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Magill, Peter J., Andrew Sharott, J. Paul Bolam, and Peter the level of single striatal and STN neurons (Gerfen and
Brown. Brain state—dependency of coherent oscillatory activity in th@/jlson 1996; Nambu et al. 2002; Smith et al. 1998), the way

cerebral cortex and basal ganglia of the ratNeurophysiol 92: éi%which the activities of large populations of cortical and BG
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jn.00333.2004. The nature of the coupling between neuronal ass urons are coordinated (i.e., the “functional organization” of

blies in the cerebral cortex and basal ganglia (BG) is poorly unddpese circuits) remains obscure. Single units alone are inade-
stood. We tested the hypothesis that coherent population activitydigate for investigating population activity because they repre-
dependent on brain state, frequency range, and/or BG nucleus usegt only one level of functional organization of a given brain
data from simultaneous recordings of electrocorticogram (ECoG) aagea and thus reflect only a limited part of the information
BG local field potentials (LEPs) in anesthetized rats. The cohere focessing (Bullock 1997; Pesaran et al. 2002). This may be of
between ECoG and LFPs simultaneously recorded from subthala Wrticular relevance in the BG, where the output nuclei and

nucleus (STN), globus pallidus (GP), and substantia nggrs re- . - . . .
ticulata (SNI) was largely confined to slow—(L Hz) and spindle- their efferent partners receive highly processed information

(7-12 Hz) frequency oscillations during slow-wave activity (SwA)converging from multiple cortical and subcortical loops (Al-
In contrast, during cortical activation, coherence was mostly restricte§ander and Crutcher 1990; Smith et al. 1998). Recordings of
to high-frequency oscillations (15-60 Hz). The coherence betwelacal field potentials (LFPs), which better reflect coordinated
ECoG and LFPs also depended on BG recording site. Partial cohgopulation activity (Hubbard et al. 1969; Mitzdorf 1985), and
ence analyses showed that, during SWA, STN and SNr shared #iRgle units from multiple sites have proved useful for inves-
same temporal coupling with cortex, thereby forming a single funggating the functional organization of the neocortex, thalamus,
tlongl axis. Cortex was_also tlghtly, bu_tlndep_end_ently, correlated withj, 4 hippocampus (BuZsia2002; Contreras et al. 1997; Engel
2 lesser extent, SN shared he same coherence vith coriex as pifil) SINGer 2001; Engel et al. 2001). Data from humans
one functional ’axis. In addition, GP formed a second, independen plz.inted,wnh deep brain electrodes for the treat.ment Of.
coherent loop with cortex. These data suggest that coherent oscillatoffkinson’s disease (PD) suggest that these techniques will
activity is present at the level of LFPs recorded in cortico-bas@iSO be informative in BG circuits (Brown 2003; Levy et al.
ganglia circuits, and that synchronized population activity is dynard002; Liu et al. 2002). Indeed, coherent or temporally coupled
ically organized according to brain state, frequency, and nucleld:Ps are often observed in sensorimotor cortex and BG during
These attributes further suggest that synchronized activity shouldtbehavior (Brown 2003). Moreover, the coherence and fre-
considered as one of a number of candidate mechanisms underlygagncy profiles of oscillatory LFPs recorded from the cortex
the functional organization of these brain circuits. and BG of PD patients vary with movement and levodopa
treatment, suggesting that the population activity reflected in
the LFP may be functionally significant (Brown et al. 2001;
Cassidy et al. 2002; ¥ et al. 2004; Levy et al. 2002;
The basal ganglia (BG) are a group of subcortical braiarsden et al. 2001; Williams et al. 2002).
nuclei intimately involved in movement and cognition (De- The recording sites available in the human are necessarily
Long 1990; Gerfen and Wilson 1996; Graybiel 1995). Thimited to therapeutic targets, such as the STN, and recordings
cerebral cortex, the principal afferent of the BG, directlgan be performed only in patients with abnormal movement
transfers information to the BG through the striatum ancbntrol. The overall objective of the current work was to
subthalamic nucleus (STN), but may also indirectly influendavestigate functional connectivity using simultaneous record-
the BG by the globus pallidus [GP; or external segment ofgs from the cortex and other strategic BG sites of healthy
globus pallidus in primates (GPe)] and thalamus. Processaumals in different brain states. To this end, LFP and unit
information is transmitted out of the BG through the substantiacordings were made in the urethane-anesthetized rat, a good
nigra pars reticulata (SNr) and entopeduncular nucleus [omodel for determining the impact of extremes of cortical
internal segment of globus pallidus in primates (GPi)] tactivity on the BG (Magill et al. 2000, 2001), enabling us to
thalamus, and thence to cortex, and also to midbrain and bregst the dependency of coherent activity on brain state.
stem nuclei (for review, see Smith et al. 1998). Changes in LFPs were investigated using frequency analysis
Although much is known about the anatomy of cortico-bastdchniques that favor the demonstration of oscillatory rather
ganglia circuits and the integration of cortical information ahan stochastic synchronization (Halliday et al. 1995; Rosen-
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COHERENT ACTIVITY IN CORTEX AND BASAL GANGLIA

berg et al. 1998), although the latter may also exist in cortico-
basal ganglia circuits.

Three key hypotheses were tested. First, that there is exten-
sive tempora coupling between the ECoG and basal ganglia
LFPs. Second, such coupling varies with frequency and de-
pends on brain state. Third, that the pattern of coupling is aso
dependent on the precise site of LFP recording in BG, com-
patible with arelative functional segregation between different
elements of the cortico-basal ganglia circuitry.

A = (LFP -+ unit)
Cortical
activity

(LFP + unit)
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METHODS

Electrophysiological recordings and labeling of
recording sites

Experimental procedures were carried out on adult male Sprague-
Dawley rats (Charles River, Margate, UK) and were conducted in
accordance with the Animals (Scientific Procedures) Act, 1986 (UK)
and the APS's Guiding Principles in the Care and Use of Animals.

Electrophysiological recordings were made in 12 rats (200-320 g).
Anesthesia was induced with isoflurane (Isoflo, Schering-Plough,
Welwyn Garden City, UK) and maintained with urethane (1.3 g kg%,
ip; ethyl carbamate; Sigma, Poole, UK), and supplemental doses of
ketamine (30 mg kg~ ?, ip; Ketaset, Willows Francis, Crawley, UK)
and xylazine (3 mg kg%, ip; Rompun, Bayer, Germany), as described
previoudy (Magill et a. 2000, 2001). All wound margins were
infiltrated with the local anesthetic bupivacaine (0.75% wt/vol; Astra,
Kings Langley, UK) and corneal dehydration was prevented with
application of Hypromellose eye drops (Norton Pharmaceuticals,
Harlow, UK). Animals were then placed in a stereotaxic frame. Body
temperature was maintained at 37 = 0.5°C with the use of a homeo-
thermic heating device (Harvard Apparatus, Edenbridge, UK). Anes-
thesia levels were assessed by examination of the ECoG (see follow-
ing text), and by testing reflexes to a cutaneous pinch or gentle corneal
stimulation. Electrocardiographic (ECG) activity and respiration rate
were also monitored constantly to ensure the animals' well being (see
following text). Mineral oil or saline solution (0.9% wt/vol NaCl) was
applied to all areas of exposed cortex to prevent dehydration.

The ECoG was recorded via a 1 mm diameter steel screw juxta
posed to the dura mater above the right frontal cortex [AP: —4.5 mm,
ML: —2.0 mm (Paxinos and Watson 1986)], which corresponds to the
medial agranular field of the somatic sensorimotor cortex (Donoghue
and Wise 1982) and referenced against an indifferent electrode placed
adjacent to the temporal musculature (Fig. 1A). This and adjacent
regions of cortex project to both striatum and STN, as demonstrated
in anatomical and electrophysiological studies (Fujimoto and Kita
1993; Kolomiets et al. 2003; Magill et a. 2004; Smith et al. 1998),
and thus, activity in these regions is of direct functional relevance.
Raw ECoG was band-pass filtered (0.1-150 Hz, —3 dB limits) and
amplified (2000<, NL104 preamplifier; Digitimer Ltd., Welwyn Gar-
den City, UK) before acquisition. The ECG was differentialy re-
corded by two silver wires inserted into the skin of the ipsilateral
forelimb and hindlimb. Raw ECG was band-pass filtered (10—100 Hz)
and amplified (5000, NL104; Digitimer) before acquisition. The
chest movements accompanying respiration were recorded using a
miniature accelerometer (AP19, Bay Systems, Somerset, UK) and
charge amplifier (Type 5007; Kistler Instrumente AG, Winterthur,
Switzerland). The signal from the accelerometer allowed the depth
and rate of respiration to be accurately assessed on- and off-line.

Fic. 1. Recording configuration and histological verification of recording
sites. A: diagram of the recording configuration superimposed on a parasagittal
section of rat brain. Local field potentials (LFP) and single-neuron (unit)
activity were simultaneously recorded from the globus pallidus (GP), subtha-
lamic nucleus (STN), and substantia nigra pars reticulata (SNr) of urethane-
anesthetized rats, together with the ipsilateral frontal electrocorticogram
(ECoG). Str, striatum; Thal, thalamus. B-D: digital images of histologically
verified recording sites in GP, STN, and SNr from the same animal. B: GP
recording site, indicated by an intense spot of black reaction product and
Golgi-like labeling of neighboring neurons (arrow), was confirmed to bein the
rostral portion of the nucleus, near the striatum. C: STN recording site was in
the center of the nucleus (arrow), which lies dorsal to the cerebral peduncle
(CP) and is characterized by a higher density of neurons compared with the
overlying ventral division of the zona incerta (ZIV). A large blood vessel (*)
lies on the border between dorsal STN and ZIV. D: SNr recording site was
centrally placed in the lateral portion of the nucleus (arrow), which lies dorsal
to the CP (border indicated by dashed line). E: recording sitesin GP, STN, and
SNr in al 12 animals. Numbers above sections correspond to the distances
lateral of midline. IC, internal capsule; acp, anterior commissure. Scale bar in
B aso appliesto C and D = 200 um.
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Extracellular recordings of LFPs and action potentidsin the ipsilateral
GP, STN and SNr were simultaneoudly made with glass electrodes (612
M measured at 10 Hz in situy, tip diameters of 2.5-3.0 um; see Fig. 1A)
that were filled with a 0.5 M NaCl solution containing 1.5% wt/vol
Neurobiotin (Vector Labs, Peterborough, UK). Extracellular signalsfrom
the 3 electrodes were amplified (10X) through the active bridge circuits
of 2 Axoprobe-1A amplifiers (Axon Instruments, Foster City, CA),
bifurcated, and then differentidly filtered to extract LFPs and unit
activity. The LFPs were recorded after further amplification (100X;
NL106 AC-DC Amp, Digitimer) and low-passfiltering (between d.c. and
150 Hz; NL125 filters, Digitimer). Single units were recorded after
AC-coupling, further amplification (100X ; NL106, Digitimer), and band-
pass filtering (between 0.4 and 4 kHz; NL 125, Digitimer). The monopo-
lar glass electrodes were independently referenced by wires inserted into
the skin at the top of the neck. Three HumBug units (Quest Scientific,
Vancouver, Canada) were used in place of traditiona “notch ” filters to
eliminate mains noise or “hum” a 50 Hz (Brown et a. 2002). Action
potentials were typicaly between 0.3 and 0.8 mV in amplitude and
always exhibited aninitial positive deflection. Recordings of spontaneous
activity typically lasted for 20—40 min.

Activity was recorded, first, during slow-wave activity (SWA), which
accompanies deep anesthesia and is similar to activity observed during
natural deep, and second, during episodes of sensory-evoked “global
activation,” which contain patterns of activity that are more anadogous to
those observed during the awake, behaving state [see review by Steriade
(2000) and references therein]. Sensory stimulation and subsequent
globa activation were elicited by pinching the hindpaw for 15 s with
sarrated forceps that were driven by a standard pneumatic pressure, as
described previoudy (Magill et d. 2000, 2001). The animas did not
exhibit either a marked change in ECG/respiration rates or a hindpaw
withdrawa reflex in response to the pinch.

After the recording sessions, al recording locations were marked
by discrete, extracellular deposits of Neurobiotin [100 nA anodal
current; 1 s (50%) duty cycle for 60 min; Magill et al. 2001, 2004].
After aperiod of 1-2 h for the uptake and transport of the Neurobiotin
by neurons and glia at the recording sites, animals were given aletha
dose of ketamine anesthetic and perfused via the ascending aorta with
100 ml of 0.01 M phosphate-buffered saline at pH 7.4 (PBS), followed
by 300 ml of 0.1% wt/vol glutaraldehyde and 4% wt/vol paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.4, and then by 150 ml of the
same solution without glutaraldehyde. Brains were then postfixed in
the latter solution at 4°C for =12 h before sectioning.

Histochemistry

Standard techniques were used to visualize the Neurobiotin depos-
its (see Magill et al. 2001). Briefly, the fixed brain was cut into 60 um
thick sectionsin the parasagittal plane on avibrating blade microtome
(VT1000S, Leica Microsystems, Milton Keynes, UK). Sections were
washed in PBS and incubated overnight in avidin—biotin peroxidase
complex (ABC Elite; 1:100; Vector) in PBS containing 0.2% vol/vol
Triton X-100 and 1% wt/vol bovine serum abumin (Sigma). After
washing, the sections were incubated in hydrogen peroxide (0.002%
wt/vol;  Sigma) and 3,3'-diaminobenzidine tetrahydrochloride
(0.025% wt/vol; Sigma) in the presence of nickel ammonium sulfate
(0.5% wt/vol; Sigma) dissolved in Tris buffer (0.05 M, pH 8.0) for
15-30 min. Neurobiotin-filled neurons and gliawere intensely |abeled
with an insoluble, black/blue precipitate (Fig. 1, B-D). Finaly, sec-
tions were dehydrated, cleared, and mounted for light microscopy
using standard techniques (Bolam 1992). The precise locations of all
recording sites in the BG were histologically verified. The central and
medial two thirds of the GP, and al regions of STN and SNr were
sampled in this study (Fig. 1E).

Data acquisition and analysis

Locadl field potentials and unit activity were sampled at 400 Hz and 10
kHz, respectively. The ECoG, ECG, and respiration signas were each
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sampled at 400 Hz. All biopotentids were digitized on-line with a PC
running Spike2 acquisition and analysis software (version 4; Cambridge
Electronic Design, Cambridge, UK). Data from the recording session
were first scrutinized for ECG and respiration artifacts. LFP data con-
taminated with ECG artifact were rejected. The occasiond influence of a
respiration artifact (1.5-2.5 Hz; see dso Hu et a. 2002) in the LFPs was
negated by partidization of coherence measures with the respiration
waveform as the “predictor” (see following text). Artifact-free data were
then visually ingpected and epochs of robust cortical dow-wave activity
(see Fig. 2) or globd activation (see Fig. 3) were identified (Magill et al.
2000, 2001). Portions of the concurrently recorded spike trains composed
of 250 spikes were isolated and used for statistica analysis of spontane-
ous unit discharge. The coefficient of variation (CV) of the interspike
intervals, a value used widely as an indicator of regularity in point
processes (Johnson 1996), was cdculated (the lower the CV value, the
more regular the unit activity). Mean firing frequency was caculated
from the reciprocal of the mean interspike interval. Statistical compari-
sons of unpaired data were performed using the Mann-Whitney U test.
Statistical comparisons of paired data (i.e., firing rates or CV's before and
during global activation) were performed using the Wilcoxon signed-rank
test. Multiple gtatistical comparisons of unit discharge in GP, STN, and
SNr were performed using a one-way ANOVA, with a post hoc Bonfer-
roni test or, when not appropriate (in cases of inhomogeneous variance;
Levenetest), using the Kruskal-Wallace H Test, together with a post hoc
Dunn test for further definition (SPSS, Chicago, IL). The criterion for
significance was the 95% level (unless stated otherwise). Data are
expressed as means = SD. Auto- and cross-correlograms of action
potentias (between 250 and 1,200 per neuron) were calculated and
normalized according to standard methods and abin sizeof 1, 5, or 10 ms
(Abeles 1982; Perkd et d. 1967).

The ECoG and LFP;, denoted by subscripts A and B, respectively,
were assumed to be realizations of stationary, zero-mean time series.
Spike trains were assumed to be realizations of stationary, stochastic
point processes and were denoted by subscript C (Perkel et al. 1967).
All the processes were further assumed to satisfy a mixing condition,
whereby sample values widely separated in time were independent
(Brillinger 1981). The principal statistical tool used for the data
analyses was the discrete Fourier transform and parameters derived
from it, al of which were estimated by dividing the records into a
number of disjointed sections of equal duration (exact number of data
points sampled within each section, and the corresponding frequency
resolutions are given in each figure legend). A Hanning window filter
was used for all spectral analyses. Spectra were estimated by averag-
ing across these discrete sections (Halliday et a. 1995). In the
frequency domain, estimates of the power spectra of the ECoG,
fan(A), LFP,, fgg(A), and spike train, fo()), were constructed, along
with estimates of coherence, | Rag(A) |2 and | Rge()) |?, between
ECoG and LFP,, and between LFP, and spike train, respectively.
Coherence isameasure of the degree to which one can linearly predict
change in one signal given a change in another signal (Brillinger
1981; Halliday et al. 1995; Rosenberg et a. 1989). It is without units
and it is bounded from O to 1, with a coherence of O indicating
nonlinearly related signals, and a value of 1 signifying two identical
signals. Because coherence is a measure of the linear association
between two signals, the ECoG/L FP waveforms must be phase-locked
(temporally coupled) and their amplitudes must have a constant ratio
to be coherent at any given frequency. The appropriate coherence
estimates can be interpreted as providing an estimate of the contribu-
tion of ECoG to LFP; activity and vice versa. In the example of ECoG
and LFP,, the coherence is calculated according to

. eP
IR = 7 s

where A denotes the frequency and f,g(A) is the cross spectrum
between A and B. In the time domain, the cumulant density function
Oag(U), with LFP; as the reference signal, was estimated from the
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FIG. 2. Simultaneous recordings of activity
patterns in the cerebral cortex and basal ganglia
during robust slow-wave activity. ECoG was
dominated by alarge-amplitude, slow oscillation
(~1 Hz) and spindle activity (7-12 Hz; one
spindle is indicated by asterisks) during SWA.
Concomitantly recorded LFPs in GP, STN, and
SNr displayed similar oscillatory phenomena,
but with reversed polarities compared with cor-
tical activity (see dashed box for a clear exam-
ple). Note that the LFP in GP did not reflect the
cortical slow oscillation as faithfully asdid LFPs
in STN and SNr (see epoch under white bar for
a clear example of this dissociation of signals).
Neurons in STN exhibited low-frequency oscil-
lationsin firing and thus approximated a bursting
type of activity. Such activity was closely related
to the slow-wave activity in the ECoG and LFPs.
Neurons in GP and SNr discharged at higher
frequencies in a more regular manner, and the
relationships between unit activity and ECoG/
LFPswere not as clear asthat in STN. ECoG and
LFPs were not related to either electrocardio-
gram (ECG) or respiration. Calibration bars for
ECoG apply to al basal ganglia recordings.
Calibration bar for time also applies to ECG and
respiration.

Respiration
02v ]

cross spectrum f g(A) by an inverse Fourier transform. Similarly,
Osc(U), with spike train as reference, was estimated from the cross
spectrum fg(A). Cumulant densities provide a general measure of
statistical dependency between random processes and will assume the
value zero if the processes are independent (Halliday et al. 1995).
They are similar to a cross-correlogram when comparing two zero-
mean time series (e.g., relationship between ECoG and LFPs), or a

. \

ECoG

+

1 mV

GP-LFP WAMMWWMWWWMW

GP-unit

STN-LFP

STN-unit

SNt-LFP WWWMWWM

spike-triggered average when comparing a stochastic point process
with a zero-mean time series (e.g., relationship between unit activity
and corresponding LFP). Local field potentialswere digitally low-pass
filtered at 80 Hz for cumulant density estimates. For ease of interpre-
tation, the y-axes of cumulant density estimates have been scaled in
“correlation strength” (derived from the cross-correlograms between
ECoG and LFPs) or uV (spike-triggered averages between units and

FIG. 3. Simultaneous recordings of activity
patterns in the cerebral cortex and basal ganglia
during global activation. Same recording sites
and neurons asin Fig. 2. Globa activation of the
forebrain after pinch onset (arrow) was exempli-
fied by aloss of slow-wave and spindle oscilla-
tions in the ECoG, and a shift to oscillatory
activity of smaller amplitude and higher fre-
quency. Local field potentials in GP, STN, and
SNrr displayed similar shifts in oscillatory phe-
nomena. During global activation, the pattern of
unit activity in STN switched from low-fre-
quency oscillatory firing to tonic, regular/irreg-
ular firing at a higher frequency (CV of unit
shown was reduced from 1.22 to 0.46; increase
in firing to 180% of firing rate during SWA).
Although the firing patterns of the GP unit and
the SNIr unit did not significantly change during
activation, the firing rates of the neurons signif-
icantly increased (to 156 and 126% of firing
rates during SWA, respectively). Calibration
bars apply to al panels.
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LFPs). Cumulant density estimates of SWA-related activity in basal
ganglia were derived from long records (>5 min).

First-order partial coherence functions were estimated to assess
whether “partialization” with a third process (hereafter referred to as
the “predictor”) accounted for the relationship between two other
processes (Halliday et a. 1995; Rosenberg et al. 1989, 1998). The
partial coherence can be viewed as representing the fraction of
coherence between, for example, ECoG and STN-LFP that is not
shared with athird signal, say GP-LFP. Thus if sharing of the signal
between ECoG, STN-LFP, and GP-LFP were complete, then partial-
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ization of the coherent activity between ECoG and STN-LFP with
GP-LFP as the predictor would lead to zero coherence. It follows that
if the coherent activity between ECoG and STN-LFP were kept
completely separate from GP, partiaization with GP-LFP as the
predictor would have no effect on the coherence between ECoG and
STN-LFP signals. For the present data, we examined the first-order
partial coherence between the ECoG and LFP; after partiaization
with LFP, from another site as the predictor. The partialization of the
coherence between ECoG and LFP; using the LFP,, denoted by
subscript D, as predictor is denoted by | Ragp A) |2 If LFP, contrib-
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utes to coherence between ECoG and LFP;, then the partial coherence
will show a clear reduction in magnitude compared with that of the
ordinary coherence estimate between ECoG and LFP; over the rele-
vant frequencies. Note that the partial coherence function is based on
the assumption of linearity, so that failure in the partial coherence to
decrease compared with the ordinary coherence does not exclude
nonlinear interactions between the different signals. Example appli-
cations of first-order partial coherence functions to problems in
neuroscience are given in Spauschus et a. (1999), Halliday et al.
(1999), Kocsis et a. (1999), and Korzeniewska et al. (2003). Com-
plete details of the analytic framework, including estimation tech-
niques and procedures for the construction of confidence limits, are
given in Rosenberg et a. (1989) and Halliday et al. (1995).
Coherence and partial-coherence analyses were performed on 2
data segments of activity during robust SWA episodes, as identified
by assessing ECoG activity (see above), and one data segment of
pinch-evoked activity per animal. All data segments were 80 s in
length. Single data segments of pinch-evoked activity were derived by
splicing together multiple recordings made during and immediately
after (5 s) 4 hindpaw pinches. The variance of spectral power
estimates was stabilized by logarithmic transformation (Halliday et al.
1995). To compare the coherence between signals, the variance of the
modulus of the coherency (given by the square root of the coherence)
was normalized using a Fisher transform (Rosenberg et a. 1989).
Group analysis of transformed coherence data was performed by
repeated-measures general linear models (GLMs) as described in the
RESULTS. A Greenhouse-Geisser correction for nonsphericity was used
where necessary and significance was set at P < 0.01 to correct for the
multiple GLMs. Post hoc testing was by 2-tailed paired t-test.

RESULTS

Distinct patterns of cortical activity during SWA and
global activation

Cortical activity, as assessed from the ECoG, was the pri-
mary indicator of brain state. Two states were identified:
dow-wave activity (SWA) and “globa activation.” As de-
scribed previously (Magill et a. 2000, 2001), urethane anes-
thesia was accompanied by regularly occurring slow waves of
large amplitude (>450 wV), with a mean frequency of 0.89 =
0.12 Hz (n = 12), in the frontal ECoG (Fig. 2; see inset of Fig.
4A). Higher-frequency (7-12 Hz), smaller-amplitude (<200
rV) spindle activity was often superimposed on the crests of
the slow waves (Fig. 2).
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Sensory stimulation by hindpaw pinch resulted in a marked
loss of the power (i.e., rhythmicity and amplitude) of oscilla-
tory activity in the slow- and spindle-frequency ranges in the
ECoG (Fig. 3), indicative of global activation of the forebrain.
This was paralleled by an increased presence of high-fre-
guency, small-amplitude (<200 wV) oscillations in the B-
(15-30 Hz) and y- (30—60 Hz) frequency ranges (Fig. 3).

Distinct patterns of basal ganglia LFPs during SWA and
global activation

Slow waves in the ECoG were associated with similar slow
oscillations of large amplitude (>400 wV) in the LFPs re-
corded from ipsilateral STN (mean peak frequency of 0.90 +
0.12 Hz; n = 12), GP (0.89 =+ 0.16 Hz), and SNr (0.90 = 0.13
Hz), as shown in Fig. 2 and insets of Fig. 4, A, E, and I.

Cumulant density estimates of ECoG and LFP activities
confirmed that during SWA, the LFP and ECoG activitieswere
correlated (Fig. 4, A, E, and I) and were dominated by a
significant, rhythmic feature with a period of about 1s(i.e.,, ~1
Hz oscillation). The surface-positive active components of the
cortical slow oscillation were phase-locked, at small time lags,
with deflections of negative polarity in al basal ganglia LFPs
(Fig. 4, A, E, and |; also see epoch marked by dashed box in
Fig. 2).

Spindle events in the ECoG were aso reflected by similar
oscillations in basal ganglia LFPs. As with classic cross-
correlograms (Abeles 1982; Perkel et al. 1967), it may be
difficult to resolve correlated activity of more than one fre-
guency within cumulant density estimates. Indeed, large-am-
plitude common elements at low frequencies tend to dominate
(Chdllis and Kitney 1990). To test for any correlation between
ECoG and LFPs at spindle frequencies, the LFP signals were
digitally high-pass filtered at 5 Hz. Under these circumstances,
cumulant density estimates showed significant periodic fea-
tures that repeated at intervals equivalent to a frequency of
7-12 Hz (Fig. 4, B, F, and J). These correlations were stronger
for GP (Fig. 4F) than for STN (Fig. 4B) and SNr (Fig. 4J).
Spindle oscillations in ECoG and basal ganglia LFPs were also
of opposite polarities (Fig. 4, B, F, and J; aso see epoch
marked by asterisks in Fig. 2).

Globa activation was always associated with time-locked
changes in the profiles of LFPs recorded in basal ganglia (Fig.

Fic. 4. Oscillationsin basal ganglia LFPs are temporally coupled to both ECoG activity and single-unit discharge during robust
slow-wave activity. A, E, and |: cumulant density estimates (comparable to cross-correlograms) between the ECoG and the
concomitant LFPsin STN (A), GP (E), and SNr (I). “Reference” signals were LFPs. Significant correlations at about 1 Hz were
clearly evident. Note the small time lag between the ECoG and LFP in each case. Insets: power spectra of ECoG and LFPs both
demonstrated significant peaks (arrows) at similar low frequencies (95% confidence limits were =0.2 log mV?). B, F, and J:
cumulant density estimates between the same LFPs (see A, E, and 1), high-pass filtered at 5 Hz, and the concurrent ECoG. In each
case, high-pass filtering the LFP removed the ~1 Hz activity and revealed a significant periodic feature at spindle frequencies (7—12
Hz), which had a small time lag associated with it. Correlations at these frequencies tended to be greater in GP (F) as compared
with STN (B) and SNr (J). C, G, and K: typical plots of the coherence between ECoG and the LFPsin STN (C), GP (G), and SNr
(K). In each case, a large peak in coherence was seen at slow oscillation frequencies (~1 Hz), although the coherence between
ECoG and GP-LFP was consistently less than the coherence between ECoG and STN-LFP or ECoG and SNr-LFP. Smaller peaks
were present at spindle frequencies. D, H, and L: cumulant density estimates (comparable to spike-triggered averages) between
single unitsin STN (D), GP (H), and SNr (L), and the concurrent LFP (as shown in theinsetsin A, E, and I). “Reference” signals
were unit activity. Significant temporal coupling between STN-unit and STN-LFP was present during slow-wave activity, with the
unit tending to fire near the negative trough of the LFP oscillation (D). Tempora couplings between GP-unit and GP-LFP (H), and
between SNr-unit and SNr-LFP (L), were weaker during slow-wave activity compared with coupling between STN-unit and
STN-LFP, but were still significant. Insets: power spectra of the unit discharges showed a significant low-frequency oscillatory
component (arrow) of unit activity in STN, but not GP or SNr. Datain A-L were taken from the same epoch of slow-wave activity
(306 s of data, block size of 4096 data points, frequency resolution of 0.24 Hz); ECoG, LFPs, and units were simultaneously
recorded. Dashed lines in the coherence spectra, cumulant density estimates, and single-unit power spectra are the 95% confidence

limits.
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3). Indeed, the loss of corticdl SWA and the adoption of
high-frequency, small-amplitude oscillatory activity in ECoG
during sensory stimulation were effectively mirrored by similar
shifts in the activity patterns of STN-LFPs, GP-LFPs, and
SNr-LFPs (Fig. 3). Low-frequency, large-amplitude oscillatory
activity in basal ganglia LFPs resumed only when SWA
reappeared in the ECoG (data not shown).

Coherence between ECoG and basal ganglia LFPs differs
across brain states and frequencies

Spontaneous activity in cortex and basal ganglia was signif-
icantly coherent in the slow-oscillation and spindle-oscillation
frequency ranges during SWA (Fig. 4, C, G, and K; also see
Fig. 5, A—C). Coherence analysis also confirmed that sponta-
neous activity in cortex and basal ganglia was significantly
coherent at high frequencies that broadly encompassed 8- and
v-band oscillations (15-60 Hz) during the activated brain state
(Fig. 6, A—C), mirroring the loss of SWA and the adoption of
high-frequency, small-amplitude activity in ECoG.

A genera linear model (GLM) incorporating basal ganglia
nucleus, frequency band, and brain state as the main effectors
of activity relationships was used to assess differences in
coherence between cortex and basal ganglia. There was no
significant effect for nucleus correlated to ECoG (3 levels:
STN, GP, and SNIr), but there were significant effects for brain
state (2 levels: SWA and global activation) and frequency (2
levels: 0.8—1.5 and 15-60 Hz). In addition, there were signif-
icant interactions between nucleus and frequency, and between
brain state and frequency. There was no second-order interac-
tion between nucleus and state, and no third-order interaction
between nucleus, frequency, and state. Post hoc paired t-test
confirmed that coherence in the 0.8- to 1.5-Hz band was
significantly greater during SWA than during global activation
for STN, GP, and SNr (compare Figs. 5 and 6), which is in
good agreement with differencesin the distribution of power of
oscillatory activity in the two states. The average strength of
coherence between LFPs and ECoG over the 0.8-1.5 Hz
frequency band was greater for both STN and SNr than for GP
(Fig. 5, A-C, insets). Coherence in the 15-60 Hz band was
significantly larger for all BG nuclei during activation than
during SWA (compare Figs. 5 and 6). Furthermore, the mag-
nitude of coherence with cortex over the 15-60 Hz range was
significantly greater for both STN and GP than for SNr (Fig. 6,
A-C).

During robust SWA, there was also significant coherence
between oscillatory activity in cortex and basal ganglia at
frequencies associated with spindling (7-12 Hz; Fig. 5,
A-C). Most of the coherence at spindle frequencies was |ost
during global activation (Fig. 6, A-C). A separate GLM was
used to investigate whether there were any differences in
coherence between ECoG and basal ganglia LFPs at slow-
wave and spindle frequencies. The main factors were nu-
cleus (3 levels: STN, GP, and SNr) and frequency band (2
levels: 0.8-1.5 and 7-12 Hz). Frequency was the only
significant main effect, but there was also an interaction
between nucleus and frequency. Post hoc t-test showed that
coherence with ECoG at spindle frequencies was greater in
GP than in STN or SNr, which both had similar levels (Fig.
5, A-C), in congruence with the cumulant density estimates
of LFP and ECoG activities (Fig. 4). In general agreement
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with previous studies showing that B- and +y-rhythms are
often present during the active components of the cortical
slow oscillation (Steriade 2000), there was low, but statis-
tically significant, coherence between cortex and basal gan-
gliain the 15- to 60-Hz range during SWA (Fig. 5, A-C). In
summary, coherence between cortex and basal ganglia was
relatively frequency-selective. Differencesin spectral power
mirrored differences in coherence (Fig. 4), demonstrating
that changes in coherence were not attributed to modula-
tions in nonlinearly related frequency components (Florian
et a. 1998).

Pattern of coherence between ECoG and basal ganglia
LFPs varies with recording site during SWA

Partial coherence analysis was used to further define the
functional organization of coherent activity between cortex and
basal ganglia nuclei. During robust SWA, partialization of
ECoG-STN coherence with the SNr signal as predictor (Fig.
5G) and partiaization of ECoG-SNr coherence with the STN
signal as predictor (Fig. 5F) markedly attenuated coherence at
slow-wave frequencies (0.8—1.5 Hz), the dominant band of
coherence. In contrast, partiaization of either ECoG-STN
coherence or ECoG-SNr coherence with GP acting as the
predictor led to little change in coherence in this frequency
band (Fig. 5, D and I, respectively).

Partialization of ECoG-GP coherence with either STN (Fig.
5E) or SNr (Fig. 5H) had a paradoxical effect in that coherence
at sow-wave frequencies shifted, with a significant peak ap-
pearing at 2-3 Hz that was not evident in the standard mean
ECoG-GP coherence spectrum (Fig. 5B). This occurs because
ECoG-STN coherence and ECoG-SNr coherence are stronger
than ECoG-GP coherence at slow-wave frequencies (compare
Fig. 5, A—C) and implies that there is little temporal coupling
of this component between STN/SNr and GP. Under these
conditions, removal of the STN/SNr effect by partialization is
equivalent to eliminating a “noise term” from the ECoG-GP
coherence (Lopes da Silva et al. 1980). Removing this noise
term leads to a relative increase of the frequency components
shared by ECoG and GP, which appear at a slightly higher
frequency.

In summary, the partial spectrain Fig. 5, DI suggest that,
during robust SWA, the cortex, STN, and SNr are temporally
coupled at low frequencies in functional 1oops, which together
form an axis of coherence that is largely independent of GP,
which has its own independent activity that is coherent with
cortex. Interestingly, this distinction between the cortex—STN-
SNr and cortex—GP axes was less acute at spindle frequencies
(7-12 Hz), where, for example, partialization of ECoG-SNr
coherence or ECoG-STN coherence with the GP signa re-
duced coherences in this band, despite having little effect on
coherences over the 0.8—1.5 Hz range (see Fig. 5, D and I,

respectively).

Pattern of coherence between ECoG and basal ganglia
LFPs varies with recording site during global activation

During global activation, ECoG-STN coherence and
ECoG-SNr coherence, which were mainly confined to the
15-60 Hz band, were significantly reduced after partial-
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Fic. 5. Coherent oscillatory population activity in cortex and basal ganglia during robust slow-wave activity is largely

confined to frequencies associated with the slow oscillation (~1 Hz) and spindle oscillations (7-12 Hz). A-C: coherence
spectra between ECoG and LFPsin STN (A), GP (B), and SNr (C). In each case, most of the significant coherence in the 0—80
Hz range was contained in major peaks at about 1 Hz and between 7 and 12 Hz, consistent with the ubiquitous presence of
the slow oscillation and spindle activity during SWA. Insets: peaks in coherence at about 1 Hz (black arrow) and at spindle
frequencies (gray arrow) at higher frequency resolution. The peak in the coherence spectrum of ECoG-GP activity at about
1 Hz (B) was significantly smaller than corresponding peaks in the coherence spectra of ECoG-STN and ECoG-SNr activities
(A and C). In contrast, coherence at spindle frequencies was significantly greater between ECoG and GP than between ECoG
and STN or SNr. D-I: partial coherence spectra of oscillatory activity in ECoG and LFPs. Partial coherence analysis revealed
that when the GP-LFP signal was used as the predictor for coherent activity between ECoG and STN-LFP, the clearly defined
peak in coherence at spindle frequencies, but not the peak at about 1 Hz, was lost from the coherence spectrum (D). In
contrast, the use of SNr-LFP as the predictor led to an aimost complete loss of significant coherence between ECoG and
STN-LFP (G). STN-LFP (E) and SNr-LFP (H) signals were not effective predictors of coherence between ECoG and GP-LFP,
as shown by the relatively small changes in the coherence plot after partial coherence analysis. In agreement with findings
in STN and GP, the coherent activity in ECoG and SNr-LFP was much more sensitive to the use of STN-LFP as a predictor
(F) compared with GP-LFP as a predictor (I). Main spectral plotsin A to | are grand averages from the 12 animals that were
computed using data from two 80 s epochs of slow-wave activity per animal (512 data points per FFT block; 0.78 Hz
resolution). Insets in A—C are higher-resolution spectra (1024 data points; 0.39 Hz resolution) derived from the same data.
Dashed lines indicate 95% confidence levels.

ization with the GP-LFP as predictor (Fig. 6, D and I,
respectively). However, the converse was not true; partial-
ization of ECoG-GP coherence with STN or SNr as the
predictors led to only modest changes in coherence at these
high frequencies (Fig. 6, E and H, respectively). Partializa-
tion of ECoG-SNr coherence with STN as predictor, and
partialization of ECoG-STN coherence with SNr as predic-

tor, both led to significant reductions in coherence (Fig. 6, F
and G, respectively). Thus, in marked contrast to coherence
during SWA, the partial spectra in Fig. 6, D—I imply that,
during the activated state, prevalent activity in the cortex—
STN-SNr axis is shared with GP, although, again, some
coherent activity in the loop between cortex and GP was not
shared with either STN or SNr.
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Fic. 6. Coherent oscillatory population activity in cortex and basal ganglia during global activation is largely confined to 3-
(15-30 Hz) and - (30—-60 Hz) range frequencies. A—-C: coherence spectra between ECoG and LFPsin STN (A), GP (B), and SNr
(C). In each case, much of the significant coherence in the 0—80 Hz range was contained in the 8- and y-frequency bands (light
gray boxesin A—C), consistent with the obliteration of slow-wave activity and the increased presence of high-frequency oscillations
during global activation. Note, however, that coherence between ECoG and SNr-LFP (C) at these high frequencies was lower
compared with ECoG-STN coherence and ECoG-GP coherence (A and B). D—I: partial coherence spectra of oscillatory activity in
ECoG and LFPs. Partia coherence analysis revealed that the use of the GP-LFP as a predictor (D), but not the use of SNr-LFP as
the predictor (G), led to an almost complete loss of significant coherence between ECoG and STN-LFP in the 8- and y-frequency
bands. Similarly, the STN-LFP (E), but not the SNr-LFP (H), was an effective predictor of coherent activity between ECoG and
GP-LFP at these high frequencies. Tempora coupling of high-frequency activity in ECoG and SNr-LFP was sensitive to the use
of either STN-LFP (F) or GP-LFP (1) as a predictor of activity. Spectral plotsin Ato | are grand averages from the 12 animals that
were computed using one 80 s data segment of pinch-evoked activity per anima (512 data points per FFT block; 0.78 Hz

resolution). Dashed lines indicate the 95% confidence levels.

Quantitative differences in the organization of coherence
between ECoG and basal ganglia LFPs according to brain
state, frequency, and recording site

Changes in the organization of coherent activity in cortex
and basal ganglia with brain state (2 levels: SWA and global
activation), frequency band (2 levels: 0.8—1.5 and 15-60 Hz),
and partiaization (no partialization and partialization with the
remaining two basal ganglia nuclei) were objectively and
quantitatively assessed by separate GLMs for each basal gan-
glia nucleus. The results are summarized in Table 1. The
GLMs confirmed that al 3 main effects, as well as second- and
third-order interactions, were highly significant for ECOG-STN

coherence and ECoG-SNr coherence. In the case of ECoG-GP
coherence, there was no significant effect of partialization with
STN or SNr signals, either as a main effect or through inter-
action with other factors (although note that the slow-wave
band used tended to exclude some of the coherent activity
between cortex and GP during SWA; see above). The other
main effects and the interaction between brain state and fre-
guency band were significant.

Post hoc t-test verified that partialization of the SWA-related
coherence (0.8—1.5 Hz) between ECoG and STN and between
ECoG and SNr with, respectively, SNr and STN predictors,
significantly reduced coherence in both cases (Fig. 7, Aand C,
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TABLE 1. Repeated-measures general linear model (GLM) of changes in coherence between ECoG and basal ganglia LFPs
STN GP SNr

F [df] P vaue F [df] P vaue F [df] P value
Partialization 49.7[2,20] <0.001 3.9[2,20] (NS) 28.7[2,20] <0.001
State 16.0[1,10] 0.009 25.3[1,10] 0.003 58.6 [1,10] <0.001
Frequency 63.9[1,10] <0.001 15.7 [1,10] 0.009 97.7[1,10] <0.001
Partial X State 41.8[2,20] <0.001 1.4[2,20] (NS) 11.8[2,20] 0.009
Partial X Frequency 34.8[2,20] <0.001 1.4[2,20] (NS) 24.6[2,20] <0.001
State X Frequency 33.4[1,10] <0.001 43.3[1,10] <0.001 47.7[1,10] <0.001
Partial X Frequency X State 32.6[2,20] <0.001 3.2[2,20] (NS) 21.5[2,20] 0.001

Three main effects were considered: partial coherence (3 levels: no partiaization, and partialization with the remaining 2 basal ganglia recording sites), brain
state (2 levels: SWA and global activation) and frequency band (2 levels: slow-wave oscillations [0.8—1.5 Hz] and high-frequency oscillations [15-60 Hz]).
Separate models were run for coherence between cortex and STN, cortex and GP, and between cortex and SNr. Differences were considered significant when

P = 0.01. df, degrees of freedom; NS, not significant.

respectively). In contrast, partiaization with GP as predictor
had no effect on this low-frequency coherence (Fig. 7, A and
C). Furthermore, STN and SNr were not efficient predictors of
ECoG-GP coherence (Fig. 7B), confirming that the coherence
loop between cortex and STN and the loop between cortex and
SNr were functionally related, yet apparently independent of
the coherence loop between cortex and GP. During global
activation, the high-frequency coherence (15-60 Hz) between
ECoG and STN was significantly reduced by partialization
with both SNr and GP predictors (Fig. 7D), whereas the
high-frequency coherence between ECoG and SNr was signif-
icantly reduced by partialization with STN and GP as predic-
tors (Fig. 7F). This adds further weight to the finding that some
of the activity in the cortex—STN-SNr axis is shared with GP
during activation, when coherence is limited to higher frequen-
cies. Under these circumstances, partialization with a GP
predictor reduces ECoG-STN coherence to a greater extent
than partialization with a SNr predictor (Fig. 7D). Moreover,
much of the coherence within the cortex-GP loop remains
independent of temporally coupled activity in STN and SNr
during activation, as indicated by the lack of significant effects
of predictors of ECoG-GP coherence (Fig. 7E). In short, during
activation, coherent activity in the cortex—STN-SNr axis may
be shared with GP, but the bulk of coherence between cortex
and GP remains restricted to this loop. There were no differ-
ences after the use of predictors in the high-frequency bands
during robust SWA or the low-frequency band during global
activation (results not shown).

Changes in the pattern of basal ganglia LFPs with brain
state are associated with alterations in local unit activity

The firing properties of single units in GP, STN, and SNr
during SWA and global activation are summarized in Table 2,
and are similar to those reported by Magill et a. (2001). Unit
activity in STN was closely related to ongoing LFP oscilla-
tions, with discharge primarily occurring near the negative
troughs of the ~1 Hz oscillation in the LFP (Fig. 2). Although
STN neurons predominantly fired during the negative phases of
the slow oscillation in the LFP, discharges also occurred rarely
during positive peaks (Fig. 2). All STN neurons exhibited a
significant low-frequency oscillation in their spike trains (inset
of Fig. 4D). In contrast, GP neurons and SNr neurons exhibited
more regular (tonic) firing patterns during SWA (Fig. 2, insets
of Fig. 4, H and L), as shown by significantly lower CVs, so

that the relationship between single-unit activity and ongoing
LFP oscillations was less marked than that in STN.

Changes in the activity profiles of the ECoG and LFPs after
sensory-evoked global activation were immediately reflected at
the single-cell level by alterationsin the rate and pattern of unit
activity in basal ganglia (compare Figs. 2 and 3). On average,
the firing rate of STN units was significantly increased and the
firing pattern became significantly more regular during global
activation (Table 2). The firing rates of both GP and SNr units
were also significantly increased during global activation; al-
terationsin firing pattern were minor and were evident as small
changes in CVs (Table 2). In agreement with previous studies
(Magill et a. 2000; Ryan et al. 1992), correlations of STN, GP,
and SN unit activities on the low millisecond time scale (<10
ms) were not observed during either SWA or global activation.

Sngle-unit activity and LFPs in the basal ganglia are
correlated during SWA

Changes in LFPs were accompanied by changes in the
discharge pattern of single units. This circumstantial associa-
tion between LFPs and single-unit discharge pattern could be
strengthened by the demonstration of a linear relationship
between these variables. However, with one important excep-
tion, the utility of analyses of the correlation or coherence
between units and L FPs recorded through the same electrodeis
limited by overlaps in the frequency content of the 2 signals,
which may lead to the spurious detection of temporal coupling.
The exception is the low-frequency activity (~1 Hz) evident in
LFPs during SWA. In this case, cumulant density estimates of
single-unit and LFP activities demonstrated an unambiguous
correlation between unit activity and LFPs in STN (Fig. 4D),
and, to a lesser extent, GP and SNr (Fig. 4, H and L). The
relatively weak correlations between units and LFPsin GP and
SNr might have been a persistent feature throughout the record
or may have arisen because of the inclusion of periods of weak
low-frequency oscillations in the spike trains of neurons, as
sometimes seen after supplementary doses of ketamine, which
promotes the emergence of low-frequency oscillatory activity
(Magill et a. 2000). Our analysis cannot distinguish these 2
possibilities, but nevertheless, these results serve to show that,
during SWA, single-unit activity in GP and SNr can be tem-
porally coupled, albeit weakly or episodically, to ongoing LFP
oscillations, whereas single-unit activity in STN remains
strongly coupled to LFP oscillations.
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FIG. 7. Summary of changes in coherent activity in the cortex and basal
gangliain the dow-wave frequency band (0.8—1.5 Hz) during robust SWA (A, B,
C) and in the combined B- and y-frequency bands (15-60 Hz) during global
activation (D, E, F). Bar charts and error bars represent mean Fisher-transformed
coherence values and their SDs, respectively. Asterisks show significant differ-
ences in coherence (post hoc 2-tailed t-test; significant when P = 0.01). A:
sow-wave activity in ECoG was highly coherent with that in STN-LFP, but only
SNr-LFP was an effective predictor of this coherence. B: coherence between
ECoG and GP-LFP a these low frequencies was significantly less prominent
compared with coherence between ECoG and STN-LFP or SNr-LFP. Neither
STN-LFP nor SNr-LFP was a significant predictor of temporal coupling between
ECoG and GP-LFP. C: dow-wave activity in ECoG was highly coherent with that
in SNr-LFP, and only STN-LFP was agood predictor of coherence. D: during the
activated brain state, both GP-LFP and SNr-LFP (although to alesser extent) were
significant predictors of coherence between ECoG and STN-LFP at high frequen-
cies (15-60 Hz). Note different scales in A and D. E: highest coherence in the
15-60 Hz band was between ECoG and GP-LFP. GLM (see Table 1) indicated
that partidization of ECoG-GP coherence with either STN-LFP or SNr-LFP as
predictor led to no significant changes in coherence. F: coherence between ECoG
and SNr-LFP at these high frequencies was significantly less than the coherence
between ECoG and STN-LFP or GP-LFP. Locd field potentids in STN and GP
were both equally effective predictors of coherence between ECoG and SNr-LFP.
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DISCUSSION

The main findings of this study are that coherent oscillations
are present in LFPs recorded in cortico-basal ganglia circuits.
The frequency of coherent oscillations in cortico-basal ganglia
circuits depends on brain state and varies across BG nuclei.

Interpretation of LFP activity in the basal ganglia

The principal aim of the current work was to gain insight
into the nature of functional connectivity between neuronal
populations in cortico-basal ganglia circuits. As such, our
conclusions depend on whether LFPs can be considered to
represent the synchronized activity of local populations of
presynaptic and/or postsynaptic neurona elements. There is
good evidence that the LFP activity recorded in the cortex is
representative of aggregate or synchronous activity in local
neuronal populations (Baker et al. 1997; Creutzfeldt et a.
1966; Donoghue et al. 1998; Frost 1968; Mitzdorf 1985;
Murthy and Fetz 1992, 1996; Steriade 2000). The basal ganglia
do not share the laminar structure seen in the cortex, but
nevertheless there is evidence that LFPs recorded in these
nuclel may al so reflect synchronized popul ation activity (Courte-
manche et al. 2003; Goto and O’Donnell 2001; Levy et al.
2002; Magill et al. 2004). Two aspects of the present results
lend further support to this. First, oscillatory LFPs were clearly
coherent in distant but connected sites, such as STN and cortex,
suggesting that they are at least partly associated with synchro-
nized presynaptic and/or postsynaptic effects. Similar argu-
ments have been made with respect to L FPs recorded in the BG
of humans (Brown et al. 2001; Marsden et al. 2001; Williams
et al. 2002). Second, in SWA, where action potentia-LFP
correlations are unambiguous, unit activity was phase-locked
to the LFP in STN, and to a lesser extent in GP and SNr (also
see Magill et al. 2004).

It is unlikely that LFPs recorded in the BG were contami-
nated by the volume conduction of cortical potentials, which
would lead to inflated measures of the coherence between
cortex and BG, for severa reasons. During SWA, units were
correlated with LFPs, indicating that local currents are timed to
elicit phase-locked variations in the firing of neurons. Coher-
ence varied across frequencies, whereas volume-conducted
potentials should be equally represented at different frequen-
cies. Power and coherence profiles of LFPs varied across
different BG nuclei, and partialization had different and in-
complete effects on coherence, both of which argue against a
common source of contamination. Consistent with the small
temporal offsets of the cumulant density estimatesillustrated in
Fig. 4, we previously showed that the directed transfer function
between cortical and BG activity involves asymmetrical driv-
ing (Sharott et al. 2003), rather than the symmetrical effects
that would be expected from volume-conducted potentials.
Furthermore, using a similar paradigm, we demonstrated that
LFPs evoked in cortex and STN by cortical stimulation are not
closely related (Magill et al. 2004).

Neural basis of coherent oscillatory activity in cortex and
basal ganglia

The ECoGs of anesthetized rats were dominated by a slow
oscillation (~1 Hz) that grouped higher frequency rhythms,
including prominent spindle oscillations, and was similar to
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TABLE 2. Firing properties of single units in basal ganglia during slow-wave activity and global activation
STN GP SNr

SWA Activation SWA Activation SWA Activation
Total number of neurons® 11 11 9 9 11 11
Number of LFO neurons” 11 0 0 0 0 0
Firing rate (Hz) 8437 146 £ 6.1* 219 £ 6.3t 30.1 + 8.0*t 27.0 = 11.1F 37.2 = 13.2*t
Coefficient of variation 128 = 0.34 0.53 = 0.10* 0.25 = 0.05t 0.21 = 0.07t 0.24 = 0.05t 0.23 = 0.067

Values are means = SD. The same neurons were compared in both activity states. Low-frequency oscillatory (LFO) neurons were defined as such when their
firing displayed a significant, low-frequency (<1.5 Hz) oscillatory component. * Significantly different compared to activity of same type of neuron during SWA.
TSignificantly different compared to activity of STN neurons during same brain state.

that previously described in naturally sleeping or anesthetized
rats, cats, and humans (Magill et a. 2000, 2001; Steriade 2000;
Urbain et a. 2000). This slow oscillation is generated by
synchronous and rhythmic depolarizing and hyperpolarizing
events in principal cortical neurons (Steriade 2000; Stern et al.
1997). During SWA, the active components of low-frequency
cortical rhythms were closely associated with the burst-like
discharges and low-frequency oscillations of single STN neu-
rons. It is thus likely that rhythmic and synchronized cortical
input to the STN resulted in periodic depolarization of (and
thus increased discharge of) many STN neurons in unison.
Indeed, the firing of neighboring STN neurons has been shown
to be synchronously phase-locked during SWA (Magill et al.
2000; Ryan et al. 1992). Because LFPs reflect synchronized,
subthreshold postsynaptic currents better than action currents
(Hubbard et al. 1969; Mitzdorf 1985), the prominent negative
deflections in STN-LFPs were probably the result of the
synchronized depolarization of neurons by cortical inputs.
These periodic depolarizations resulted in the phase-locked
discharges of STN neurons. In agreement, distinct LFPs
evoked in the STN by cortical stimulation are phase-locked to,
but are not dependent on, the discharges of neighboring neu-
rons (Magill et al. 2004).

In contrast to observations in STN, unit activity in GP and
SNr was more regular in nature and was less strongly entrained
by concurrent cortical SWA. This is despite the fact that both
sites receive inputs from STN and striatum, neurons of which
often fire in phase with SWA (Goto and O'Donnell 2001;
Magill et a. 2000, 2001; Stern et al. 1997). The trandation of
presynaptic activity into postsynaptic discharge in GP/SNr is
therefore complex and partly nonlinear (Hanson and Jaeger
2002). Accordingly, the LFPs in these structures could either
reflect presynaptic current flows or, more likely, summated
postsynaptic currents that manifest as oscillations in the LFP
but which fail to €licit more than minor fluctuations in firing
rate (Hubbard et al. 1969; Mitzdorf 1985). In support of this, it
has recently been shown that the dendrites of GP neurons
receiving subthreshold inputs are functionally uncoupled from
the somata of the same neurons (Hanson et al. 2004).

Global activation was associated with a reduction in low-
frequency rhythms and increasesin the power and coherence of
high-frequency oscillationsin - and y-frequency rangesin the
ECoG and LFPs. The effects of global activation were similar
to those elicited by the midbrain reticular activating system,
which is known to increase cortical activity and promote
synchronous, high-frequency oscillations (Munk et al. 1996;
Steriade 2000). Thus as with SWA, changes in activity in the
BG may be driven, at least in part, by the cortex, athough

excitatory subcortical afferents may aso contribute to re-
sponses (see Magill et a. 2001). These changes were reflected
in single-unit activity in BG as increases in the mean firing
rates of all neurons and the abolition of low-frequency oscil-
latory firing of STN neurons. However, it proved impossible to
determine unambiguously whether high-frequency LFP activ-
ity was correlated with local unit activity recorded through the
same electrode because of the overlapping frequency bands of
action potential discharge and high-frequency LFP oscillations.
Although unit activity and L FPs both changed on activation,
suggesting a relationship, evidence of strict temporal correla
tions between units was not apparent. A lack of correlations on
the low millisecond time scale (<10 ms) suggests that the
recorded neurons were not monosynaptically connected (Abe-
les 1982). Evidence for correlations on a longer time scae is
often not forthcoming in the absence of a strong sensory input,
a clear behavioral context, or disease. Studies in awake and
anesthetized animals have shown that high-frequency oscilla-
tions can be effete and focal in nature, especialy in sensori-
motor systems (Donoghue et al. 1998; MacKay 1997; Murthy
and Fetz 1992, 1996). Indeed, correlations between units, or
between units and LFPs, are sometimes elusive, perhaps as a
consequence of the rapid recruitment of neuronsto, and release
from, the popul ation oscillation (Donoghue et al. 1998; Murthy
and Fetz 1992, 1996). For these reasons, current statistical
methods may neglect subtle or dynamic correlations.

Organization of coherent oscillatory activity in cortex and
basal ganglia

The topography and preferred frequency of coherent activity
in the cortex and basal ganglia was dynamic, exhibiting a
strong dependency on brain state. It was not possible using our
analyses to ascribe direction to the coherence described here.
The coherence between cortex and BG nuclel is therefore
described in terms of distributed and shared “loops.” Coher-
ence and partial coherence analyses showed that, during SWA,
cortex was temporally coupled to the STN and SNr in highly
coherent loops that formed a single functional axis. Cortex was
also tightly coupled to the GP, but in an axis distinct from that
containing the more strongly coupled STN and SNr. During
global activation, cortex was temporally coupled to the STN,
GP, and, to a lesser extent, the SNr by loops that formed a
single functional axis. In addition, the cortex was closely
coupled to the GP alone in another, functionally distinct axis.

The results are compatible with two major conduits of
cortical influence over the BG. During SWA, the STN and SNr
were temporally coupled at low frequencies to cortex, but not
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to the GP, suggesting that, in accordance with past studies of
unit activity (Magill et al. 2000, 2001), the STN and SNr may
be predominantly driven through the direct cortico-subthalamic
projection during SWA. During global activation, high-fre-
guency oscillatory activities in the STN, SNr, and cortex were
coherent with one another and with activity in the GP, which
raises the possibility that activity of higher frequency may
reach the BG predominantly by the cortico-striatal projection
to the GP. Indeed, this may aso be true of the spindle activity
recorded during SWA, which seemed to be shared between the
cortex, STN, SNr, and GP, in contrast to the activity at around
1 Hz. At first glance, it seems paradoxical that the GABAergic
(presumably inhibitory) projection neurons in the GP could be
involved in the propagation of high-frequency activity. How-
ever, GABAergic neurons can be as important as excitatory
neurons in driving and sculpting population oscillations, both
within the BG and in other regions of the brain (Bevan et al.
2002; Klausherger et a. 2003; Whittington and Traub 2003).
The division of cortico-basal ganglia information flow into
trans-subthalamic and trans-striatal pathways, which thereafter
converge at the level of the output nuclei, has already been
suggested based on single-unit recordings (Fujimoto and Kita
1992, 1993: Kolomiets et a. 2003; Maurice et a. 1999; Nambu
et al. 2000, 2002). It is important to note, however, that the
relationships described here may not hold for al cortical areas.
Indeed, relationships may depend on the relative influences of
trans-striatal and trans-subthalamic pathways, the latter of
which is more restricted in terms of contributing cortical
regions (Smith et al. 1998). With this caveat in mind, the
current data still serve to highlight important new relationships
between the BG and a region of frontal cortex that directly
projects to both striatum and STN (Fujimoto and Kita 1993;
Kolomiets et al. 2003; Magill et a. 2004; Smith et al. 1998).

In summary, the data suggest the existence of two major
pathways underlying cortical influence over the BG. Although
these pathways have partly overlapping spheres of influence,
each favors activities of different frequency. This hypothesis
merits further investigation, particularly through simultaneous
recordings of LFPs in STN and striatum during SWA and
cortical activation. Equally, the role of synchronization in
cortico-basal ganglia circuits in behavior has yet to be firmly
established. Nevertheless, it is of interest that +y-oscillations
have recently been demonstrated in the STN of the dert and
mobile rat (Brown et al. 2002), whereas task-related B-oscil-
lations are known to occur throughout the striatum of awake
monkeys (Courtemanche et al. 2003). Moreover, the frequency
range of coherent activity during global activation is similar to
that of (levodopa-responsive) EEG-STN and EEG-GPi coher-
ence in patients with Parkinson’s disease (Marsden et al. 2001;
Williams et a. 2002).

Implications for information processing in cortico-basal
ganglia circuits

The present data show that the BG oscillate together with the
cortex, and that coherent oscillatory activity in cortico-basal
ganglia circuits is dynamically and complexly organized. As
such, these findings support an extension to classic models of
BG function, which posit that simple changes in the rates of
firing of neurons underlie behavior (Albin et al. 1989; Del.ong
1990; but see Wichmann and DeL ong 1996). The existence of
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complex, brain state—dependent synchronizations of neuronal
ensembles in different frequency bands raises the possibility
that synchronization itself may be mechanistically important in
the organization of BG function, paralleling its putative rolesin
cortex (Engel and Singer 2001; Engel et a. 2001; MacKay
1997; Pesaran et al. 2002). Synchronization at subthreshold
and suprathreshold levels might provide complex “carrier sig-
nals’ used by populations of BG neurons to process, encode,
and disseminate information. In addition, functional coupling
of cortico-basal ganglia circuits through coherent oscillations
may facilitate the binding together of distributed neural assem-
blies during, for example, sensory-motor integration (Cassidy
et al. 2002; Engel and Singer 2001; Engel et al. 2001; MacKay
1997; Pesaran et a. 2002; Roelfsema et al. 1997). It follows
that dysfunctional coupling of appropriate and/or inappropriate
oscillatory population activity may underlie, or at least con-
tribute to, dysfunction in BG diseases. In support of this,
aberrant temporal couplings and abnormal oscillatory activities
have been frequently observed in cortico-basal ganglia circuits
in Parkinson’s disease and its models (Bergman et al. 1998;
Bevan et al. 2002; Boraud et a. 2002; Brown 2003; Levy et .
2000, 2002; Liu et a. 2002; Marsden et al. 2001; Wichmann
and Del.ong 1996; Williams et al. 2002).
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