ORIGINAL ARTICLE

Striatal cholinergic receptor activation causes a
rapid, selective, & state-dependent rise in
corticostriatal g activity

Benjamin R. Pittman-Pollettal* |

Allison Quach?* | Alil. Mohammed? |

Michael Romano? | Krishnakanth Kondabolu? | NancyJ.Kopelll | XueHan?

| Michelle M. McCarthy!

1Boston University, Department of
Mathematics & Statistics, Boston, MA
02215

2Boston University, Department of
Biomedical Engineering, Boston, MA 02215

Correspondence

Benjamin R. Pittman-Polletta, Department
of Mathematics and Statistics, Boston
University, Boston, MA, 02215, USA
Email: benpolletta@gmail.com

Funding information

NIH Director’s New Innovator Award
1DP2NS082126; NINDS Grant
1R21NS078660; CRCNS NIH Grant
1RO1NS081716; NSF DMS-1042134.

Cortico-basal ganglia-thalamic (CBT) g oscillations (15-30 Hz) are ele-
vated in Parkinson’s disease and correlated with movement disability.
To date, no experimental paradigm outside of loss of dopamine has been
able to specifically elevate 8 oscillations in the CBT loop. Here, we show
that activation of striatal cholinergic receptors selectively increased g
oscillations in mouse striatum and motor cortex. In individuals showing
simultaneous g increases in both striatum and M1, g partial directed
coherence (PDC) increased from striatum to M1 (but not in the reverse
direction). In individuals that did not show simultaneous g increases, 3
PDC increased from M1 to striatum (but not in the reverse direction),
and M1 was characterized by persistent B-HFO phase-amplitude cou-
pling. Finally, the direction of 8 PDC distinguished between g subbands.
This suggests: (1) striatal cholinergic tone exerts state-dependent and
frequency-selective control over CBT 8 power and coordination; (2) on-
going rhythmic dynamics can determine whether elevated g oscillations
are expressed in striatum and M1; (3) altered striatal cholinergic tone
differentially modulates distinct g subbands.
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INTRODUCTION

The striatal cholinergic system is emerging as a key mediator of parkinsonian motor symptoms. Chronic
loss of dopamine diminishes M4 autoreceptor functioning on striatal cholinergic interneurons (sChls),
which normally function to regulate release of acetylcholine (ACh) [Ding et al. (2006)]. Increased levels of
ACh occur in the striatum of both the 6-OHDA rat model of Parkinson’s disease (PD) as well as after acute
antagonism of dopamine D2 receptors [lkarashi et al. (1997)]. Optogenetic activation of striatal cholinergic
interneurons (SChls) promotes parkinsonian-like motor symptoms in normal mice [Kondabolu et al. (2016)],
whereas silencing SChls improves motor symptoms in dopamine depleted parkinsonian mouse models
[Maurice et al. (2015)]. Furthermore, intra-striatal infusion of cholinergic muscarinic antagonists alleviates
parkinsonian motor symptoms [Ztaou et al. (2016)], and antipsychotic-induced parkinsonism has been
recently attributed to SChl activity [Kharkwal et al. (2016)]. Despite the evidence linking the striatal
cholinergic system and parkinsonian motor deficits, the neuronal dynamics mediating cholinergic-induced
movement disability are unknown. Understanding the neuronal and network mechanisms underlying
cholinergic-induced movement disability would provide a framework for identifying likely targets for
therapeutic interventions.

A common measure of neuronal dynamics, the local field potential (LFP), shows elevated and coor-
dinated oscillations within the extended B frequency range (8-35 Hz) in cortico-basal ganglia-thalamic
(CBT) circuits in PD patients and animal models of PD that correlate with movement disability [Stein and
Bar-Gad (2013); Kuhn et al. (2009, 2008, 2006); Mallet et al. (2008b); Sharott et al. (2005); Mallet et al.
(2008a)]. To date, no experimental paradigm (pharmacologic or optogenetic) outside of loss of dopamine
has been able to elevate oscillations in the CBT loop specifically in the g frequency range. While there is
some suggestion that the striatal cholinergic system can modulate 8 oscillations in CBT circuits, evidence is
lacking for specificity of modulation to the § frequency range. Previous studies optogenetically stimulating
striatal cholinergic interneurons in normal mice elevated oscillatory power at all frequencies greater
than approximately 10 Hz, including both 8 and broadband y oscillations [Kondabolu et al. (2016)]. Prior
studies with carbachol-induced g oscillations in striatum did not address specificity of elevation to the 8
frequency range [McCarthy et al. (2011)]. Additionally, since the recordings were limited to striatum, these
studies could not determine more widespread effects of striatal cholinergic modulation within CBT circuits
[McCarthy et al. (2011)]. To determine whether modulations of striatal cholinergic tone are sufficient to
elevate and coordinate oscillations specific to the g frequency range in normal, non-parkinsonian CBT
circuits, we elevated striatal cholinergic tone with infusions of carbachol while making novel simultaneous
recordings of LFPs from both striatum and M1. We found that acute increases in striatal cholinergic tone
can both selectively increase B oscillations in striatum and M1 as well as increase coordination between
these two regions specifically in the 8 frequency range when beta power is elevated in both regions. We
additionally found two distinct CBT dynamic states: one which promotes increases in cortico-striatal
beta power and coordination, and one that prevents beta elevation and coordination. Interestingly, the
states are distinguished by differences in pre-infusion phase-amplitude coupling (PAC), which persist after
carbachol infusion. Since these changes in oscillatory activity are acute, these findings have the important
implication that the mechanism of exaggerated g oscillations in PD may stem from normal physiological
processes in CBT circuits, rather than from plastic changes due to the chronic loss of dopamine. This
paper presents evidence for the existence of cholinergically-modulated -generating network mechanisms
within the CBT circuits of normal mice as well as evidence that both the power and coordination of 8
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oscillations can be regulated by striatal cholinergic receptors.

METHODS
| Animal Preparations and Recordings

All animal procedures were approved by Boston University’s Institutional Animal Care and Use Committee
(IACUC), and are in compliance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. 12 adult mice, C57B6 wild type (crossed between Emx1IRES-cre and Ai 35 mice, both
obtained from Jackson Laboratories), or Emx-Arch transgenic mice (Jackson Laboratories), both males
and females, were used in this study. Procedures were performed similarly to those previously described
[McCarthy et al. (2011); Kondabolu et al. (2016)].

Stereotactic surgeries were performed under isoflurane general anesthesia. Analgesic buprenorphine
was administered as postoperative care for at least 48 h. Mice were implanted with custom head-plates
that allowed access to both striatum and motor cortex, and recording sites were marked. All recording
and behavioral experiments were performed after the animals recovered from surgery, typically 3-6 d
after the surgery. Upon recovery from surgery, mice were head-fixed and recorded from while awake, with
glass electrodes (Warner instruments; G100F-4) filled with 0.9% saline solution (impedance 1-5 mOhm).
Simultaneous recordings were made unilaterally in the striatum (stereotactic coordinate: AP (anterior
posterior) = 0, ML (medial lateral) = 2.5-3 ML, and DV (dorsal ventral) = 2.0-2.5), and the primary motor
cortex (M1, AP=-2,ML=1, DV=0.7-1). During recording, we also visualized glass electrode penetration
depth and tracked neural activity patterns, and used them to verify electrode placement - in M1 below the
pia, and in striatum beneath the corpus callosum, the latter being identified as an area with little neural
activity. Local field potential was recorded with a multiclamp 700A amplifier (Molecular Devices), digitized
with a Digidata 1440 (Molecular Devices, Inc.) at 20kHz, without additional filtering. Raw data were
analyzed offline, and effectively high-pass filtered via downsampling (at 500 Hz) and low-pass filtered via
detrending (at 0.05 Hz, see below).

The mice were habituated on the head fixed set-up for 2 days before infusions were performed. A
custom cannula was coupled to the striatal recording electrode with the cannula tip positioned 500um
above the electrode tip. Before carbachol infusion, baseline recordings were made for at least 5 minutes
(7.9 £ 2.3 mins, mean + s.d., n = 12 mice). Carbachol (Sigma C4382) was dissolved in saline at a final concen-
tration of 1mM, and infused at 0.2 uL/min for 5mins (total 1 uL). Recording was performed throughout
the infusion period and for at least 12.5 minutes after infusion was started, with the average length of the
recordings following the start of infusion being 24.6 + 14.6 mins (mean + s.d., n = 12 mice). Mice were not
infused with carbachol in any recording sessions prior to those analyzed.

| Data Analysis
| Obtaining Band-Limited Power at Various Frequencies

Power increases observed after carbachol infusion were often bursty rather than continuous. To capture
short-duration changes in spectral power, we calculated spectral measures using wavelets (Fig. 1a). Simul-
taneously recorded LFPs from each session were first detrended using a 20 second moving average, and
then downsampled to 500 Hz sampling rate. They were then convolved with complex Morlet wavelets,
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spaced every 1 Hz between 1 and 200 Hz. The length of each wavelet was frequency dependent, with the
time constant of exponential rolloff of the wavelet spaced linearly between 3 cycles at 1 Hz (for a resulting
wavelet length of 3400 ms using eeglab function dftfilt3) and 21 cycles at 200 Hz (for a resulting wavelet
length of 120 ms using eeglab function dftfilt3). The modulus of this complex signal provided the instanta-
neous amplitude or power for each frequency at each time point; its angle provided the instantaneous
phase for each frequency at each time point. Power within each of 6 frequency bands - § (1-4 Hz), 6 (4-8
Hz), a/low B (8-15 Hz), B (15-30 Hz), y (30-100 Hz), and high-frequency oscillation (HFO, 120-180 Hz) -
were obtained as the square root of the summed squared power across each frequency range, at each time
point.

| Identifying Broadband LFP Deflections

Carbachol infusion often produced large peak-like LFP deflections (“peaks", Fig. 1). These “peaks" had a
broadband signature, with the most energy at lower frequencies, and thus complicated our analysis at
specific frequency bands. To prevent the spectral signatures of these peaks from biasing our analyses,
these “peaks" were first identified and removed before any spectral analysis.

Peak identification (Fig. 1b) was accomplished using one of two methods. For the first method, we first
identified putative peak-like deflections using Matlab’s findpeaks function, which finds local maxima in the
LFP traces that are separated by a minimum time, t,,,;,. This argument ¢,,;, (typically around 1 second)
was determined by visual inspection for each recording to ensure that all possible artifactual peaks were
selected. We then extracted the LFP waveform from ¢,,;,/2 before to ¢t,,;,/2 after the identified putative
peaks, and these waveforms were clustered using Matlab’s kmeans clustering function. The clusters
corresponding to peaks were manually marked for removal. This method was successful in identifying
peak-like deflections that exhibited highly stereotypical waveforms.

In the few cases when the first method failed due to peaks being insufficiently stereotypical, a second
method was used. In this method, real peaks were selected from putative peaks by manually setting
thresholds on “peak prominence", a measure of how large a given peak is relative to the surrounding
waveform. Specifically, prominence was calculated by integrating the difference between the height of the
putative peak and the value of the local LFP waveform from t,;,/2 before to t,,,;,/2 after the time of the
putative peak. To determine putative peaks, the function findpeaks was used as above, unless peak-like
artifacts occurred close to other local maxima in the LFP. In these cases, we noticed that peaks exhibited
a particular spectral signature (i.e., their occurrence was accompanied by increases in band power in a
specific band, usually & or 8). Thus, in these cases, we used band-limited power in conjunction with the
LFP to identify putative peaks as follows. First, the function findpeaks was used to find maxima in the
appropriate band power time series (with the relevant band determined by visual inspection) separated by
atime t,,;,. Second, putative peaks were identified as the local LFP maxima located no further in time than
tjitter from these maximain band power. The time t;;;;¢, was again determined by visual inspection, and
was always smaller than the time ¢,,;,/2 (typically on the order of 10 ms).

| Eliminating Effects of Broadband LFP Deflections

After peaks were identified, the spectral parameters possibly affected by these peaks were excluded
from both wavelet transforms and band power time series for all subsequent analyses, as follows. The
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number of data points removed from each time series was proportional to the inverse of the frequency
represented by the time series, as seen in Figure 1c. Our intention, for each wavelet component and for
each peak, was to identify data points at which the magnitude of the Morlet wavelet centered at the peak
was greater than 10% of the maximum magnitude of the Morlet wavelet. For example, this would remove
all timepoints within 1025 ms of a peak in the 1 Hz time series, all timepoints within 527 ms of a peak in
the 2 Hz time series, and all timepoints within 35 ms of a peak in the 200 Hz time series. To implement
this, a zero-one vector of peak timepoints (containing ones at each peak and zeros otherwise, so each
peak is represented by a one) was convolved with the absolute values of the Morlet wavelets used for
spectral analysis described above. The resulting time series were divided by their maxima, and time points
at which these normalized time series were greater than 0.1 were set to NaN in all wavelet transforms.
The results of these convolutions were also summed over the 6 frequency bands given above; these time
series were divided by their maxima, and time points at which the normalized time series were greater
than 0.1 were set to NaN in the band power time series. This method successfully removed most of the
spectral contamination resulting from peak-like deflections in the LFP.

| Duration of Increases in Band-Limited Power

To determine the duration of increases in band power following carbachol infusion, we compared power
within sliding 5 min windows (of 300 observations) to power during the pre-infusion baseline period, with
one-sided unpaired t-tests at significance level p=0.05. These sliding windows were shifted with a step size
of 30 s. Each timepoint was considered to be a timepoint at which g was increased, if it belonged to one
sliding window in which power significantly increased from baseline.

| ldentification of Snapshots of Oscillatory Dynamics Before and After Carbachol Infusion

The duration of recordings following infusion was longer than the duration of recordings before infusion,
possibly biasing our calculation of increases in band-limited power (above). To account for the different
duration of recordings pre- and post-infusion, we restricted our analysis of post-infusion recordings
to the ten minutes surrounding the average of the midpoint of 8 increases in our previously recorded
carbachol infusion data [McCarthy et al. (2011)]. This midpoint was 12 minutes, and so we analyzed only
the recordings that took place 7 to 17 minutes post-infusion. Thus, the length of the analyzed pre- and
post-infusion recordings was similar (7.9 + 2.3 minutes pre-infusion and 10 minutes post-infusion).

Within this time period, the marked increases in 8 power visible in wavelet spectrograms (Fig. 2A)
occurred at variable times, and could be preceded by decreases in 8 power [McCarthy et al. (2011)].
To account for this variability across animals, we compared “snapshots" of oscillatory dynamics - short
periods characteristic of carbachol-induced increases in power at each frequency band - with periods of
the same length, selected in the same way, from pre-infusion recordings. Since carbachol infusion induced
power increases happened on a slow time scale of minutes, we used a 2.5 min long sliding window (with
steps of 1 second) to identify candidate snapshots of increased oscillatory activity in the striatum. The
criterion we used to select snapshots was a measure called “band power density" (BPD), designed to
capture the burstiness of post-carbachol power increases, i.e. to indicate periods of especially dense but
not continuous oscillatory activity.

To calculate BPD, we first identified putative timepoints of “high power" in each of the 6 frequency
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bands - 6 (1-4 Hz), 6 (5-8 Hz), a/low B (9-14 Hz), 8 (15-30 Hz), y (40-100 Hz), and high-frequency
oscillation (HFO, 120-180 Hz) -, as timepoints when the z-scored band power at that frequency was higher
than 2 standard deviations from the mean over the pre-infusion period. To further eliminate contamination
from peaks or smaller LFP deflections that were not removed by the peak detection algorithm described
above, we eliminated putative high power timepoints occurring simultaneously with putative high power
timepoints in any lower frequency band. The resulting high power timepoints were used to calculate BPD,
as the number of high power timepoints per second.

Sliding windows were used to identify the 2.5 min period during which striatal BPD achieved the
maximum over the time window between 7 and 17 minutes post-infusion. We used the same method
to identify the 2.5 minutes of maximal striatal BPD over the entire pre-infusion period. Subsequent
comparisons are made between the identified 2.5 minute snapshots before and after infusion.

| Statistical Comparisons of Pre- and Post-Infusion Power

To avoid fluctuations in lower frequency power from dominating our results (a possibility due to the
power-law spectral signature of LFP data), and to allow comparisons between mice, we normalized each
wavelet magnitude time series to the mean wavelet magnitude at that frequency during the pre-infusion
period. Specifically, we normalized the wavelet magnitude time series as the percent change from mean
pre-infusion wavelet magnitude.

Since wavelet transforms are computed using a convolution that essentially “slides" the wavelet time
series along the LFP time series, the resulting estimates of power are not independent (i.e., adjacent time
points influence each other, with adjacency determined by the length (in cycles) and the frequency of each
wavelet - 1700 ms at 1 Hz, 850 ms at 2 Hz, and 60 ms at 200 Hz). To reduce the temporal correlation
of the estimates of percent change in power, we divided the 2.5 minute periods analyzed into 150 non-
overlapping 1 second long windows. One observation of normalized spectral power was calculated from
each window by averaging the percent change in wavelet magnitude over that 1 second.

To determine statistical differences on individual animal level, we used the resulting 150 observations
during the two periods, pre and post-infusion, by calculating paired t-tests between the two sets of 150
observations at each frequency. A t-test having a p-value below p = 0.01 for a frequency within the g band
(15-30 Hz) indicated a significant change in 8 power pre- to post-infusion.

For population statistics across mice, average normalized spectral power over the pre- and post-
infusion periods was calculated first for each mouse, and then the mean and standard error of normalized
power were calculated across mice. We used a significance level of p = 0.05. Mean and 90% confidence
intervals of normalized spectral power are plotted for the identified pre- and post-infusion periods, and
paired one-sided t-tests across periods at each frequency were used to indicate a significant increase in
power pre- to post-infusion, at level p = 0.05.

| Phase-Locking Between M1 and Striatum

To examine phase-locking between M1 and striatum, we computed the magnitude of the mean resul-
tant vector (MRYV) of instantaneous phase differences (striatum - M1) for each frequency, for each sec-
ond, within the identified 2.5 minute analysis window when striatal 8 BPD was highest, during pre- and
post-infusion. First, the instantaneous phase of the wavelet transform in M1 was subtracted from the
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instantaneous phase of the wavelet transform in striatum, at each frequency and time. The circular mean
phase difference at each frequency was then calculated for each second. The magnitude of the MRV
provides a measure of the degree of phase consistency or phase-locking between the two recording sites
at a particular frequency (phase-locking value, or PLV). As with spectral power, PLV was first normalized as
a percentage of baseline (i.e. mean pre-infusion) PLV to allow comparisons across mice.

150 PLV values per period were used to compute differences on an individual level, by computing
paired t-tests between periods for a set of 150 observations (pre- and post-infusion) per frequency. Group
averaged PLV was then computed first for each mouse (across these 150 observations, and then averaged
across mice (n = 12 mice). Paired one-sided t-tests (at significance level p = .05) across periods were used
to detect increases in normalized PLV using these 12 observations at each frequency, and are displayed in
Fig. S2 alongside the group average and 90% confidence intervals.

| Cross-Spectral Power and Partial Directed Coherence

To fit the autoregressive model required for the calculation of cross-spectral power and partial directed
coherence (PDC), it was necessary to remove peak artifacts in a way preserving the continuity of the signal
in the time domain (Fig. 1d). Thus, instead of removing timepoints around peak artifacts from the spectral
data in a frequency dependent way, we removed peak artifacts from the time series, by subtracting a
suitably scaled average peak waveform from each peak, as follows. First, the set of peak artifacts for each
animal was clustered into subsets. Then, a scaled version of the mean peak waveform of each subset was
removed from each peak within that subset. Scaling was accomplished by projected the time series around
the peak onto the mean peak waveform. The resulting mean peak waveform was windowed and linearly
offset, to ensure that the endpoints of the peak-subtracted data matched the endpoints of the raw data,
and no discontinuities were introduced by the subtraction.

Following time-domain subtraction of peak artifacts, the pre-infusion baseline periods and the 2.5
min time series during the periods of highest BPD before and after carbachol infusion were divided
into 10 s epochs. For each animal, each of these epochs was fit with an autoregressive model, using
the MVGC Multivariate Granger Causality Toolbox [Barnett and Seth (2014)]. These autoregressive
models were transformed into frequency-domain cross-spectral and PDC values, also using the MVGC
Toolbox. The absolute values of cross-spectral and PDC measures during the 2.5 minutes of highest
BPD were normalized by the mean values of these measures during the baseline period for each animal.
Normalizations were calculated as the percent change from the baseline mean. At each frequency and for
each period (pre- and post-infusion), fifteen normalized values of cross-spectral power and PDC resulted
from the 10 s epochs obtained from the period of highest BPD. These 15 values were compared between
pre- and post-infusion periods to obtain significant individual-level changes in cross-spectral power and
PDC, at significance level p = 0.01. The 12 sets of averaged normalized values (one from each animal) at
each frequency pre- and post-infusion were compared with paired t-tests at significance level p = 0.05
to obtain group-level changes. The group-level difference between post- and pre-infusion cross-spectral
power and PDC is plotted in Figure S2.
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| Phase-Amplitude Coupling

For the calculation of phase-amplitude coupling, we removed peak artifacts in the same way as described
above for the fitting of autoregressive models (Fig. 1d), and divided pre- and post-infusion periods of
highest BPD into 10 s epochs. PAC comodulograms were computed for each epoch, 10 s as follows. For
each pair of high-frequency amplitude and low-frequency phase time series (obtained using the wavelet
transform as described above), an inverse entropy index [Pittman-Polletta et al. (2014)] was computed.
First, a phase-amplitude “distribution" was constructed by: (i) dividing the phase domain (0, 2x] into 20
evenly-spaced bins; (ii) averaging the high-frequency amplitudes co-occuring with phases lying in each
bin; and (iii) dividing by the sum across bins of these average amplitudes, to yield an empirical marginal
distribution of high-frequency amplitude by low-frequency phase. Next, the entropy of this distribution of
amplitude by phase - a measure of uniformity across phase - was computed, and normalized to yield a
quantity between zero and one. The resulting inverse entropy measure (IE) quantifies the degree of phase-
amplitude dependence. An IE of zero indicates no phase-amplitude dependence (a uniform distribution
of phase with respect to amplitude). An IE of one is obtained when all the amplitude occurs in a single
phase bin. In general, higher IE is awarded to distributions exhibiting a stronger dependence of phase on
amplitude, including distributions exhibiting multiple peaks.

For a finite data series, measurements of cross-frequency coupling will always take finite nonzero
values, even when no couplingis present in the data. These nonzero values depend in part on the bandwidth,
center frequency, and other properties of the observed signals. To remove these non-coupling-related
influences, we used surrogate data to estimate “background" values of PAC. These background PAC values
were estimated using epoch-shuffled surrogate data: for each channel and each 2.5 min snapshot, all
non-simultaneous pairings of 10 s epochs were used to compute non-simultaneous sets of high- and
low-frequency time series. These non-simultaneous time series were used to calculate a distribution of
surrogate IE values. This distribution was used to z-score the observed IE for each epoch (at each pair of
frequencies), yielding a “normalized" measure of significant coupling.

| Statistical Comparisons of Subgroups S+ and S-

When comparing within and across subgroups S+ (n=5) and S- (n=7), we performed t-tests of the average
normalized values of each measure (per subgroup and per period) at each frequency. We used a significance
level of p = 0.05. Mean and 90% confidence intervals of normalized spectral power are plotted for the
identified pre- and post-infusion periods, and paired one-sided t-tests across periods at each frequency
were used to indicate a significant increase in power pre- to post-infusion, at level p = 0.05. For comparisons
of PAC between subgroups, the median PAC across epochs was computed for each animal, and the 12
resulting sets of averaged z-scored values (one from each animal) at each frequency pair were compared
between subgroups S+ and S-, with ranksum tests at significance level p = 0.05 (since PAC measures are
not approximately normal, even after z-scoring).

RESULTS

To determine how activation of striatal cholinergic receptors affects oscillations in both striatum and the
larger CBT loop, we simultaneously recorded LFPs from striatum and M1 while infusing carbachol into the
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striatum of normal mice (Fig. 2a). In the striatum, carbachol infusion induced frequent bursts of strongly
elevated g oscillations, with each burst lasting for hundreds of milliseconds to seconds (Fig. 2a). Consistent
with our previous study [McCarthy et al. (2011)], such bursting was never observed before carbachol
infusion.

| Carbachol Infusion Selectively Increases Striatal and M1 3 Power

Carbachol infusion generated long-lasting increases in oscillatory power, with increases in 8 power last-
ing longer than increases in power at other frequencies. To quantify periods of increased band power,
we compared 5-minute sliding windows of power to all power pre-infusion (“baseline power") within 7
different frequency bands, 6 (1-4 Hz), 6 (4-8 Hz), a/low B (8-15 Hz), 8 (15-30 Hz), y (30-100 Hz), and
high-frequency oscillation (HFO, 120-180 Hz) (Fig. S1). The average duration of increased power was
largest for the 8 band. 8 power increased over at least one 5 minute period in 10 out of 12 animals, with
periods of elevated striatal 8 power lasting 17.06 + 5.70 minutes (mean + s.d.). These periods began 0.57
+ 1.01 minutes (mean + s.d.) after infusion. Furthermore, in 4 of these animals, 8 remained increased
at the end of the recording, 20 minutes post-infusion. In three long recordings (lasting > 40 minutes
post-infusion), the increase in striatal 8 power lasted 21.15 + 7.29 minutes. While 8 increases were longer
than increases in other frequencies, this difference was not statistically significant. Increases at multiple
frequencies may in part be due to longer observation times post-infusion.

To eliminate the effect of longer observation times post-infusion, we examined oscillatory dynamics
during the ten minute interval around the time of peak g increase in our previous results, namely from 7
to 17 minutes. To account for the variable times of expression of carbachol-induced increases in power
across animals, we examined 2.5-minute “snapshots" of the oscillatory dynamics during both pre- and
post-infusion periods, in each band. More specifically, we compared periods of peak “band power density"
(BPD) pre- and post-carbachol. BPD (the percentage of time when oscillatory power within a specific
frequency band is significantly higher than baseline, see Methods and Fig. S2) is a measure that quantifies
one of the most salient characteristics of observed increases in band power - namely, an increase in the
percentage of time that the band power is higher than “normal" (Fig. 2 & 3 a).

During the period of highest striatal 8 BPD 7 to 17 minutes post-carbachol, spectral power in striatum
and motor cortex increased selectively at high B frequencies (Figs. 2 & 3 b, row 4) at the group level.
(At the individual level, striatal 8 power increased in 8 animals, and M1 8 power increased in 6 animals.)
Carbachol induced no other group-level changes in spectral power during this period (Figs. 2 & 3 b, row
4). Carbachol also failed to induce increases in spectral power at any frequency during periods of highest
BPD for non-g bands (Fig. 2 & 3 b). Interestingly, all periods of highest non-8 BPD had distinct, though
statistically non-significant, power peaks in the g frequency range. These results extend previous findings
[McCarthy et al. (2011)] by showing that carbachol selectively increases B oscillations in the striatum and
inM1.

| Increased Striatum—M1PDC Accompanies Simultaneous Carbachol-Induced 3 Increases

In PD, elevation of B power is accompanied by changes in 8 phase coordination within the CBT loop [Stein
and Bar-Gad (2013); Cagnan et al. (2015)]. To further explore whether carbachol-induced g increases
were accompanied by changes in 8 coordination, we honed in on the subset of animals (n=5) showing
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simultaneous increases in 8 power in both M1 and striatum (subgroup S+). In this subgroup, both striatal
and M1 B power were elevated in the frequency ranges 23-30 Hz and 23-31 Hz, respectively, at the
subgroup level (Fig. 4).

The data from subgroup S+ show that when activation of striatal cholinergic receptors elevates 8
oscillations in both striatum and M1, it also increases 8 coordination in corticostriatal circuits. The
phase locking value (PLV) between simultaneously recorded LFPs in striatum and M1 was robustly and
selectively increased (during periods of highest striatal 8 BPD) in the higher g frequency range (21-27
Hz) in S+ (Fig. 4). We also examined the cross spectrum between M1 and striatum (another measure of
rhythmic coordination) and found an increase at 26 Hz in S+ (Fig. 4).

To characterize the directionality of elevations in 8 coordination in S+, we measured partial directed
coherence (PDC) between striatal and M1 LFPs during the period of highest striatal BPD. PDC is a measure
of how (frequency-specific) fluctuations in one time series predict (frequency-specific) fluctuations in
another time series, indicating the flow of information within a given frequency band between structures
[Barnett and Seth (2014)]. In subgroup S+, PDC analyses revealed that carbachol infusion increased the
influence of the striatum on M1 in the 8 frequency range from approximately 20-32 Hz, and also the
influence of striatal y (93-104 & 111-123 Hz) band activity on M1 (Fig. 4). In contrast, PDC from M1 to
striatum did not increase almost at all in S+, except an increase at 180-181 Hz (Fig. 4).

| S-was Distinguished by Increased M1—Striatum PDC and 3-HFO Phase-Amplitude Cou-
pling

We next sought to determine the possible causes of the lack of simultaneous increases in 8 power in the
remaining 7 individuals (subgroup S-). Within this subgroup, no increases in 8 power or 8 coordination
were observed at the subgroup level. However, increases in M1—striatum g PDC were observed (from
12-15 and 28-32 Hz), while g PDC from striatum to M1 did not increase. Additional increases in PDC
were observed in both directions in the y band in S- (Fig. 4).

To test whether these animals might be asleep, we compared the 6/6 ratio (a measure increased during
deep sleep) during the baseline period between subgroups, finding no difference (Fig. S2). In a further
search for markers of differences in dynamic states between the two subgroups, we examined cross-
frequency coupling. Cross-frequency coupling between brain rhythms within the CBT loop is implicated
in the function (and dysfunction) of the motor system, and changes in cross-frequency coupling may
characterize behaviorally relevant changes in CBT dynamics [Lopez-Azcarate et al. (2010); Lopez-Azcérate
et al. (2013); von Nicolai et al. (2014)]. We examined phase-amplitude coupling (PAC), in which the
amplitude of a high frequency oscillation exhibits a statistical dependence on the phase of a low frequency
oscillation [Canolty and Knight (2010); Pittman-Polletta et al. (2014)], in both striatal and M1 LFPs, pre-
and post-infusion, in subgroups S+ and S-. Subgroup S- showed g-HFO PAC that was clearly absent in
subgroup S+ (Fig. 5). This 8 phase modulation of HFO power was present during both pre- and post-
infusion periods of highest striatal 8 BPD. Furthermore, subgroup S+ showed increased a-y PAC relative to
subgroup S- post-carbachol (Fig. 5). This result gives more evidence that subgroups S+ and S- are in distinct
dynamical states, even before carbachol infusion occurs. (No clear changes emerged when comparing pre-
and post-infusion PAC in either subgroup.)



PITTMAN-POLLETTAET AL. 11

| The Directionality of PDC Increases was Frequency-Specific

Examining the frequencies at which individual animals exhibited changes in PDC also suggested an associ-
ation between information flow and 8 subbands (Fig. 6). Most animals exhibited increases in striatal to
M1 PDC at frequencies between 11-16 and 20-26 Hz. In contrast, most animals exhibited increases in
M1 to striatal PDC at frequencies above 29 Hz. This suggests that distinct 8 subbands are differentially
modulated following striatal carbachol infusion.

DiscussION

Infusion of carbachol into the striatum of normal mice selectively elevated 8 oscillations in both striatum
and M1 and brought to light two independent dynamical states in CBT circuits. The first state (S+) was
defined by elevated g frequency oscillations in both striatum and M1, and characterized by: (1) increased
coordination between g oscillations in these two structures as measured by PLV and cross-spectral power;
and (2) increased information flow from striatum to M1 in the B frequency band. In the second state (S-),
power in all frequency bands, including 8, remained at pre-infusion levels in both striatum and M1. Of
note, B-HFO PAC was robustly present in S- (and increased relative to S+) both pre- and post-infusion.
This finding strongly suggests S- is a manifestation of a different CBT dynamical state than S+ and that the
difference existed prior to carbachol infusion. No changes from baseline in PLV or cross-spectral power
were noted in state S-, however, this state also showed increased information flow from M1 to striatum in
the B frequency range, further distinguishing S- and S+ as distinct dynamical states. Indeed, such state
dependence may explain inconsistent findings on acute g increases in frontal cortex: experiments on
systemic dopamine depletion in anesthetized rats, which failed to increase g power in ECoG recorded
from somatomotor cortex [Mallet et al. (2008b)], may be observations of our state S-; while experiments in
which acute striatal dopamine depletion increased 8 power in M1 in awake DAT knockout (DAT-KO) mice
[Costa et al. (2006)] may be observations of our state S+.

In contrast to recent experimental work showing that optogenetic stimulation of striatal cholinergic
interneurons (sChls) induces broadband increases in oscillatory power in striatum and M1 [Kondabolu
et al. (2016)], the current study shows a selective elevation of power in the g frequency range within corti-
costriatal circuits. These increases can be attributed to the stimulation of striatal cholinergic receptors: In
our previous study [McCarthy et al. (2011)], control experiments showed that the changes in beta LFP
in striatum after carbachol infusion were not due to the pressure induced by drug infusion, which can
activate mechano-sensitive mechanisms in striatum, since infusion of a lower concentration of carbachol
(0.1-0.2 mM infused with up to 5 uL) did not change striatal beta power throughout the entire infusion
period. The carbachol-induced rise in beta is likely mediated through muscarinic receptors, since our
previous study using optogenetic stimlation of striatal cholinergic interneurons showed beta oscillations
remained elevated in the presence of the nicotinic antagonist mecamylamine, but were diminished when
muscarinic receptors were blocked by scopolamine [Kondabolu et al. (2016)]. In subgroup S+, all significant
increases in power and cross-spectral power, both in striatum and M1, occurred within the 21 - 31 Hz
frequency range. PLV was also largely constrained to the 8 frequency range in S+. In contrast, optogenetic
stimulation of sChls increases a, 8, and low and high y power in striatum, and g and low and high y power
in M1 [Kondabolu et al. (2016)]. What could be the source of the sChl-induced elevations in «, low y, and
high y power, absent in our subgroup S+? The previous study suggests that sChl-induced high y is not
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attributable to activation of striatal cholinergic receptors, since sChl-induced high y was not reduced by
either muscarinic or nicotinic blockade [Kondabolu et al. (2016)]. Since sChls co-release glutamate with
ACh [Higley et al. (2011)], perhaps glutamatergic mechanisms are involved in producing striatal high y
oscillations. Alterations in ar oscillations within cortico-striatal circuits, however, may be due to cholinergic
mechanisms. Indeed, although a power was not elevated in striatum in either S+ or S-, alpha PDC was sig-
nificantly increased in both subgroups, although in opposite directions, indicating that activation of striatal
cholinergic receptors can modulate a-band information transfer in a state-dependent manner. The source
of elevated sChl-induced low y is unclear, since sChl-induced low y was diminished following muscarinic
blockade [Kondabolu et al. (2016)]. Perhaps the discrepancy between the current pharmacologic and the
previous optogenetic study stems from the lower frequency resolution resulting from shorter trial lengths
in the previous study.

The PDC during periods of elevated B in S+ suggests that the flow of information in the elevated g band
is directed from striatum to M1. However, interestingly, in S- directed information flow increases from
M1 to striatum even though 8 power remains at baseline levels in both structures. These dichotomous
results for PDC may help explain results on rats rendered parkinsonian by 6-OHDA lesion, which show
bidirectional PDC between cortex and striatum in the g frequency range with the flow of information
predominantly from striatum to cortex [Belic et al. (2016)]. Our results indicate that in states with high
striatal cholinergic tone such as occurs in the 6-OHDA rat [Ikarashi et al. (1997)], PDC is increased between
striatum and cortex, with the direction of increased information flow depending on the dynamical state
expressed in CBT circuits. Of note, 3 of the 7 animals in subgroup S- show an increase in striatal 8 power
in the absence of a corresponding increase in M1 8 power, while only 1 animal shows an increase in M1
B power in the absence of striatal 8 increases. Like the subgroup specific increases in 8§ PDC that we
observed, this result provides evidence for the independence of striatal and M1 g oscillations, and shows
that it is possible to increase striatal 8 power independently from M1 8 power. The independence of M1
and striatal B generators is also supported by our results showing that more mice exhibited increases in
M1-striatum PDC at frequencies above 29 Hz, whereas more mice showed striatum—M1 PDC at lower
B frequencies (11 - 16 Hz and 20 - 26 Hz). These frequency- and state-dependent increases in g PDC are
consistent with results that suggest M1 as a generator of high 8 frequencies [Yamawaki et al. (2008); Lacey
et al. (2014)], and striatum as a generator of a range of B frequencies [McCarthy et al. (2011)]. Notably, in
S-,M1 PAC between 8 and HFOs only occurs for low g frequencies (less than approximately 20 Hz), further
evidence for the existence of at least two frequency ranges within the 8 band having different properties
and perhaps different mechanistic sources. This idea is consistent with evidence that low and high 3 are
distinct entities in the parkinsonian basal ganglia, responding differently to dopaminergic therapy and DBS,
and potentially correlating with different motor related behavior and motor symptoms in PD [Stein and
Bar-Gad (2013); Lopez-Azcarate et al. (2010); Toledo et al. (2014); Priori et al. (2004); Foffani et al. (2005);
Blumenfeld et al. (2017); Oswal et al. (2016); Marceglia et al. (2009)]. Our work suggests that which of
these potential B-generating mechanisms predominates at any given time may depend on the intrinsic
state of the CBT loop.

Importantly, carbachol infusion did not increase 8 power in either region in 3 of 12 animals, or at the
subgroup level in S-. This suggests that there are dynamic or constitutive factors that may prevent the
appearance of exaggerated g oscillations in the CBT network. These factors may play arole in conferring
resistance to the negative symptoms of movement disorders. Our results provide evidence that S- is
a naturally-occuring network state preventing the elevation and coordination of g in CBT circuits (and
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perhaps its associated motor pathology). Further characterizing the cellular and network mechanisms
underlying this state may have therapeutic value in treating the motor symptoms associated with elevated
B oscillations in Parkinson’s disease patients. One of the most striking differences between states S+
and S-is the elevation of M1 low-beta/HFO PAC in S-. Although both the mechanisms of generation and
function of HFOs are unknown, it is interesting to note that the HFO frequency that couples to low 8
(130-200 Hz) is similar to the range of effective frequencies used for deep brain stimulation (DBS) (around
130-185 Hz) for the alleviation of motor symptoms in PD [Kuncel and Grill (2004)]. Perhaps DBS amplifies
intrinsic M1 mechanisms that prevent the propagation of elevated g oscillations around the CBT loop.
Indeed, HFOs also appear in M1 after severe dopamine depletion in rats, with the amount of 8 correlating
inversely with the amount of HFOs [Brys et al. (2017)], consistent with the idea that the HFOs may offer
some protective effect against exaggerated g. Further research into the mechanisms and functions of
these HFOs is needed to shed light on these possibilities. Of additional note, the low g-HFO PAC is high
both before and after carbachol infusion in state S-, which not only lends additional evidence to the idea
that S- and S+ represent two naturally-occuring and functionally distinct states of CBT dynamics, but
also suggests that the dynamical state prior to perturbation by carbachol may be a critical regulator of
B propagation in CBT circuits. Further characterizing the dynamics present during state S- may provide
additional insight into a normal CBT network state that is capable of preventing the propagation of 8
oscillations throughout the CBT loop. Finally, although we did not monitor behavior in these experiments,
our findings suggest that the difference in states cannot be accounted for by deep sleep versus wakefulness
as there was no difference in the 6/6 ratio between these subgroups (Fig. S1).

The present study shows that 8 can be acutely elevated in striatum and M1 after stimulation of striatal
cholinergic receptors, showing that plastic changes due to chronic loss of dopamine are not required to
produce robust 8 in CBT circuits. Our previous computational modeling work suggests that networks
of striatal medium spiny neurons (MSNs) can robustly and reversibly produce g frequency oscillations
in response to perturbations that increases the spiking rate of the MSNs, including heightened striatal
cholinergic tone and lowered dopaminergic tone [McCarthy et al. (2011)]. The experimental results
reported here support this model of 8 generation in basal ganglia. Additional support for this model
comes from studies showing elevated g oscillations in striatum and M1 after acute loss of dopamine in
DAT-KO mice concurrently with parkinsonian motor symptoms [Fuentes et al. (2009); Costa et al. (2006)],
suggesting PD S pathology and its associated symptoms may not require long-term plastic changes to
basal ganglia structures.

The striatal 8 model [McCarthy et al. (2011)] introduces a mechanism capable of producing exagger-
ated B oscillations acutely. These acute changes in 8 may coexist with 8-producing mechanisms dependent
on slow, plastic changes consequent to dopamine depletion, as posited by proposed models of 8 generation
in Parkinson’s disease that are dependent on oscillatory dynamics in STN/GPe and GPe/striatal circuits
[Holgado et al. (2010); Corbit et al. (2016); Shouno et al. (2017); Terman et al. (2002); Rubin and Terman
(2004)]. Similar STN/GPe models may be capable of producing acute increases in 8 [Kumar et al. (2011)].
However, to our knowledge, there is no evidence for acute 8 increases in STN or GPe following dopamine
depletion (or any other experimental manipulation). Indeed there is some evidence that acute 8 increases
are missing in STN following DA depletion: in the 6-OHDA rat model of Parkinson’s disease, 8 oscillations
are not elevated in the STN until several days after dopaminergic lesion, and the STN does not show
increases in B oscillations after acute disruption of D1 or D2 receptor signaling [Mallet et al. (2008b)],
consistent with the necessity of plastic changes for the production of STN g oscillations. We note that
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it remains unclear how cholinergic tone affects dopamine in striatum during carbachol infusion [Rice
et al. (2011); Threlfell et al. (2012)], and the carbachol-induced 8 may be working by acutely decreasing
dopamine in striatum. However, although recordings from STN were not obtained, it is unlikely that
the plastic changes to the STN/GPe circuits due to chronic loss of dopamine which appear necessary for
elevated STN g were achieved during the relatively short duration of post-infusion recordings in this study.

A result commonly claimed to refute the possibility of striatal 8 generation in PD comes from ex-
periments done on MPTP monkeys [Tachibana et al. (2011)], in which local blockade of projections from
striatum to a microregion of GPe failed to abolish 8 rhythms in that microregion. However, the small
proportion of striato-pallidal synapses blocked in these experiments leaves open the possibility that g
oscillations propagated from striatum to the blocked portion of GPe through the intact (majority of) pro-
jections and pathways connecting these two regions. In particular, while the projections from striatum to
GPe are convergent, the loop from STN to GPe and back is highly divergent [Haber (2010)], and may have
relayed B from the intact surrounding GPe to the blocked microregion.

Antimuscarinics were a mainstay of therapy for Parkinson’s disease until the advent of L-dopa in the
1960s [Pisani et al. (2007)] and the current study suggests that the main site of their efficacy may reside
in their ability to lower striatal cholinergic tone. However, although striatal neurons may experience
hypercholinergia, other cholinergic centers in the brain degenerate in PD, including the basal forebrain
cholinergic system, which is the primary source of cholinergic input to the cortex[Bohnen and Albin (2011)].
Thus, although PD patients can experience some relief of symptoms from anticholinergics, the additional
hypocholinergia produced in non-striatal sites by systemic anticholinergics in PD patients likely contribute
to the limiting side effects of anticholinergic drugs, including cognitive impairment, confusion, memory loss,
and nausea [Fox (2013); Langmead et al. (2008); Lees (2005)]. In contrast, targeted striatal anticholinergic
interventions alleviate parkinsonian motor symptoms in 6-OHDA mice [Maurice et al. (2015); Ztaou et al.
(2016)], suggesting that the therapeutic effect of systemic anticholinergics may be due to the lowering of
cholinergic tone in striatum. The present study suggests that anticholinergics may exert their beneficial
effects in PD by reversing the network dynamics producing exaggerated g oscillations within CBT circuits.

In the present study, we find that activation of striatal cholinergic receptors can selectively elevate the
power and coordination of 3 frequency oscillations in striatum and M1. Elevation of striatum and M1 g8
oscillations by increased striatal cholinergic tone depends on the dynamic state of the CBT loop prior to
and during carbachol infusion. Our results demonstrate a prominent role for striatal cholinergic receptors
as state-dependent modulators of 8 frequency oscillations throughout the CBT loop, and have widespread
implications for the importance of these receptors in the control of voluntary movement and its loss in PD.
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FIGURE CAPTIONS
| Figure1

Peak artifacts were removed from spectral and time series data before analysis. Various stages of the
peak-removal process are shown for a 20 second period in a representative post-carbachol recording. (a)
Spectral information was extracted from LFP time series using complex Morlet wavelets. (b) Spectral and
time series data were used to identify peak artifacts. (c) Spectral information potentially contaminated by
peak artifacts was removed from measurements of spectral power and phase-locking value (indicated by
gray overlays) for further analyses. (d) Peak artifacts were removed from time series data for analyses of
cross-spectral power and partial directed coherence.

| Figure?2

Carbachol selectively increases  oscillations in striatum. (a) Spectrograms of striatal LFP (representa-
tive animal). (i) The entire recording. White lines: horizontal, 8 band; vertical, time of infusion. Blue lines:
2.5 mins highest g BPD pre-infusion. Green lines: 2.5 mins highest 8 BPD post-infusion. (ii) Ten s in the
middle of the period of highest g BPD pre-infusion (left) & post-infusion (right). (iii) Two s of LFP in the
middle of the period of highest g BPD pre-infusion (left) & post-infusion (right). (b) Average normalized
striatal spectra for periods of highest BPD (mean + C.1.). Red stars: significant increases post-infusion.

| Figure3

Carbachol selectively increases 3 oscillations in motor cortex. (a) Spectrograms of M1 LFP (same rep-
resentative animal as Fig. 2a). (i) The entire recording. White lines: horizontal, 8 band; vertical, time of
infusion. Blue lines: 2.5 mins highest g BPD pre-infusion. Green lines: 2.5 mins highest 8 BPD post-infusion.
(i) Ten s in the middle of the period of highest 8 BPD pre-infusion (left) & post-infusion (right). (iii) Two s
of LFP in the middle of the period of highest 8 BPD pre-infusion (left) & post-infusion (right). Overlays in
Fig. 3aii and triangular symbols in Fig. 3aiii (right panels) indicate identification and frequency-dependent
removal of “peak" artifacts (see Methods, Fig. 1). (b) Average normalized motor spectra for periods of
highest BPD (mean + C.l.). Red stars: significant increases post-infusion.
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| Figure4

Simultaneous increases in striatal and motor g power and coordination are dichotomously expressed
after striatal carbachol infusion. Average spectral power, PLV, cross spectrum, & partial directed coher-
ence (mean = C.1.) for subgroups S+ and S-. Red stars: significant increases post-infusion.

| Figure5

M1 phase-amplitude coupling distinguishes subgroups S+ and S-. The difference in median PAC between
subgroups S+ and S- (S+ subtracted from S-). Red contours: significantly increased PAC in subgroup S- as
compared to subgroup S+.

| Figureé

The direction of g PDC increases is frequency-dependent. The number of animals showing carbachol-
induced increases in PDC at each frequency between 10 and 35 Hz.

| FigureS1

6/6 ratio does not distinguish subgroups S+ and S-. The mean 6/6 ratio during baseline for animals in
subgroups S+ and S-.

| FigureS2

Band power increases relative to baseline in all bands, with 8 power increases having the longest dura-
tion. Duration of band power increases (mean + S.E.) is shown for all frequency bands, for the striatal LFP
(left), the M1 LFP (middle), and for both LFPs (right).

| FigureS3

Periods of highest BPD and 3 coordination. Column 1: The 2.5 min time periods of highest band power
density (BPD) for all experiments. Blue bars: period of highest BPD pre-infusion. Green bars: period of
highest BPD post-infusion. Thick bars: subgroup S+. Thin bars: subgroup S-. Black vertical line: infusion
begins. Column 2: Average normalized PLV for periods of highest BPD (mean + C.l.). Red stars: significant
increases post-infusion. Column 3: Average normalized cross spectrum for periods of highest BPD (mean
+ C.L). Red stars: significant increases post-infusion. Column 4: Average normalized PDC (striatum—M1)
for periods of highest BPD (mean + C.1.). Red stars: significant increases post-infusion. Column 5: Average
normalized PDC (M1—sstriatum) for periods of highest BPD (mean + C.L.). Red stars: significant increases
post-infusion.
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FIGURE 2
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FIGURE 3
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FIGURE 6

FIGURE S1
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