brown, 2003). Thus, the characterisation and correlation
f oscillatory activity in cortex and STN may also aid in the
lucidation of the neuronal substrates underlying normal
ehaviour.

EXPERIMENTAL PROCEDURES

his study was carried out in accordance with the European
ommunities Council Directive (86/609/EEC) for care of labora-

ory animals. All experiments conformed to local guidelines on the
thical use of animals. In addition, care was taken to minimise the
umber of animals used and their suffering. Electrophysiological
ecordings were made in 30 adult male rats (250–350 g;
sdCpb:WU [Wistar-Unilever] strain; Harlan Winkelmann, Bor-
chen, Germany), 17 of which received a unilateral injection of
-hydroxydopamine (6-OHDA; hydrochloride salt; Sigma, Ger-
any) into the median forebrain bundle (A: �4.2 mm; L: 1.1 mm;
: �7.6 mm; Paxinos and Watson, 1997) as part of a study of
scillatory activity in STN in the 6-OHDA lesion model of parkin-
onism, which is to be reported separately. Of the 30 rats, 14 rats
five of which were successfully lesioned with 6-OHDA; assessed
y apomorphine rotation test; see Magill et al., 2001) incidentally
xhibited the typical behavioural characteristics of spontaneous
bsence seizures together with spike-wave neuronal activity in the
ortex (Jandó et al., 1995; also see below). Animals of the
sdCpb:WU strain used in this study, which are outbred, have not
reviously been shown to exhibit spontaneous spike-wave activity
r, indeed, absence seizures. However, it is known that many
imilarly bred strains are particularly susceptible to absence epi-
epsy and thus, this finding is not surprising (Jandó et al., 1995;

ralewicz, 1999). The fact that less than half of the rats that
nderwent surgery (see below) displayed spike-wave activity sug-
ests that the experimental procedures themselves did not induce
hese oscillations, which is in agreement with previous findings
ndicating that absence epilepsy is due to a genetically determined
rait (Danober et al., 1998).

Rats were anaesthetised with chloral hydrate (400 mg/kg; i.p.,
igma) and placed in a stereotaxic frame (David Kopf Instru-
ents, Tujunga, USA). A concentric, bipolar ‘semi-microelectrode’

customised SNE-100; Rhodes Medical Instruments, USA) was
mplanted in the left STN under stereotaxic conditions (A:

3.8 mm; L: 2.5 mm; V: �7.6 mm), as previously described
Brown et al., 2002). Semi-microelectrodes were constructed from
tainless steel cannulae and wires, which were insulated with
poxylite (except at the two electrode contacts). The outer contact
as 100 �m in length and had a diameter of 150 �m. The inner
ontact had a diameter of 25 �m (only the tip of the inner wire was
xposed). The two recording contacts were separated by 100 �m.
tainless steel screws (1 mm diameter) were positioned above

ach frontal cortex (A: 2.7 mm; L: 2.0 mm), each cerebellar

C
b

emisphere (A: �12.0 mm; L: 2.0 mm) and centrally over an area
f thickened bone rostral to the cerebral cortex (A: 5.7 mm; L:
.0 mm). Thereafter, the microelectrode and screws were fixed to
he skull with dental cement (Technovit; Heraeus-Kulzer GmbH,

ehrheim, Germany). Animals were allowed at least 72 h to
ecover from the surgery before recording began.

During recording, animals were placed in a plexiglas bowl
ithin a Faraday cage. Residual mains artefact (50 Hz) was
liminated by the use of ‘Humbugs’ (Quest Scientific, North Van-
ouver, Canada). Cortical LFPs (i.e. electrocorticograms) were
ecorded from the screw above the left frontal cortex. Screws
bove the cerebellum and in the bone rostral to the cerebral cortex
ere used as the indifferent/reference and ground, respectively.
ubthalamic LFPs were recorded from the concentric bipolar mi-
roelectrode in both bipolar and monopolar modes. Raw signals
ere AC-coupled, amplified (�1000–2000), band-pass filtered

0.1–100 Hz; Neurolog 100AK and 104A modules; Digitimer Ltd.,
elwyn Garden City, UK), and sampled on-line at 512 Hz (Spike2

oftware; Cambridge Electronic Design Ltd., Cambridge, UK).
ata traces were digitally high-pass filtered offline (cutoff at
.5 Hz; Spike2) before analysis (see below). After the experi-
ents, animals were transcardially perfused under deep anesthe-

ia with 30 ml 0.1 M phosphate-buffered saline, followed by 100 ml
% paraformaldehyde in 0.1 M phosphate buffer. Brains were
emoved, post-fixed in 4% paraformaldehyde for at least 24 h, and
hen processed for Nissl staining on coronal sections (20 �m
hick). All recording sites were verified by light microscopy, as
hown in the example in Fig. 1. Histological analysis confirmed
hat the recording electrode was not in the STN of six of these 14
pileptic animals, further suggesting that electrode placement in
TN per se does not precipitate spike-wave activity or indeed,
pileptic seizures. The targets of the clearly ‘misplaced’ electrodes

ncluded the thalamus, entopeduncular nucleus and substantia
igra. The spike-wave activity in each of these areas has previ-
usly been described in detail (Vergnes et al., 1990; Danober et
l., 1998), and thus, will not be considered further here. Macro-
copic examination of the cortical recording sites did not reveal
ny extensive damage of the underlying tissue, reiterating that the
asis of spike-wave activity and absence epilepsy is mostly likely
enetic, rather than surgical or mechanical.

ig. 1. Histological confirmation of electrode placement. Electrode
rack above STN (arrows) and recording sites in STN (arrowheads), an
val structure containing densely-packed cells (within dashed line).

P, cerebral peduncle; ZIV, ventral division of zona incerta. Scale
ar�300 �m.
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Fig. 2. (Caption overleaf).
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Spike-wave oscillations were readily identified for analysis
pon visual inspection of the data because this neuronal activity,
s recorded in LFPs, was stereotyped (Danober et al., 1998; and
ee below). The onset of spike-wave activity was identified as a
harp increase in the amplitude of LFPs i.e. the first spike-wave
omplex with an amplitude more than double the ‘base-line’ ac-
ivity of low-amplitude, high-frequency LFP fluctuations, which are
haracteristic of the ‘alert’ brain state. The offset was identified as
subsequent decrease in LFP amplitude i.e. last spike with am-

litude at least double the base line. Neuronal activity was char-
cterised in the frequency domain by deriving autospectra of
ower and frequency (Hanning window function; block size of 512
ata points, giving 1.0 Hz resolution) using Spike2 software. The
requency relationships between activity in cortex and STN were
urther defined by coherence analysis (Halliday et al., 1995).
oherence is a measure of the linear association between two
ignals; waveforms must be phase-locked (temporally coupled)
nd their amplitudes must have a constant ratio to be coherent
ver a frequency range. Episodes of spike-wave activity were brief
see below) and thus, to enable high-resolution analysis in the
requency domain, data from individual episodes were concate-
ated. Temporal relationships were characterised using cumulant
ensity estimates, which are similar to cross-correlograms and
rovide a general measure of statistical dependence between
andom processes that assumes the value zero when the pro-
esses are independent (Halliday et al., 1995). A lag/lead was
efined as the time between zero and the peak of the (significant)
eflection with the largest amplitude. Electrophysiological record-

ngs and analyses of neuronal activity were performed blind to the
esults of histology. Data are expressed as mean�standard de-
iation unless noted otherwise.

RESULTS

pisodes previously attributed to non-convulsive epileptic
eizures (Jandó et al., 1995; Gralewicz, 1999) were stereo-
yped and identified as brief periods of quiet immobility (oc-
asionally with mild head and neck tremor and/or orofacial
witching) that were associated with high-voltage oscillations
f a characteristic spike-wave shape in the cortical LFP (Fig.
A, B). The incidence of spike-wave episodes differed be-
ween animals (mean of 1.0�0.9 episodes per minute), but
ere never seen when the animals were moving or engaged

n grooming. The mean duration of the episodes of spike-
ave activity in cortex was 4.1�2.3 s (mean of 107 episodes

rom the eight animals displaying spike-wave activity and in
hich STN activity was recorded, three of which were inci-

ig. 2. Coherent oscillations are present in the cortex and STN during s
pike-wave activity present in the cerebral cortex (CTX). The high-volta
FPs that were simultaneously recorded from the STN (STN/b). Inset s
eizure recorded in CTX and STN (monopolar recording of LFP; STN/
f A applies to inset of B. (C) Power spectrum showing the dominant
undamental frequency (approximately 7.5 Hz) and first harmonic (appr
pectrum showing the dominant frequencies of the oscillations presen
TN. Note the similar frequency contents of the cortical and STN powe
ith spike-wave oscillations (grey) and during rest periods with no spike
olid lines represent means and dashed lines represent �2 SDs. (F) S
s in E. Inset shows power distribution at greater resolution. (G) Coh
ecording) at frequencies associated with spike-wave oscillations, and
rom data shown in C and D. Inset shows a similar plot between cortic

inset). Dashed lines are 95% confidence intervals. (H) Cumulant
ecording) led the approximately 7 Hz ‘spike’ component of the cortica
5% confidence intervals. Units are arbitrary. (I, J) In the remaining r

ecorded in monopolar (I) or bipolar (J) configurations. Panels A–D and G–I are
nother animal.
entally lesioned with 6-OHDA). The mean fundamental fre-
uency of the cortical spike-wave oscillation was 7.4�0.9 Hz
mean of 13.4 s of spike-wave activity analysed from each
nimal; Fig. 2C, E).

Spike-wave oscillations in the cortex were closely as-
ociated with similar oscillations in the STN, albeit of
maller amplitude, as evinced in bipolar (Fig. 2A, D, F) and
onopolar (Fig. 2B, D inset) recordings of LFPs in this
ucleus. The fundamental frequency of spike-wave activity

n STN was similar to that in cortex at 7.9�1.2 Hz (Fig. 2D).
pike-wave oscillations did not occur in STN indepen-
ently or in the absence of similar activity in cortex. The
ean power of activity at 1–60 Hz recorded in cortex and
TN across animals during defined episodes of immobility
ith spike-wave oscillations was significantly higher

P�0.005, paired t-test) than the mean power of activity
ecorded during rest periods that were not associated with
pike-wave oscillations (Fig. 2E, F). This was also the case
or the mean power of oscillatory activity at 5–9 Hz
P�0.01, paired t-test). Importantly, simultaneously re-
orded cortical and STN activities were significantly coher-
nt over a range of frequencies, including the fundamental
requency and harmonics of the spike-wave oscillation,
nd the �- and (low) 	-bands, i.e. 20–40 Hz (Fig. 2G).

Cumulant density estimates showed that although the
elays between spike-wave oscillatory activity in cortex
nd STN were variable (Fig. 2H–J), STN activity lagged
ehind the ‘spike’ component of cortical activity by a mean
f 2.7 ms (range of lags was �5.9 ms to �17.6 ms; Fig. 2I,
). In particular, the spike component of cortical activity led
TN activity in all but one of the recordings. In the latter
xceptional record, STN activity led the spike component
f cortical activity by 5.9 ms (Fig. 2H). There was no
pparent difference in the spike-wave oscillations exhib-

ted by non-lesioned animals as compared with 6-OHDA-
esioned animals (also see Depaulis et al., 1990), although
he small numbers involved precluded a meaningful statis-
ical comparison of the two groups.

DISCUSSION

his study provides the first characterisation of the activity
resent in STN during spontaneous cortical spike-wave

ous spike-wave activity. (A) Raw data trace showing the characteristic
wave oscillations in cortex were also consistently expressed in bipolar
spike-wave activity in CTX and STN at greater resolution. (B) Another
shows the spike-wave activity at greater resolution. Scale bar in inset
ies of the cortical oscillations present during spike-wave activity. The

15 Hz) of the spike-wave activity are clearly distinguished. (D) Power
polar LFP from STN. Inset is power spectrum of monopolar LFP from
. (E) Summary plot of power in cortex for all animals during immobility
scillations (black). Inset shows power distribution at greater resolution.
plot of power in bipolar recordings from STN for all animals. Labelling
lot showing significantly coherent activity in cortex and STN (bipolar
encies associated with � and 	 (20–40 Hz) activity. Plot was derived
onopolar STN recordings (plot was derived from data shown in C and
plot showing the exceptional record where activity in STN (bipolar
ion (by 5.9 ms). Plot derived from data shown in G. Dashed lines are
he spike component of the cortical oscillation led activity in STN, as
pontane
ge spike-
hows the
m). Inset
frequenc
oximately
t in the bi
r spectra
-wave o
ummary
erence p
at frequ

al and m
density
l oscillat
ecords, t
derived from spike-wave activity in the same animal. Panel J is from
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scillations. The data show that the stereotypical spike-
ave oscillations that occur in the cortex are also consis-

ently expressed in LFPs recorded from the STN. The
ovel application of analyses in the time and frequency
omains demonstrated that spike-wave oscillations in cor-
ex and STN were significantly coherent, with a small
emporal difference, thereby arguing against volume con-
uction and suggesting that these oscillations in STN are
obustly and rapidly propagated from corticothalamic net-
orks, the pacemakers of spike-wave activity.

The predominant generators of current flow underlying
FPs are the synchronised, subthreshold and suprathresh-
ld activities of local neural ensembles (for reviews, see
ubbard et al., 1969; Mitzdorf, 1985). In these respects, it
eems likely that the spike-wave oscillations in STN, as
vinced in the LFPs, are due to synchronous and periodic
ring of local ensembles of neurons. Studies of the single-
ell responses and LFPs evoked in STN by cortical stim-
lation certainly support this idea (Magill et al., 2004).
hilst the contribution of volume-conducted potentials to

FPs recorded in STN remains controversial (Dinner et al.,
002; Wennberg and Lozano, 2003), the fact that spike-
ave oscillations could be recorded in STN using either
ipolar or monopolar recording configurations, with a mean
ime lag behind cortical activity of 2.7 ms, suggests that
hese oscillations were not simply due to the volume con-
uction of cortical activity (in agreement with Dinner et al.,
002). Further support for localised recruitment of neurons
uring spike-wave activity can be found in recordings from
triatum, thalamus, and cortex where, in each case, the
ischarges of single cells or small groups of neurons have
een shown to be phase-locked to ongoing spike-wave
scillations in the respective LFP (Kandel and Buzsáki,
997; Slaght et al., 2002; Berke et al., 2004).

The present data suggest that populations of STN
eurons are actively and synchronously recruited to spike-
ave oscillations. During spike-wave activity and epileptic
eizures, large ensembles of cortical neurons are activated
n unison (Kandel and Buzsáki, 1997). Rhythmic, synchro-
ised output from cortex will be first integrated in the basal
anglia at the level of the two input structures, the striatum
nd STN. Direct excitatory input from the cortex is known
o have powerful effects on STN neurons (Fujimoto and
ita, 1993; Magill et al., 2004) and therefore, the cortico-
ubthalamic projection is a good candidate pathway
hrough which the cortex could drive, recruit or otherwise
odulate the activity of STN neurons during seizures.
ctivity in STN lagged behind the dominant (7–8 Hz) spike
omponent of the cortical oscillation by a mean of 2.7 ms,
hich is comparable to the latency of the first response of
ost STN neurons to electrical stimulation of the cortex

Fujimoto and Kita, 1993). Moreover, corticosubthalamic
nput can synchronise the oscillatory activity of groups of
TN neurons at both slow (approximately 1 Hz) and spin-
le (7–12 Hz) frequencies (Magill et al., 2000, 2001). In
urther support, corticofugal and corticostriatal neurons, a
roportion of which also project to STN (Smith et al., 1998),
re recruited to the spike-wave oscillation during seizures

Slaght et al., 2002). Thus, synchronous and rhythmic
orticosubthalamic volleys could produce the input neces-
ary to widely synchronise neuronal responses and pro-
uce oscillations in the LFP (also see Magill et al., 2004).
he tight association between cortical and STN activities
as supported by our finding that the two signals were
ignificantly coherent at frequencies associated with spike-
ave oscillations and �/	 activity. Although coherent ac-

ivity in cortex and STN indicates a linear frequency rela-
ionship between activities in these two structures, we
annot exclude the possibility that there is also a non-linear
omponent to the relationship. Indeed, the one case in
hich STN led cortex may have been due to the non-linear
nd/or highly dynamic nature of this relationship (Meeren
t al., 2002). Alternatively, the variation in temporal rela-
ionships may have been due to slightly different topo-
raphical relationships between recording sites (Meeren et
l., 2002).

It is unlikely that other excitatory inputs to STN, namely
hose from the parafascicular nucleus, play the lead role in
he propagation or recruitment of STN activity because
pike-wave oscillations are thought to be weak or nonex-

stent in the medial thalamus (Vergnes et al., 1990; Dano-
er et al., 1998). However, other indirect pathways to STN
.g. feed-forward connections through GP, may be in-
olved in the recruitment of STN neurons. Indeed, cortico-
triatal and striatal neurons are engaged by cortical spike-
ave oscillations (Slaght et al., 2002; Berke et al., 2004).
urthermore, spike-wave activity has been reported in GP
Vergnes et al., 1990). Thus, it seems possible that
ABAergic mechanisms might orchestrate or modify os-

illatory activity in STN to at least some degree.
The finding that STN activity appears to be synchro-

ised and oscillatory during cortical spike-wave activity
eiterates the potentially important contribution of STN os-
illations to the inappropriate oscillatory activity of SNr
eurons in absence epileptic seizures (Proctor and Gale,
998; Deransart and Depaulis, 2002; Deransart et al.,
003) or, indeed, to appropriate oscillatory activity in the
asal ganglia during normal behaviour (Wiest and
icolelis, 2003; Berke et al., 2004). The presence of oscil-

ations suggests that the critical influence of STN over SNr
uring spike-wave activity is probably not monotonic, but is

ikely phasic and periodic. Whilst our data support the
mportance of STN in absence epilepsy (Vercueil et al.,
998), it should also be noted that other (GABAergic)

nputs to SNr are still crucial (Deransart and Depaulis,
002).
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