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Neurobiology of Disease

Subthalamic Nucleus Activity in the Awake
Hemiparkinsonian Rat: Relationships with Motor and
Cognitive Networks
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Oscillatory activity in both beta and gamma ranges has been recorded in the subthalamic nucleus (STN) of Parkinson’s disease (PD)
patients and linked to motor function, with beta activity considered antikinetic, and gamma activity, prokinetic. However, the extent to
which nonmotor networks contribute to this activity is unclear. This study uses hemiparkinsonian rats performing a treadmill walking task
to compare synchronized STN local field potential (LFP) activity with activity in motor cortex (MCx) and medial prefrontal cortex (mPFC), areas
involved in motor and cognitive processes, respectively. Data show increases in STN and MCx 29 -36 Hz LFP spectral power and coherence after
dopamine depletion, which are reduced by apomorphine and levodopa treatments. In contrast, recordings from mPFC 3 weeks after dopamine
depletion failed to show peaks in 29 -36 Hz LFP power. However, mPFC and STN both showed peaks in the 45-55 Hz frequency range in LFP
power and coherence during walking before and 21 days after dopamine depletion. Interestingly, power in this low gamma range was transiently
reduced in both mPFC and STN after dopamine depletion but recovered by day 21. In contrast to the 45-55 Hz activity, the amplitude of the
exaggerated 29 -36 Hz rhythm in the STN was modulated by paw movement. Furthermore, as in PD patients, after dopamine treatment a third
band (high gamma) emerged in the lesioned hemisphere. The results suggest that STN integrates activity from both motor and cognitive

networks in a manner that varies with frequency, behavioral state, and the integrity of the dopamine system.

Key words: beta oscillation; dopamine; gamma oscillations; medial prefrontal cortex; Parkinson’s disease; subthalamic nucleus

Introduction

Structural and functional connectivity studies indicate that the
STN is an important point of integration of both motor and
associative/limbic input into the basal ganglia circuit (Kolomiets
etal., 2001; Tan et al., 2006; Temel et al., 2006; Brunenberg et al.,
2012; Haynes and Haber, 2013). This observation appears partic-
ularly relevant to the emergence of the STN as a target for thera-
peutic treatment of motor symptoms in PD. Deep brain
stimulation (DBS) of the STN, while most effective at reversing
motor symptoms, can also affect nonmotor symptoms in both
positive and negative ways, supporting a role for this nucleus in
integrating both motor and nonmotor input (Biseul et al., 2005;
Castrioto et al., 2014; Fisenstein et al., 2014; Jahanshahi et al.,
2015; Rektor et al., 2015).
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The use of DBS in the treatment of PD has additionally pro-
vided the opportunity to monitor STN activity during electrode
implantation and allowed insight into the changes in network
activity that give rise to parkinsonian symptoms (Levy et al., 2002;
Eusebio and Brown, 2007; Stein and Bar-Gad, 2013; Friston et al.,
2015). LFP recordings show synchronized and oscillatory activity
in the STN that varies in peak frequency and power with drug
treatment and the behavioral state of the patient. Most notably,
excessive beta range (12-30 Hz) synchronization and gamma
(30-300 Hz) oscillations have been reported (Brown et al., 2001,
2003; Foffani et al., 2003; Priori et al., 2004; Alegre et al., 2005;
Alonso-Frech et al., 2006; Lopez-Azcarate et al., 2010; Jenkinson
and Brown, 2011; Florin etal., 2013; Jenkinson et al., 2013). These
observations raise questions about the sources and functional
significance of the different types of oscillatory and synchronized
activity observed in the STN of PD patients. While different fre-
quency ranges have been shown to be associated with different
behavioral states in animal models of PD (Brown et al., 2002;
Sharott et al., 2005; Brazhnik et al., 2014; Delaville et al., 2014),
different frequencies could also reflect activity in different net-
works, such as limbic/cognitive versus motor networks (Fogelson
et al., 2006; Oswal et al., 2013; Brittain and Brown, 2014).

The present study used a well characterized rodent model of
PD, the rat with unilateral 6-hydroxydopamine (6-OHDA)-
induced lesion, and a circular treadmill walking task to compare
the relationships between synchronized oscillatory activity in the
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STN with synchronized activity in the motor cortex (MCx) and
the mPFC. These two cortical areas are both directly and indi-
rectly connected to the STN and known to be involved in motor
and cognitive processes, respectively, across different behavioral
states. The goal was to gain insight into how changes in behavior
state and dopamine receptor stimulation differentially affect the
impact of motor and limbic/cognitive circuits on STN oscillatory
activity. A further goal was to assess how differences in STN-
mPFC LFP coherence versus STN-MCx LFP coherence relate to
changes in spike/LFP phase locking within and between these
regions.

Materials and Methods

All experimental procedures were conducted in accordance with the NTH
Guide for Care and Use of Laboratory Animals and approved by NINDS
Animal Care and Use Committee. Every effort was made to minimize the
number of animals used and their discomfort.

Subjects and behavioral training. Male Long—Evans rats (Charles
River), weighing 280-300 g, were housed with ad libitum access to chow
and water in environmentally controlled conditions with a reversed 12 h
light/dark cycle (lights on at 9:00 h). A week before the surgery, rats were
handled daily and trained to walk on a circular rotating treadmill
equipped with a paddle to encourage continuous walking (Avila et al.,
2010). This task involves both motor (locomotion) and cognitive (atten-
tion) processes.

Surgical procedures. During surgery, a guide cannula was implanted in
the left medial forebrain bundle (MFB) to induce the unilateral lesion of
the nigrostriatal pathway. Additionally, electrodes were implanted in the
MCx, mPFC, and STN for LEP and spikes recordings. Rats were anesthe-
tized with 75 mg/kg ketamine and 0.5 mg/kg medetomidine intraperito-
neally (i.p.), and placed in a stereotaxic frame (David Kopf Instruments)
with heads fixed with atraumatic ear bars. The incision area was shaved
and a long-acting local anesthetic (1% Polocaine solution) was injected
along the intended incision lines. Ophthalmic ointment was applied to
prevent corneal dehydration and lidocaine gel was placed in the ear ca-
nals. A heating pad was used to maintain body temperature at 37°C.
Small supplemental doses of ketamine were administered during the
surgery as needed. As the cannula used to lesion the dopamine cell is 1
mm longer than its guide, standard stereotaxic procedures were used to
place the guide cannula 1 mm dorsal to the MFB: AP: 4.4 mm from the
lambdoid suture, L: 1.4 mm from the sagittal suture, and DV: 7 mm
below the skull surface.

During surgery, holes were drilled in the skull above the target coor-
dinates for the mPFC (AP: 4.0 mm from the bregma, L: 0.6 mm from the
sagittal suture, and DV: 4.0 mm below the skull surface), MCx (AP: 2.0
mm from bregma, L: 2.5 mm from the sagittal suture, and DV: 2.0 mm
below the skull surface), and STN (AP: 5.4 mm from the lambda, L: 2.5
mm from the sagittal suture, and DV: 7.8 mm below the skull surface).
Electrode bundles, each consisting of eight stainless steel 50 wm Teflon-
insulated microwires plus an additional ninth wire with no insulation for
~1 mm on the recording tip, which served as a local reference (NB
Laboratories), were implanted into the target regions and secured to the
skull with screws and dental cement. Bundles had diameters of~350 wm.
Ground wires from each set of electrodes were wrapped around a screw
located above the cerebellum and served as an instrument ground. After
completion of surgeries, 0.15% of ketoprofen in 0.9% NaCl solution was
given subcutaneously, and atipamezole (0.3—0.5 mg/kg, s.c.) was admin-
istered to reverse the effect of medetomidine. During the first week of
postoperative recovery, the rat’s diet was supplemented with fruit and
bacon treats. Rats were retrained at the rotating treadmill walking task
from the fourth postoperative day.

Unilateral lesion of the nigrostriatal pathway. After recovery from the
surgery and recordings in the control state, rats were given a unilateral
intracerebral injection of 6-OHDA to lesion the dopaminergic nigrostri-
atal neurons. The 6-OHDA injection was preceded by administration of
15 mg/kg desipramine (i.p.) to protect norepinephrine neurons. Six mi-
crograms of 6-OHDA-hydrobromide in 3 ul of 0.9% saline with 0.01%
ascorbic acid was infused via the guide cannula using an internal cannula
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into the MFB at a rate of 1 ul/min over 3 min via a syringe pump (Har-
vard Apparatus). The cannula remained at the target site for 3 min after
the completion of the infusion to prevent diffusion of the neurotoxin.
The efficacy of the 6-OHDA injection was assessed behaviorally using the
step test (Olsson et al., 1995). The extent of dopamine cell degeneration
was assessed postmortem using immunohistochemistry for TH (see
below).

Electrophysiological recordings and drug treatments. Extracellular spike
and LFP recordings were performed before the 6-OHDA injection and
12, 21, and 23-35 d following 6-OHDA injection. Data were collected
during epochs of inattentive rest and walking on the rotating circular
treadmill at standard speed rotation of nine rotations per minute. On day
21 after 6-OHDA injection, apomorphine (0.05 mg/kg, s.c.) was injected
just after baseline epochs of treadmill ipsiversive walking and inattentive
rest were recorded. Two epochs of open field activity recorded at least 5
min after apomorphine injection were used for analysis. Twenty to 25
min following this injection of apomorphine, a combination of the D1
antagonist (R(+)-SCH-23390 hydrochloride, 0.3 mg/kg) and the D2
antagonist (S-(—)-eticlopride hydrochloride, 0.2 mg/kg) was injected to
reverse the effects of apomorphine. As this combination of D1 and D2
antagonists induced catalepsy, the rat was manually moved in the cylin-
der to induce an aroused state. Support for the use of this method was
tested in the 6-OHDA-lesioned rat treated with the DA antagonists to
show that investigator-assisted “movement” did induce an increase in
power in the beta range in the dopamine-lesioned hemisphere similar to
the increase observed in the same rats in the absence of dopamine
antagonist-induced catalepsy. Starting on days 23-25 after 6-OHDA in-
jection, rats were injected daily for 7 d with .-DOPA (12 mg/kg +
benserazide, 15 mg/kg, s.c.). Following this L.-DOPA priming, rats re-
ceived a final dose of L.-DOPA, and during peak dyskinesia (t = 85 min
after L-DOPA injection), they received the serotonin 5-HT1A agonist
(8-OH-DPAT; 0.2 mg/kg, s.c.), known to reduce dyskinesia (Carta et al.,
2007), followed by its reversal agent, the 5-HT1A antagonist WAY100635
(0.3 mg/kg, s.c.).

Extracellular spike trains and LFPs were amplified and filtered using
Plexon and Spike2 (Cambridge Electronic Design) systems. Spikes and
LFPs from each electrode were referenced to a ninth wire 1 mm scraped
in the same bundle. Sampling rates were 40 kHz for spikes and 1 kHz for
LFPs (Micro 1401; Cambridge Electronic Design). Action potentials
were amplified (10,000X) and bandpass filtered (0.3—8 kHz). LFPs were
amplified (1000 X ) and bandpass filtered (0.7-150 Hz; Plexon). Discrim-
inated spike and LFP signals were digitized, stored, and analyzed using
Spike2 data acquisition and analysis software (Cambridge Electronic
Design).

Direct observation and videotaped motor behavior were used to iden-
tify a 100 s interval within the treadmill walking epochs and 40-100 s
inattentive rest epochs. Any epochs showing artifacts were excluded.
Furthermore, spindles often contaminated inattentive rest epochs if
the animal tended toward sleep. Such inattentive rest epochs were also
discarded.

Spectral analysis of LFP recordings. Before power and coherence anal-
ysis, LEP signals were smoothed to 500 Hz. LFP power was measured by
FFT with a frequency resolution of 1 Hz. Using a Spike2 script, total power
was calculated for each structure in two different frequency ranges: 29-36 Hz
(high beta) and 45-55 Hz (low gamma). After apomorphine or L-DOPA
injections, a third frequency range was also analyzed: 80—-120 Hz (high
gamma). LFP power from two electrodes per bundle during two ep-
ochs for each behavioral condition was averaged. Data are reported as
mean * SEM. FFT-based spectral coherence was calculated for each
pair of electrodes (MCx-mPFC, STN-MCx, and STN-mPFC) using a
Spike2 script.

The following criteria were applied to identify significant peaks in
power or coherence spectra: (1) a relative maximum must be greater than
the surrounding 8 frequency bins in the high beta range (29-36 Hz), 12
frequency bins in the low gamma range (45-55 Hz), and 16 bins in the
high gamma range (80-120 Hz); (2) the first derivative of the spectrum
must be positive to the left of the peak and negative to the right of the
peak; and (3) the second derivative at the peak must be negative, indicat-
ing a downward concavity. A relative maximum that met all three criteria
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was said to be a significant spectral peak, and the frequency at which that
peak occurred was said to be the peak frequency in that frequency range
(Brazhnik et al., 2012).

The following formula, where L is the length of the window, was used
to construct a lower limit line of coherence significance for analysis of
coherence spectra (Rosenberg et al., 1989):

Coherence significant line = 1 — (p values)"/™ ~ 1),
To visualize spectral power changes over time for the selected epochs,
time-frequency wavelet spectra were constructed using continuous
wavelet transforms. The Morlet wavelet was applied to the LFPs using
128 frequency scales and a time resolution of ~750 ms (Time-Frequency
Toolbox; http://tftb.nongnu.org).

Time-frequency coherence for each pair of electrodes (MCx-mPFC,
STN-MCx, and STN-mPFC) was calculated using FFT-based coherence
over a 10 s (s) sliding window (Chronux: http://chronux.org). The mul-
titaper coherence analysis introduced a bias determined by the following
formula:

B is the bias introduced by the analysis and v represents the degrees of
freedom, equivalent in this case to the number of tapers used. This mul-
titaper calculation used 19 tapers, resulting in a bias of ~0.23. To com-
pensate for this, the smallest coherence values in the plot were adjusted to
0.23 and the largest to 1.23, rather than 0 and 1, respectively (Mitra and
Bokil, 2007).

Changes in coherence and power between control and lesion rats over
specific frequency ranges were assessed within inattentive rest and tread-
mill walking using one-way ANOVA followed by Fisher LSD post hoc
comparisons with the level of significance & = 0.05. In the experiments
with drug treatments, spectral power and coherence were calculated be-
fore and after drug treatments while the rat was walking on the circular
treadmill. The alterations in total LFP spectral power and coherence were
assessed using a one-way ANOVA followed by Student-Newman—Keuls
post hoc test comparisons with the level of significance a = 0.05.

Video scoring analysis. A web camera (Logitech) was mounted next to
the treadmill to provide behavioral data synchronized with the electro-
physiological recordings. A Spike2 script was used to record the moment
when the front paw contralateral to the implanted hemisphere touched
the floor. To synchronize paw movements and electrophysiological re-
cordings, LFPs were smoothed to 500 Hz, and then bandpass filtered to
either 29-36 Hz or 45-55 Hz and rectified.

For a given step sequence, step-triggered waveform averages (step-
TWASs) were calculated during treadmill walking epochs before and 21 d
after dopamine depletion. In addition to step-TWAs generated from the
original step data, shuffled step-TWAs were generated by randomly shuf-
fling the original interstep intervals and calculating another waveform
average with the random step train. This was repeated 50 times and the
resulting step-TWAs were used to obtain a set of 50 peak-to-trough
values that were averaged for comparison to the unshuffled waveform.
Stepping movements were considered to be significantly correlated with
the LFP oscillations when the peak-to-trough amplitude of the un-
shuffled step train STWA was greater than the mean + 3 SDs of the mean
of the shuffled distribution. Comparison of mean step-TWA ratios be-
tween control and lesion conditions was done using a Mann—Whitney ¢
test. Comparison of the percentage of correlated events between control
and lesion condition was done using the y? test. In both cases, the level of
significance was set at p < 0.05.

Cell sorting and spike-triggered waveform analysis. Spike waveforms
from the STN were sorted using principal component analysis in Spike2
software. The trigger level was calculated as three to five times the root
mean square of the whole signal. To assess effective sorting for single
cells, interspike interval (ISI) histograms were generated and inspected to
ensure that sorted cell clusters did not exhibit multi-unit behavior by
firing within the assumed refractory period (1 ms). To determine
changes in firing rate between walk and rest, rates were averaged over two
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epochs for each behavior for a given spike train. A change of >20% was
considered a significant increase or decrease of firing rate.

To assess the temporal relationship between the spiking activity of
individual neurons and LEPs from the same structure or from others,
spike-triggered waveform averages (STWAs) were calculated from re-
cordings obtained during treadmill walking. LFPs were bandpass filtered
to the desired frequency range (29-36 Hz or 45-55 Hz). Peak-to-trough
amplitudes of the STWASs at or around the spike (zero time) were ob-
tained as a measure of phase locking between spike train and dominant
LFP oscillation. As in step-TWA analysis (see above), 10 shuffled STWAs
from the same epochs were created by shuffling the ISIs of each spike
train and used to create 10 normally distributed peak-to-trough values.
Spike trains were considered to be significantly correlated with LFP oscilla-
tions when the peak-to-trough amplitude of the unshuffled spike train
STWA exceeded the mean shuffled peak-to-trough amplitude by 3 SDs.

The extent of phase locking between spikes and LFPs in lesioned and
control rats was assessed using both the percentage of spike trains signif-
icantly correlated to LFP and the mean ratio of unshuffled/shuffled peak-
to-trough amplitudes. Comparisons of STWA ratio between control and
lesion rats were assessed using one-way ANOVA followed by Student-
Newman—Keuls post hoc test comparisons with the level of significance
a = 0.05. Comparisons of the percentage of correlated neurons were
conducted using a x? test at a« = 0.05.

Histology and immunochemistry. After recordings were completed, rats
were deeply anesthetized with urethane (1.6 g/kg, i.p.), and recording
sites were marked by passing a 10 A positive current for 10 s via three
microwires and the reference electrode. Rats were perfused intracardially
with 200 ml cold saline followed by 200 ml 4% paraformaldehyde in PBS.
Brains were postfixed in paraformaldehyde solution overnight and then
immersed in 10% sucrose in PBS (0.1 M, pH 7.4). Coronal sections of 35
pum were collected in PBS. Sections for electrode placement verification
were mounted on glass slides and stained with cresyl violet and 5%
potassium ferricyanide-9% HCI to reveal the iron deposited at the
electrode tips.

To assess the loss of dopaminergic neurons in the substantia nigra pars
reticulata (SNpr) and VTA, a standard immunohistochemical protocol
was used for staining TH in freely floating sections (Avila et al., 2010).
Brain sections were washed three times in PBS (0.01 m, pH 7.4) before
incubation with rabbit polyclonal anti-TH antibody (1:200 dilution; Pel-
Freez Biologicals) for 12-18 h at room temperature, with moderate agi-
tation. Sections were rinsed three times in PBS and incubated with
secondary antibody biotinylated anti-rabbit IgG (1: 200 dilution; Vector
Laboratories). After 1 h of incubation, sections were rinsed three times in
PBS and incubated with avidin-biotin-peroxidase complex (ABC kit;
Vector Laboratories) for 60 min, then rinsed in 50 mm Tris, pH 7.4, and
reacted with 0.05% 3,3’-diaminobenzidine tetrahydrochloride and
0.01% H,O, (DAB kit; Vector Laboratories) for 2—10 min, until intense
staining emerged. Sections were washed in 50 mm Tris then mounted on
slides, dehydrated, and prepared for light microscopy. The extent of
dopamine cell degeneration was assessed by examination and digitiza-
tion of the image under the light microscope obtained with wide-field
optics, allowing simultaneous capture of both lesioned and nonlesioned
hemispheres. The optical density values of TH fibers and neurons in the
SN and the VTA were measured (using Image] software, NIH) in ante-
rior, middle, and posterior sections of the SN in the lesioned hemisphere
and compared with density in homologous regions in the nonlesioned
hemisphere. Selection criteria were determined with a TH density in SN
from the lesioned hemisphere <95% of that in the nonlesioned hemi-
sphere. Average of TH staining depletion in the lesioned side compared
with the unlesioned side was 99.4 = 0.2% in the SN and 80.3 = 3.7% in
the VTA.

Results

LFP activity recorded from STN in dopamine-depleted
hemisphere shares features with LFP activity in MCx and
mPFC

Simultaneous spike and LFP recordings were performed in the
STN, MCx, and mPFC to examine relationships between syn-
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Figure 1.  Effect of dopamine cell lesion on power of the MCx, STN, and mPFC during rest and treadmill walking. A—C, Representative wavelet-based scalograms represent the
time-frequency plots of LFP spectral power in the MCx (), STN (B), and mPFC (€) during inattentive rest and treadmill walking before (Control) and 21 d after dopamine cell lesion
(Lesion). Spectral power was plotted on a logarithmic scale with greater power represented by red colors. D-F, Linear graphs show averaged LFP power spectra (10 — 80 Hz) for walking
epochs from control rats (black, n = 89 rats) and lesioned rats at day 21 post lesion (red, n = 9—11 rats). G-1, Bar graphs represent mean total LFP power during inattentive rest
(stripes) and treadmill walking (solid) in intact (black) and lesioned rats (red) within two frequency ranges: high beta (29 —36 Hz) and low gamma (4555 Hz). J-L, Atlas pictures showing
electrode localization in the MCx (J), STN (K), and mPFC (L); prelimbic cortex (PrL) and infralimbic cortex (IL) are the main structures of the mPFC. M, N, Examples of raw LFP signal (top;
0.7-150 Hz; see Materials and Methods) recorded from the same wire before and 21 d after dopamine depletion during rest and treadmill walking. Bottom, Shows the same LFP signal
bandpass filtered between 29 and 36 Hz for MCx (M) and between 45 and 55 Hz for mPFC (N). Values are reported as mean = SEM; *p << 0.05, **p << 0.01, ***p < 0.001, significant
difference between rest and walk in control or lesion rats; *p < 0.05, #p < 0.01, **p < 0.001 significant difference between control and lesion rats, one-way ANOVA followed by a

fisher LSD test.
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chronized activity in these nuclei before and after unilateral do-
pamine cell lesion (Fig. 1J-L). Data were obtained during two
behavioral states: inattentive rest and walking on a circular tread-
mill in a direction ipsilateral to the lesioned hemisphere. In con-
trol rats, wavelet-based scalograms of LFP recordings from all
three nuclei showed significant spectral peaks in the low gamma
range during treadmill walking that were not present during in-
attentive rest epochs (Fig. 1A-C, M,N). The total LFP power in
the low gamma 45-55 Hz range in all three areas was significantly
greater during treadmill walking than during inattentive rest
(MCx: p <0.001; mPFC and STN: p < 0.01; Fig. 1G-I). However,
the peak frequencies of the low gamma activity differed in the two
cortical regions. In accordance with previous observations (Bra-
zhnik et al., 2012), LFPs recorded from the MCx of control rats
(n = 8) showed a broad and modest, but significant spectral peak
(see Materials and Methods) with a mean peak frequency of
46.5 * 1.5 Hz during treadmill walking (Fig. 1A,D). A more
distinct spectral peak was evident in LFP recordings from both
STN (Fig. 1 B, E) and mPFC (Fig. 1C,F) during treadmill walking,
with a higher mean peak frequency of 51.5 + 0.8 Hz (n = 8) in the
mPFC and 51.8 = 0.9 Hz in the STN (n = 9). Thus, in control
rats, the frequencies of the spectral peaks in the low gamma range
in mPFC and STN LFP during treadmill walking were not signif-
icantly different from each other (p > 0.05) and were signifi-
cantly higher than the peak frequency in the MCx during the
same epochs (p < 0.01).

After dopamine cell lesion, a new and prominent spectral peak
was evident in the STN in the high beta 29-36 Hz range during
treadmill walking, which was not present during inattentive rest
epochs (Fig. 1B,E,H). At 3 weeks post lesion, the mean peak
frequency of this high beta band in the STN was 32.9 = 1.0 Hz
during treadmill walking (p < 0.001; Fig. 1 B,E,H ), and STN LFP
power in the 29-36 Hz range was significantly increased in the
dopamine-lesioned hemisphere relative to controls (Fig. 1H).
Simultaneous recordings from the MCx in the lesioned hemi-
sphere also showed a dramatic increase in the high beta 29-36 Hz
activity with a mean peak frequency of 32.8 * 0.5 Hz during
treadmill walking, which was not present during inattentive rest
epochs (p < 0.001; Fig. 1 A, D,G). These observations are consis-
tent with previous results showing increases in the same fre-
quency range from simultaneous LFP recordings in the MCx and
SNpr in hemiparkinsonian rats during treadmill walking (Brazh-
nik et al., 2012). Importantly, increases in high beta power were
not present in power spectra from LFPs recorded in the mPFC
(Fig. 1C,F,I).

In contrast to the emergence of high beta power following
dopamine cell lesion, 51 Hz low gamma power was temporar-
ily reduced after dopamine cell lesion in the mPFC and STN
(mPFC: p < 0.05, STN: p < 0.01; Fig. 2). However, by 3 weeks
post lesion during treadmill walking, this low gamma activity
had recovered in both STN (n = 8) and mPFC (n = 9; p <
0.001; Fig. 1 H,I) and was not significantly different from that
seen in the STN and mPFC in control rats during treadmill
walking (p > 0.05; Fig. 1 H,I). This temporary decrease and
subsequent recovery suggests a dopaminergic modulation of
this low gamma power and the presence of a compensatory
mechanism facilitating its recovery (Lew and Tseng, 2014).
This 51 Hz low gamma peak was not evident in the MCx before
or after dopamine cell lesion (Fig. 1A, D). Moreover, the mod-
est 45 Hz LFP peak seen in the MCx in the control state was
consistently reduced following dopamine cell lesion, and re-
mained significantly diminished at 3 weeks post lesion (p <
0.01; Fig. 1A,D,G).
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Figure 2.  Time course of STN and mPFC LFP power in the low gamma frequency range
(4555 Hz). Bar graphs represent the mean total LFP power within the 45-55 Hz frequency
range in the mPFC (4; n = 7-8 rats) and the STN (B; n = 8 -9 rats) during treadmill walking
before lesion (black) and 12 d (gray) and 21 d (light gray) after 6-OHDA injection. Values are
reported as mean = SEM, **p << 0.01, one-way ANOVA followed by a fisher LSD test.

Thus, in the MCx, dopamine cell lesion was associated with
the introduction of high beta power during treadmill walking and
a reduction in the 46 Hz low gamma power. In contrast, in the
mPFC, dopamine depletion was not associated with an increase
of the high beta power during treadmill walking but with a tem-
porary decrease and subsequent restoration of 51 Hz low gamma
power at 3 weeks post lesion, to a level comparable to control. In
the STN, three weeks after dopamine cell lesion, both effects were
observed: an increase of the high beta range synchrony during
treadmill walking activity and LFP activity in the 51 Hz low
gamma power comparable to control.

STN LEFP activity is coherent with high beta in MCx and low
gamma activity in mPFC

To gain further insight into the relationships between oscillatory
LFP activity in the MCx, mPFC, and STN, LFP spectral coherence
was measured in the high beta and low gamma ranges between
these regions during inattentive rest and walk epochs in control
rats and in lesioned rats three weeks after dopamine depletion. In
control rats, the increases in oscillatory activity in the low gamma
range in the STN and mPFC during treadmill walking were con-
sistently associated with increases in STN-mPFC LFP coherence
in the same frequency range (Fig. 3B,E,H). As shown in the
representative wavelet-based spectrogram (Fig. 3B), this increase
in coherence had a mean peak of 51.5 * 1.1 Hz (n = 7, p < 0.01;
Fig. 3B,E). In contrast, LFP activity in the low gamma range in
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Figure3. Effect of dopamine cell lesion on coherence between MCx, STN, and mPFC LFP activity during rest and treadmill walking. A-C, Representative FFT-based spectrograms show coherence

between STN and MCx (4), STN and mPFC (B), and between MCx and mPFC (€) during treadmill walking in control rats and 21 d after dopamine cell lesion. D—F, Line graphs show averaged coherence
spectra (10— 80 Hz) during treadmill walking from control rats (black; n = 7—8 rats) and lesioned rats at day 21 post lesion (red; n = 7-8 rats). G-I, Bar graphs represent mean average LFP
coherence between MCxand STN (G), STN and mPFC (H), and between MCx and mPFC (1) during inattentive rest (stripes) and treadmill walking (solid) inintact (black) and 21 d after dopamine cell
lesion (red) within two frequency ranges: high beta (29 —36 Hz) and low gamma (4555 Hz). Values are reported as mean == SEM; *p << 0.05, ***p << 0.001, significant difference between restand
walk in control or lesion rats; **p << 0.001 significant difference between control and lesion rats, one-way ANOVA followed by a fisher LSD test.

the MCx was neither coherent with STN LFP activity (n = 7, p >
0.05; Fig. 3A, D,G) nor with mPFC LFP activity (n = 8, p > 0.05;
Fig. 3C,F,I) during walking or inattentive rest epochs.
Interestingly, three weeks after 6-OHDA injection, increases
in STN-mPFC coherence during treadmill walking were similar
to those observed in the control state and consistent with the
increases in STN and mPFC LFP power in the low gamma range
during treadmill walking, as shown in the representative wavelet-
based spectrogram (Fig. 3B). The mean peak frequency of low
gamma coherence was 51.7 = 1.2 Hz (n = 8, p < 0.01). More-
over, in parallel with the increases in power in the high beta range
in MCx and STN LFP, a dramatic increase in the STN-MCx co-
herence was also observed with a mean peak frequency of 32.9 =
0.9 Hz (n = 7, p < 0.001; Fig. 3A,D,G). Furthermore, after do-
pamine depletion, as in controls, there was no significant coher-
ence between MCx and mPFC LFP activity during walk and
inattentive rest epochs (n = 8; p > 0.05; Fig. 3C,F,I). These
observations show that STN activity is coherent with both mPFC
in the low gamma range and with MCx in the high beta range
during treadmill walking after dopamine cell lesion. The lack of
coherence between the two cortical areas in either frequency
range supports the view that different networks are involved in

mediating the relationships between the STN and the mPFC, on
the one hand, and STN and MCx on the other.

Relationship between motor behavior and STN LFPs

The increases in STN LFP power in both the high beta and low
gamma ranges were clearly evident in epochs of ipsiversive walk-
ing on the circular treadmill and absent in inattentive rest epochs
(Fig. 1). To gain further insight into the relationships between
power in these bands and motor activity on shorter timescales,
the amplitude of the rectified LFP signal was closely examined in
conjunction with the repetitive, ~1.5 s cycle of stepping activity
of the front paw contralateral to the dopamine cell lesion during
treadmill walking. STN LFPs were rectified and bandpass filtered
to either 29-36 Hz or 45-55 Hz. The planting of the front con-
tralateral paw at the end of a step was used as an event to produce
a step-triggered waveform average of the change in STN LFP
amplitude around the step (step-TWA; see Materials and
Methods).

In control rats, no significant amplitude modulation was seen
in the high beta range-filtered STN LFP during the cycle of tread-
mill stepping. Only 1 of 28 walking epochs showed significant
modulation of the 29-36 Hz filtered STN LFP with a mean ratio



6924 - J. Neurosci., April 29, 2015 - 35(17):6918 — 6930

Delaville et al. @ Motor and Cognitive Activity in Rat Subthalamic Nucleus

of unshuffled:shuffled step-TWA peak- A B
to-trough amplitude of 0.77 * 0.06. How- oy Slep — 5. S5
ever, after dopamine depletion there was a ¢ :—— A Lesion § T : i i
significant increase in contralateral step- & 2 6 73 s’ N s LRI W A0 A g mart
tri d l' d d 1 . f a X - 8 % | A s s NI\~ vy
ggered amplitude modulation of beta 7> AT~ ~ T 2> 3 !
range-filtered STN LFP activity (Fig. % E4 I Control wE P W
. . N
4A,C-E), with 40% of the stepping ep- B T 2] 3 = | oo
ochs showing significant amplitude mod- £ & % b ] :
ulation (11 of 28, p < 0.01, x? test; Fig. L& 0 — —— <0 ———————————
4D) and a mean ratio of unshuffled:shuf- 3 - 'O'i_mes Se2'5 L 1.8 =l 'O'i_meo 862'5 LI
fled step-TWA peak-to-trough amplitude imes (sec) Imes (sec)
0f1.42 £0.10mV (p < 0.001, Mann—-Whit- C . D E
ney U test; Fig. 4E). Control Lesion —~ 50 - 3 -
; : . 257 000 I e e 1 3
Unlike high beta range activity, low R T IR T I < 0l *% o
gamma range STN and mPFC LFP activity =~ 15 @ W :::I:‘” T 5 § 2 4
. K . . 1 WL L LT L o 30 - c ki
did not show amplitude modulation in g3, 0 - mg
conjunction with the stepping cycle in > [0 o £ 204 sF
] ! : £E RN NI RTR R ! | © 414
control or dopamine-cell lesion animals 5= 451 HEERREE SN T R o 2
F1.4B.In ee or example, 1n N HEE rrere e g rrerr e e e reere e i ‘6
.g d d,f pl’. ST ’ [} e L LI T [ U L Y O O | O (/J
only 1 of 34 stepping epochs was signifi- 25 Ssec ——— i G- 5 < 0= p—
cantly correlated with the amplitude of its geONIREETIGNL FRWSISh o % = %
respective LFP bandpass filtered at 45-55 8- 8 -
Hz in control and 2 of 34 after dopamine
depletion (data not shown). These results Figure4. Event-related desynchronization between contralateral paw movement and STN LFP filtered between 29 and 36 Hz,

indicate that despite the fact that the low
gamma activity was evident during walk
in both STN and mPFC and was not pres-
ent during rest, there is no direct relation-
ship between elevated low gamma range
synchrony and the motoric aspect of the
stepping process. This is consistent with
the idea that having to continually walk on
the treadmill to avoid contact with a sta-
tionary paddle (Avila et al, 2010) in-
volves, in addition to motor activity, cognitive processes such as
attention, both thought to be associated with low gamma oscilla-
tory activity in the mPFC.

**%p < 0.001, t test.

Effect of acute apomorphine and acute and chronic L-DOPA
treatments on MCx, STN, and mPFC LFP power and
coherence
To explore the relative effects of dopamine receptor stimulation
on changes in LFP activity in the STN, mPFC, and MCx after
dopamine cell lesion, hemiparkinsonian rats were administered
an acute injection of apomorphine (0.5 mg/kg, i.p.) 21 d after
dopamine cell lesion. Significant decreases in the prominent
spectral peaks in high beta power were observed in the MCx (p <
0.05; Fig. 5A—C) and the STN (p < 0.05; Fig. 5G-I) 2—5 min after
apomorphine injection as rats became more active and explored
their environment. Interestingly, power in the low gamma fre-
quency range in both the mPFC and the STN was also reduced
after apomorphine injection (p < 0.05; Fig. 5D-I) relative to
levels seen during treadmill walking.

In the MCx, a striking band of high gamma oscillatory activity in
a significantly higher range (80—120 Hz) appeared between 5 and 10
min after apomorphine injection ( p < 0.05; Fig. 5A—C) parallel to
the emergence of dyskinetic behavior (data not shown). Power in
the 80—120 Hz range in STN showed a significant peak (82 Hz; see
Materials and Methods) after apomorphine treatment, which
was not present before treatment; however, total power over the
80-120 Hz range was not significantly increased (p > 0.05, one-
way ANOVA; Fig. 5G-I). These increases in high gamma range

butnotbetween the 45 and 55 Hz frequency ranges. 4, B, Step-TWAin control (full line) and 21 d after dopamine cell lesion (dashed
line). The step event corresponds to the moment when the contralateral front paw touches the floor. STN LFPs are either filtered
between 29 and 36 Hz (A) or between 45 and 55 Hz (B). C, Examples of filtered STN LFPs between 29 and 36 Hz frequency range in
control (black) and 21 d after dopamine depletion (gray). Vertical dashed line represents the planting of the contralateral front
paw. D, Percentage of significant step trains correlated to the STN LFPs filtered between 29 and 36 Hz frequency range in control
(black; n = 16 step trains from 8 rats) and lesion (gray; n = 16 step trains from 8 rats). E, Average of ratios between unshuffled and
shuffled peak-to-trough step-TWA filtered between 29 and 36 Hz frequency range in control (black) and lesion (gray). A ratio of 1
(horizontal line) indicates no difference between shuffled and unshuffled values. Values are reported as mean == SEM, **p << 0.01,

power were significantly reversed by the injection of a mix of D1
and D2 antagonists (Fig. 5).

Treatment with L-DOPA, whether administered acutely or
chronically, induced effects similar to those induced by apomor-
phine treatment; LFP power in the high beta and low gamma
ranges was reduced and LFP power in the high gamma range
(peak frequency: ~97 Hz) was increased. Indeed, the apomor-
phine and L-DOPA-induced decreases in MCx and STN LFP high
beta power concomitant with the increases in high gamma power
(FTG) were associated with a marked decrease in STN-MCx high
beta coherence (p < 0.001; Fig. 5]). Furthermore, the decreases
in mPFC and STN low gamma power (51 Hz) after apomorphine
injection were also associated with a significant decrease in STN-
mPFC low gamma coherence (p < 0.05; Fig. 5K). These changes in
high beta and low gamma coherence levels induced by apomorphine
or L-DOPA injections were reversed by injection of a mix of D1 and
D2 antagonists (Fig. 5],K) or by the 5-HT1A agonist 8-OH-DPAT
(Fig. 5J,K). Acute injection of apomorphine as well as acute and
chronic treatment of L-DOPA did not significantly change the co-
herence between MCx and mPFC in high beta and low gamma fre-
quency ranges (p > 0.05, one-way ANOVA; Fig. 5L). The
observations of increased high gamma activity are consistent with
previous reports of higher bands of gamma activity in the MCx of
hemiparkinsonian rats in conjunction with L-DOPA-induced dys-
kinesia (Halje et al., 2012) and in STN in PD patients during move-
ment after L-DOPA treatment referred to as finely-tuned gamma
(FTG; Brown et al., 2001; Jenkinson et al., 2013).

Interestingly, although apomorphine treatment did not sig-
nificantly modify the coherence in the high gamma 80-120 Hz
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Figure5. Effects of acute injection of the dopamine agonist apomorphine (0.5 mg/kg) and acute and chronicL-DOPA (12 mg/kg) treatment on MCx, mPFC, and STN power and coherence after
dopamine depletion. 4, D, G, Representative FFT-based scalograms represent the time-frequency plots of LFP spectral power in the MCx (4—C), mPFC (D—F), and STN (G-1) 21 d after dopamine
depletion before any treatment (left); after apomorphine injection (middle); and after a mix of D1 and D2 receptor antagonist (SCH-23390, 0.3 mg/kg, and eticlopride, 0.2 mg/kg) injection (right).
D1and D2 antagonists were injected 25 min after apomorphine to reverse its effect. Since these antagonists induced catalepsy, rats were manually moved to induce the urge to walk (dashed lines).
Spectral power was plotted on a logarithmic scale with greater power represented by red colors. C, F, I, Linear graphs show averaged LFP power spectra (10 —110 Hz) in the (Figure legend continues)
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frequency range between any of the structures, chronic L-DOPA
treatment significantly increased STN-MCx and MCx-mPFC co-
herence in the 80—120 Hz frequency range (p < 0.05; Fig. 5]). As
previously shown (Brazhnik et al., 2012; Delaville et al., 2014),
these L-DOPA-induced changes in coherence were significantly
reversed by the 5-HT1A agonist (Fig. 5/,L), and restored by in-
jection of WAY100635, a 5-HT1A antagonist (data not shown).
Thus, high gamma activity seems to be more synchronized in a
broad area of cortex after chronic L-DOPA treatment compared
with acute dopamine treatment, implying a long-term plasticity
induced by daily injection of L-DOPA.

STN spike-LFP relationships
To further investigate the functional significance of the changes
in LFP synchronization associated with dopamine cell lesion and
treadmill walking, spike trains recorded from the STN in control
rats and 3 weeks after dopamine cell lesion were examined for
changes in firing rate and phase locking to the dominant LFP
rhythms. Spike trains were also examined following drug treat-
ments. The average firing rate of STN neurons did not signifi-
cantly differ in control rats relative to lesioned animals during
treadmill walking (10.37 = 1.5 vs 10.1 * 1.2 Hz, respectively, p >
0.05, Student’s ¢ test; Fig. 6A) or during inattentive rest (10.12 =
2.3 vs 10.1 = 2.3 Hz, respectively, p > 0.05, Student’s t test; Fig.
6A). Additionally, the average firing rate did not differ between
inattentive rest and walking in either the control or lesion groups
(p > 0.05, Student’s t test; Fig. 6A). However, consideration of
individual spike trains revealed that STN cells exhibited changes
in rate not evident when the average rates were considered. In-
deed, in control rats during walking, 43% of all cells exhibited a
significant increase in rate, 36% showed a decrease, and 21%
showed no change, with respect to inattentive rest. Similarly, in
lesioned rats during walking, 58% of the cells showed a significant
increase in rate, 29% showed a decrease, and 13% of the cells did
not differ, with respect to inattentive rest (p > 0.05 compared
with control animals, y? test; Fig. 6B). Therefore, in dopamine
cell-lesioned hemisphere, a greater proportion of STN neurons
showed a significant increase in firing rate during walking, rela-
tive to the control state (p < 0.01, x* test; Fig. 6B).

The degree of phase locking between STN spikes and simulta-
neously recorded 29—-36 Hz high beta LFP oscillations in the STN
was examined. In control rats during walk, 26% of the STN spike

<«

(Figure legend continues.) ~ MCx (C; n = 69 rats), mPFC (F; n = 69 rats), and STN (/; n =
7-9rats) 21 d after dopamine depletion before treatments (left, red), after apomorphine injec-
tion [middle, green, during walking <<10 min after injection, and blue, during dyskinesia (dys),
10-25 min after injection] and after SCH-23390/eticlopride injections during manual move-
ment epochs (right, purple). B, E, H, Bar graphs represent mean total LFP power in the M(x (B;
n = 6-9rats), mPFC (E; n = 6-9 rats), and STN (H; n = 7-9 rats) within three frequency
ranges: high beta (29 —36 Hz), low gamma (4555 Hz), and high gamma (80 —120 Hz). Record-
ings were done 21 d after dopamine depletion before any treatment (red), after apomorphine
injection, <<10 min after injection (green), and >10 min after injection when rats presented a
dyskinetic behavior (blue) and after SCH-23390/eticlopride injections during manual move-
ment (right, purple). J, K, L, Bar graphs represent mean total LFP coherence between STN and
MCx (J; n = 6 -9rats), STN and mPFC (K: n = 6 —9rats), and MCx and mPFC (L; n = 6 —9rats);
after dopamine depletion before treatments (red); after apomorphine injection (dark blue);
after SCH-23390/eticlopride injections during manual movement epochs (purple); after acute
1-DOPA injection (light green); after 7 d of chronic 1-DOPA treatment (light blue); and after
5-HT1A injection (8-OH-DPAT), given 85 min following the last L-DOPA injection. These coher-
ences were analyzed within three frequency ranges: high beta (2936 Hz), low gamma (45-55
Hz), and high gamma (80 —120 Hz). Values are reported as mean == SEM, *p << 0.05, **p <
0.01,***p < 0.001 significant difference from lesion baseline; *p << 0.05, *p < 0.01, signif-
icant difference from previous treatment, one-way ANOVA followed by a Fisher LSD test.

Delaville et al. @ Motor and Cognitive Activity in Rat Subthalamic Nucleus

trains were significantly phase locked to high beta STN LFPs
(13/50 cells; Fig. 6D) with a mean ratio of unshuffled-to-shuffled
STWA peak-to-trough amplitude of 1.78 = 0.18. After 6-OHDA
injection, the degree of STN spike-high beta LFP phase locking
during walking dramatically increased; 48.5% of spike trains were
significantly correlated (33/68, p < 0.01, relative to control, X2
test; Fig. 6D) with a mean STWA shuffled/unshuffled ratio of
4.3 +0.62 (p <0.001, relative to control; Fig. 6D). Notably, acute
apomorphine and chronic L-DOPA treatments each significantly
reduced this ratio to levels comparable to control (p < 0.01 after
apomorphine and p < 0.001 after L-DOPA compared with after
dopamine depletion, p > 0.05 relative to control; Fig. 6D).

In addition, the phase angles between spikes and the high beta
range LFP oscillations were examined for the phase-locked spike
trains. In control as well as lesioned animals, spikes in the major-
ity of STN spike trains were significantly oriented with their own
LFPs, filtered between 29 and 36 Hz, with a preferred angle be-
tween 70 and 105 degrees (p < 0.01 and p < 0.05, respectively,
Rayleigh test; Fig. 6C). This corresponds to the descending seg-
ment of the high beta-filtered STN LFP oscillation (reflecting the
trend toward increasing intraneuronal depolarization). These
distributions were not significantly different between control and
lesion (p > 0.05, Mardia—Watson—Wheeler test).

We also analyzed the extent to which STN spiking activity was
phase locked to high beta LFP activity in the MCx and mPFC. In
control, only 2% of STN cells were significantly correlated to
29-36 Hz MCx LFPs (1/50 cells; Fig. 6E) with a mean ratio of
unshuffled-to-shuffled STWA peak-to-trough amplitude of
1.1 = 0.05. However, after dopamine depletion, we observed a
dramatic increase in the percentage of correlated cells (36% in
lesion vs 2% in control, p < 0.001, X test) as well as in the mean
ratio of unshuffled-to-shuffled STWA peak-to-trough amplitude
(3.3 £ 0.35inlesion vs 1.1 £ 0.05 in control, p < 0.001; Fig. 6E).
Similar to the effects of apomorphine and L-DOPA on STN spike
to STN LFP phase locking, injections of these agents significantly
reduced both the percentage of STN cells phase locked to MCx
LEPs in the high beta range and the mean ratio of unshuffled-to-
shuffled STWA peak-to-trough amplitudes to control levels (p <
0.01 after apomorphine and p < 0.001 after L-DOPA vs dopa-
mine lesion; p > 0.05 vs control; Fig. 6E).

Furthermore, as expected due to the lack of prominent high
beta power in the mPFC, STN spike trains were not significantly
correlated with mPFC LEFPs filtered in the high beta range. In-
deed, the mean ratio of unshuffled-to-shuffled STWA peak-to-
trough amplitudesis 1.2 = 0.05 (p > 0.05, one-way ANOVA; Fig.
6F) with only 4% of the STN cells significantly correlated to the
mPFC LFPs in control (p > 0.05, X5 Fig. 6F). In lesioned ani-
mals, only 13% of the STN cells were significantly correlated to
the high beta mPFC LFPs with a mean ratio of 1.4 = 0.06 (p >
0.05, x> and one-way ANOVA, respectively; Fig. 6F). These data
are consistent with an influence of the robust synchronized high beta
activity from the MCx on the STN via the hyperdirect pathway.

In the low gamma (45-55 Hz) frequency range, phase locking
of STN spikes to their own LFPs was evident in both control and
lesioned rats in 40 and 30% of the neurons recorded, respectively.
Phase locking was similar 21 d post lesion compared with control
(p > 0.05; Fig. 6D). However, STN spike trains were not signifi-
cantly correlated to 45-55 Hz MCx LFPs in either control or
dopamine cell-lesioned rats (p > 0.05; Fig. 6E). The high degree
of phase locking between STN spike trains and high beta MCx
LFP in the lesioned rats contrasts with the lack of significant
phase locking of STN spike trains to mPFC LFP despite STN-
mPFC LFP coherences in the low gamma 45-55 Hz frequency
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Figure 6.  Effect of dopamine cell lesion on STN firing rate and spike-LFP phase locking with STN LFP, MCx LFP, and mPFC LFP filtered in the high beta 29 —36 Hz and the low gamma 45-55 Hz

frequency ranges during rest and treadmill walking. 4, Firing rate of STN in control (black; n = 28 cells from 8 rats) and 21 d after dopamine depletion (gray; n = 32 cells from 9 rats) during rest
(stripes) and treadmill walking (full). B, Percentage of STN cells showing an increase of rate during walk compared with rest (black; control: n = 12 cells; lesion: n = 19), a decrease (gray; control:
n = 10 cells; lesion: n = 9), or no change (white; control: n = 6 cells; lesion: n = 4) in control and 21 d after dopamine depletion. C, Phase plots showing the distributions of phase relationships
between STN spikes and STN LFPs filtered between 29 and 36 Hz for spike trains showing significant phase locking to local LFP in control (n = 13 spike trains from 8 rats) and lesion (n = 33 spike
trains from 9 rats). Spikes were significantly oriented to high beta STN LFP oscillations; Rayleigh test: p << 0.05. Arrows reflect a measure of the strength of concentration of the distribution of the
mean phase values, normalized to the radius of the circular plot. D—F, Top, Percentage of significantly correlated subthalamic spike trains to subthalamic LFPs (D), to MCx LFPs (E), and to mPFCLFPs
(F) within two frequency ranges: high beta (29-36 Hz) and low gamma (45—55 Hz). Bottom, Mean ratios of peak-to-trough amplitude of unshuffled/shuffle STWA of subthalamic spike trains to
subthalamicLFPs (D), to MCx LFPs (E), and to mPFCLFPs (F) within two frequency ranges: high beta (29 —36 Hz) and low gamma (4555 Hz). Two walk epochs were analyzed in control (n = 50 spike
trains, n = 8 rats), lesion (n = 68 spikes trains, n = 9rats), and after apomorphine injection before dyskinesia (n = 64 spike trains, n = 8 rats), and only the epochs corresponding to 60 min after
L-DOPA injection, during dyskinesia, were analyzed (n = 29 spike trains from 5 rats). Values are reported as percentage or mean == SEM, **p << 0.01, ***p << 0.001, significant difference from
control animals, ##p << 0.01, ###p << 0.001, significant difference with lesion animals 21 d after dopamine depletion before treatments; one-way ANOVA followed by a Fisher test.

range (p > 0.05; Fig. 6F). This contrast supports the view that
LFP power is not necessarily a reliable indication of increases in
phase-locked spiking activity. Spiking activity in the STN appears
more strongly entrained to the increased oscillatory activity
within motor circuits after dopamine cell lesion than to oscilla-
tory activity in mPFC during treadmill walking.

networks. This evidence was obtained as the rats performed a
walking task that required maintenance of a steady pace on a
rotating circular treadmill. In the control state, STN exhibited
increases in low gamma (45-55 Hz) LFP power that were coher-
ent with similar increases in the mPFC (mean peak: ~51 Hz)
during walking epochs. This coherent activity was reduced at 12 d

Discussion

The current results show that LFP activity in the rat STN can
exhibit significant coherence with distinct activity in both mPFC
and MCx during a walking task, and highlight the potential for
STN integration of input from both associative/limbic and motor
networks, as well as the ability of dopamine to modulate these

after dopamine cell lesion, but recovered by 3 weeks post lesion to
control levels. In contrast, STN showed increases in LFP power
coherent with increases in the MCx in the high beta range (29-36
Hz) during walking, only after lesion, consistent with previous
observations in MCx and SNpr (Avila et al., 2010; Brazhnik et al.,
2012). The presence of both high beta and low gamma power
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simultaneously expressed in the STN, but with distinctly different
coherence relationships with MCx and mPFC, along with a lack
of any significant LFP coherence between the two cortical sites,
suggests that the two cortical areas are participating in function-
ally distinct networks during the walking task, each with a link to
the STN.

In addition, after chronic L-DOPA treatment and in parallel
with dyskinetic behavior, power in a third frequency range, fo-
cused in a high gamma band (mean peak: ~97 Hz), emerged in
MCx in the dopamine cell-lesioned hemisphere. This activity was
coherent with STN and mPFC LFP and seems a possible rodent
correlate of the FTG evident during movement in the STN of PD
patients in the “ON” state associated with L-DOPA treatment
(Cassidy et al., 2002; Alegre et al., 2005; Alonso-Frech et al., 2006;
Trottenberg et al., 2006; Jenkinson et al., 2013). Collectively, the
presence of these three distinct bands in paired recordings from
the STN-MCx and/or STN-mPFC in the hemiparkinsonian rat
supports the view that frequency may be a useful tool for obtain-
ing insight into the nature of the different networks giving rise to
exaggerated oscillatory activity in the STN of PD patients (Fogel-
son et al., 2006; Oswal et al., 2013; Tan et al., 2013; Brittain and
Brown, 2014).

Analysis of movement-related modulation of LFP amplitude
provided further indication that functionally different networks
are involved in generating the synchronized activity in the high
beta and low gamma ranges in the STN. The stepping rhythm of
the contralateral paw modulated the amplitude of high beta LFP
activity in the STN but not low gamma LFP activity in the STN or
mPFC. These results are consistent with movement-related mod-
ulation of beta range LFP activity in the STN of PD patients
(Cassidy et al., 2002; Priori et al., 2002; Kiihn et al., 2004; Kempf
etal., 2007; Joundi et al., 2012; Florin et al., 2013) and support the
idea that the increase in low gamma in the mPFC and STN is less
related to the motor components than to the cognitive require-
ments of the treadmill walking task (Anzak et al., 2011, 2013).
The ongoing need to continue walking to avoid being bumped by
a stationary barrier placed across the treadmill track may engage
working memory and processes such as attention (Womelsdorf
and Fries, 2007; Baunez and Lardeux, 2011; Benchenane et al.,
2011; Donnelly et al., 2014).

Dopamine receptor-stimulating agents induced additional
changes in mPFC, MCx, and STN LFP activity in the hemipar-
kinsonian rat that appear relevant to observations in the PD
patient. Three weeks post lesion, acute administration of apo-
morphine and chronic L-DOPA treatment each induced de-
creases in low gamma activity in mPFC, as well as high beta
activity in the MCx. High beta MCx-STN coherence was also
decreased by these drugs. These observations are consistent with
decreases in STN LFP power and coherence with EEG motor
cortex recordings induced by L-DOPA in the beta range observed
in PD patients (Cassidy et al., 2002; Williams et al., 2002). They
are also consistent with reports of apomorphine-induced reduc-
tion in low gamma activity in the mPFC of control rats (Berke,
2009).

The decrease in low gamma power during walking associated
with administration of dopaminergic agents in the hemiparkin-
sonian rat may also have been related to the emergence of the high
gamma LFP power band in the MCx in association with L-DOPA-
induced dyskinesia as hypothesized by others (Berke, 2009; van
der Meer and Redish, 2009; van der Meer et al., 2010). Significant
peaks in this high gamma range and significant high gamma co-
herence between MCx and both STN and mPFC were evident
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after chronic L-DOPA treatment. Thus, the high gamma activity
associated with chronic 1-DOPA treatment appears synchro-
nized over a broader area of cortex than the high beta activity
prominent in the basal ganglia after dopamine depletion and the
low gamma activity evident in the mPFC during walking. While
there are reports of high gamma activity (FTG-like) in non-PD
patients (Briicke et al., 2008, 2013; Kempf et al., 2009), this activ-
ity is clearly evident in the PD patients “on” medication, a state in
which it may be enhanced by compensatory changes in the stria-
tum induced by loss of dopamine (Jenkinson et al., 2013). It is
tempting to speculate that L-DOPA-induced increases in stria-
tonigral “direct” pathway activity might lead to a reduction in the
SNpr activity and disinhibition of the thalamocortical input, fa-
cilitating expression of FTG in the MCx in conjunction with
dyskinesia.

The lower frequency gamma, although less commonly re-
ported, was found in STN recordings from PD patients in the “off
state” (Weinberger et al., 2009; Sharott et al., 2014). The rat
model data support the view that these two gamma bands are
distinct phenomena, with the lower frequency correlating with
activity in the mPFC, and the FTG more strongly organized in the
MCx, both modulated by alterations in dopamine receptor stim-
ulation. The fact that the ~50 Hz gamma band is present in
control as well as lesioned rats in the STN and mPFC during
walking (Brown et al., 2002; van der Meer and Redish, 2009; van
der Meer et al., 2010), argues that it is a normal, albeit cognitive,
correlate of movement. On the other hand, the fact that this
activity was reduced at day 12 post lesion in the hemiparkinso-
nian rats, and recovered by 3 weeks post lesion, suggests that both
dopamine cell lesion and subsequent compensatory processes
have impacted its expression (Lew and Tseng, 2014).

With respect to how loss of dopamine affects the information
flow from mPFC and MCx to the STN, it is important to note that
both the MCx and the mPFC project directly to the STN, as part
of the hyperdirect pathway, and also influence STN activity indi-
rectly, for example, through the striatum. While LFP activity
most reliably reflects net input to the neurons surrounding the
recording electrode, it may also be associated with synchronized
spiking, and lead to phase-locked activity. Indeed, in many reports
from parkinsonian patients, STN spiking is significantly phase
locked to the exaggerated STN beta rhythm (Kiithn et al., 2005;
Weinberger et al., 2006; Yang et al., 2014). Here, we have also shown
that STN spikes become significantly phase locked to 29-36 Hz LFP
activity in the STN and MCx in the hemiparkinsonian rat during
walking. This phase locking is consistent with the STN being influ-
enced by synchronized activity in the hyperdirect pathway from
MCx to STN and is dopamine dependent, as apomorphine and
L-DOPA treatments reverse this synchronization.

The coherence between STN-mPFC in the low gamma range
during treadmill walking in control and at 21 d after lesion was
not associated with significant phase locking between STN spike
trains and low gamma mPFC LFP. This may be relevant to the
fact that the low gamma mPFC-STN coherence, albeit significant,
is weaker than the high beta MCx-STN coherence, and to indica-
tions that the high beta activity in the STN is dysfunctional,
whereas the low gamma activity may have a normal role within
the limbic network coordinating responses to phasic events.

In conclusion, STN LFP activity can become synchronized
with, and presumably modulated by, activity in both mPFC and
MCx in a manner that varies with frequency range, behavioral
state, and the integrity of the dopamine system. In hemiparkin-
sonian rats, oscillations of the high beta STN LEP are significantly
modulated in conjunction with the contralateral paw movement
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whereas low gamma STN activity seems to be more related to the
general demands of the motor task. Results support the role of the
STN in integrating activity from motor and cognitive networks
and the utility of the rodent model in examination of LFP activity
power and coherence at different points within these networks in
the context of different behavioral states and alterations in dopa-
mine receptor stimulation.
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