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SUMMARY
Enhanced beta oscillationswithin the cortico-basal ganglia-thalamic (CBT) network are correlatedwithmotor
deficits in Parkinson’s disease (PD), whose generation has been associated recently with amplified network
dynamics in the striatum. However, how distinct striatal cell subtypes interact to orchestrate beta oscillations
remains largely unknown. Here, we show that optogenetic suppression of dopaminergic control over the dor-
sal striatum (DS) elevates the power of local field potentials (LFPs) selectively at beta band (12–25 Hz),
accompanied by impairments in locomotion. The amplified beta power originates from a striatal loop driven
by somatostatin-expressing (SOM) interneurons and constituted by choline acetyltransferase (ChAT)-ex-
pressing interneurons and dopamine D2 receptor (D2R)-expressing medium spiny neurons (iMSNs). More-
over, closed-loop intervention selectively targeting striatal iMSNs or ChATs diminishes beta oscillations
and restores motor function. Thus, we reveal a striatal microcircuit motif that underlies beta oscillation gen-
eration and accompanied motor deficits upon perturbation of dopaminergic control over the striatum.
INTRODUCTION

Excessive beta oscillations (12–35 Hz) within the cortico-basal

ganglia-thalamic (CBT) neural network are significantly corre-

lated with hypokinetic symptoms in motor diseases such as Par-

kinson’s disease (PD) (Brazhnik et al., 2016; Brown, 2007; but

see Leblois et al., 2007 and Willard et al., 2019). Given the clear

link between motor deficits and excessive beta oscillations, un-

derstanding the origin and precise microcircuits responsible for

these beta oscillations within themotor circuit is highly important

for uncovering more about motor deficit pathologies. However,

the exact generation process of beta oscillations remains

elusive.

In PD, excessive beta oscillations are proposed to be caused

by the core pathology of this disease: the loss of midbrain dopa-

minergic neurons (DANs). A decrease inmidbrain dopamine level

enhances beta oscillation power and coherence in PD animals

(Mallet et al., 2008; Sharott et al., 2005). Since the striatum re-

ceives major and direct projections from DANs in the substantia

nigra pars compacta (SNc) and ventral tegmental area, loss of
This is an open access article und
dopamine in PD pathology would likely interrupt normal neural

dynamics in the striatum (Zemel et al., 2022). Indeed, it has

been demonstrated that acute local inhibition of dopaminergic

projection within the striatum elevates striatal beta oscillations,

indicating the importance of striatal involvements in the genera-

tion of excessive beta oscillations (Costa et al., 2006).

Recent evidence have emerged to support the striatum as a

generation site for beta oscillations (Berke, 2008; Tepper and

Bolam, 2004). Striatal MSNs not only project to other brain re-

gions but also actively interact with various types of striatal inter-

neurons, which may coordinately contribute to the generation of

beta oscillations (Chuhma et al., 2011; Sharott et al., 2017;

Steiner and Tseng, 2017). Previous studies have also demon-

strated the involvement of striatal choline acetyltransferases

(ChATs) in beta oscillation generation (McCarthy et al., 2011;

Kondabolu et al., 2016). These results point to the notion that

the amplification of normal striatal microcircuit dynamics may

underlie the enhanced beta frequency oscillations in PD.

In the present study, we focused on the role of the striatum in

the generation of beta oscillations and revealed supporting
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circuitry mechanisms. Our results support a somatostatin

(SOM)-driven ChAT-interneuron and D2R medium spiny neuron

(iMSN) loop for the generation of beta oscillations and motor

deficits.

RESULTS

Acute inhibition of dopaminergic control over striatum
generates beta oscillations and produces motor deficits
We determined whether excessive beta oscillations could be

generated by acutely inhibiting SNc activity. In vivomulti-channel

local field potential (LFP) recordings was performed at the dorsal

striatum (DS) in freely behaving mice (Figure S1A). Optic fiber

was implanted into ipsilateral SNc for photoinhibition of striatal

DANs (Figures S1B and S2A). The two-virus approach was

used as previously reported (Dogbevia et al., 2016). In brief,

two high-titer viruses (rAAV2/9-TH-Cre and rAAV2/9-EF1a--

DIO-eNpHR3.0-EYFP) were mixed 1:2 for stereotactic injection

into SNc to specifically express halorhodopsin from Natronomo-

nas (NpHR) in DANs (Stauffer et al., 2016; Figures S1C–S1E).

Following a 5-min baseline period, yellow light stimuli (593 nm)

were delivered continuously for 1 min and repeated 3 times

with 1-min intervals (Figure S1F). We found that this photoinhibi-

tion of SNc DANs led to an increase in the amplitude of beta

power (12–25 Hz), reflected by the power spectrogram of LFP

data recorded from DS (Figures S1G and S1H).

Optogenetic manipulation of SNc DANs decreased the firing

frequency of DANs from 10.55 to 6.93 Hz (Figure 1A). To manip-

ulate the activity of DANs targeting DS more directly (Figure 1B),

in a separate set of experiments, we inhibited the SNc-DS pro-

jection terminals to see how it would affect brain oscillations in

DS. The optrode was placed just above the DS and applied for

both optogenetic manipulation and LFP recording at DS (Fig-

ure S2B). Very similar results were obtained in the terminal stim-

ulation experiments (Figures 1C and 1D). In contrast, laser illumi-

nation in control mice injected with TH-Cre and EF1a-DIO-EYFP

(no NpHR) failed to alter oscillation power at any frequency (Fig-

ure 1D), confirming that the observed changes in mice were due

to the deactivation of DAN axon terminals. In addition, the deac-

tivation of SNc-DS projections significantly reduced the total

traveled distance resulting from increased immobility

(Figures 1E–1H). These results indicate that suppressing the ni-

gro-striatal terminal is sufficient to elicit excessive beta oscilla-

tions and motor deficits.

Activity changes in striatal cell subtypes during
photoinhibition of SNc-DS projections
To dissect the potential microcircuits that underlie the alterations

in LFP and movement, we investigated how the activities of

different cell types in DSwere changed following the photoinhibi-

tion of SNc dopaminergic terminals in DS. For this purpose, we

targeted all types of neurons except parvalbumin (PV) interneu-

rons with channelrhodopsin-2 (ChR2) by injecting Cre-inducible

recombinant adeno-associated virus (rAAV) expressing ChR2

into the DS of the Cremouse for spike recording and optogenetic

activation. As PV cells usually displayed high-frequency firing,

they were targeted with engineered ChR variant ChETA, which

could be used to elicit ultra-fast firing frequencies (up to
2 Cell Reports 40, 111111, July 19, 2022
200 Hz) in fast-spiking cells (Tye and Deisseroth, 2012). SOM-

Cre,ChAT-Cre, andPV-Cremicewereused for cell-type-specific

expression of fluorescent proteins and photoactivated opsins

(ChR2 or ChETA). Drd1a-Cre and Drd2-Cre mice, respectively,

were used to express fluorescent proteins andChR2 inD1 recep-

tor (D1R)-expressingmediumspiny neurons (dMSNs) and iMSNs

(Barbera et al., 2016; Klaus et al., 2017; Kravitz et al., 2010).

To isolate activity specifically from these cell types, we used a

cell-type-specific (‘‘opto-tag’’) recording method (Figures 2A–

2C; for references, see Cohen et al., 2012; Lee et al., 2021;

Lima et al., 2009). Recordings were made in freely moving

mice by implanting optrodes consisting of 32-channel movable

tetrodes coupled to an optic fiber placed just above the DS (Fig-

ure S2C; Anikeeva et al., 2011; Xu et al., 2015). Laser pulse trains

(10 or 40 Hz, 10 ms per pulse) were applied constantly for 1 min

(Figure 2A). Single-unit recording data exhibiting reliable laser-

evoked spiking at short latencies were obtained (Figure 2B). To

determine whether the observed neuronal activities were opti-

cally driven, we set up two criteria (Wolff et al., 2014; Xu et al.,

2015): First, neuronal response to laser pulse should occur within

a time window of 5 ms; second, the correlation coefficient (CR)

between optogenetic induced waveforms and natural sponta-

neous waveforms must be >0.95 (Figure 2C). After the targeted

optically driven waveforms were isolated from all of our mouse

lines (Figure 2D), we performed comprehensive waveform

feature extraction analysis. Then, different waveform parameters

from all of these recorded neurons were plotted (Figure S3).

The plot of interneurons showed that they form distinct

clusters. Notably, iMSNs and dMSNs formed two distinctive

clusters. dMSNs displayed a shorter positive second phase,

while iMSNs displayed waveforms containing a shorter initial

positive phase. To further classify these feature profiles, we

used principal-component analysis (PCA) followed by unsu-

pervised clustering (Cohen et al., 2012). PCA transforms the

raw dataset into a new coordinate system such that the

explained variance is maximized on each axis. The plotting

yielded distinct clusters in a new coordinate system

(Figures 2E and 2F). Notably, the spike waveform of each

cell type matched very well with those obtained in vitro (Kawa-

guchi, 1993; Mallet et al., 2005; Wilson et al., 1990) or in vivo

(Sharott et al., 2009; Wolff et al., 2014), thus validating that the

experimental scheme we used is sufficient to distinguish these

cell types. Because the waveform of spontaneous and

optogenetically induced spiking match very well (CR > 0.95;

Figure 2C), in the following experiments, we differentiated

putative cell types based on the characteristic waveform

features of spontaneous spiking without the opto-tagging pro-

cedure (Cohen et al., 2012; Xu et al., 2015).

We next examined the possible changes in the firing rate of

these neuron types during the photoinhibition of SNc-DS termi-

nals (Figures 2G–2K). Increased firing rate was observed in

ChATs and iMSNs (Figures 2H and 2I). In contrast, firings of

the SOMs and dMSNs were reduced (Figures 2G and 2J),

consistent with a recent finding in PD mice (Parker et al.,

2018). No activity change was observed in identified PV neurons

(Figure 2K).

To further examine the exact role that down- or upregulation of

distinct interneuron populations play in the downstream DS
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Figure 1. Acute inhibition of dopaminergic control over striatum generates beta oscillations and produces motor deficits

(A) Activity changes in DANs during photoinhibition of SNc DANs (6 mice; DANs: n = 21, Wilcoxon matched-pairs signed rank test, p < 0.01).

(B) Schematic showing SNc-to-DS projection (left). Wild-type (WT)micewere injectedwith TH-Cre and EF1a-DIO-NpHR-EYFP in the SNc (center), and projection

fibers in DS were visualized (right).

(C) Representative spectrogram of LFP recordedwithin a 1-min OFF and 1-min ONduration. Increased beta power was observed upon SNc-DS inhibition. Yellow

bar above the spectrogram displays the duration of photoinhibition.

(D) Enhanced beta power during SNc-DS inhibition. (Left) Averaged power spectra of DS LFP. (Right) Statistical plotting showing enhanced beta power (n = 6;

unpaired t test; p < 0.05).

(E) Open field setup and stimulation protocol.

(F) Example locomotor trajectories before and during laser illumination.

(G and H) Histograms show significant difference in distance traveled (G: n = 6; unpaired t test; p < 0.01) and percent time immobile (H: n = 6; unpaired t test;

p < 0.05) between control and DANs suppression group. Data presented as means ± SEMs. *p < 0.05, **p < 0.01.

See also Figures S1 and S2.
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microcircuits, we took advantage of the principle that monosyn-

aptic connections are associated with precisely timed spiking re-

lationships at short (<5 ms) latency offsets between two con-

nected neurons (Senzai and Buzsáki, 2017). This is usually

achieved by examining counts of co-occurrences of spiking in

the putative pre- and post-synaptic neurons at various latencies

(Fujisawa et al., 2008), as exemplified by the cross-correlation

histogram (CCG). These results yielded time sequences for firing

alterations in different cell types—in other words, SOMs precede
ChATs, iMSNs and dMSNs (Figure 2L).When considering the ex-

istence of direct anatomical connections between SOMs and

ChATs and dMSNs and iMSNs, these findings suggest that

SOMs may function as an upstream regulator for the generation

of excessive beta oscillations.

SOM inhibition mimics the effect of SNc DAN inhibition
We next examined the potential contribution of SOMs on the

generation of excessive beta oscillations. For this purpose, we
Cell Reports 40, 111111, July 19, 2022 3
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Figure 2. Photoinhibition of SNc-DS projections induced distinct changes in striatal neuron activity

(A) Representative recording of laser-evoked spiking in a ChR2-tagged neuron. Blue lines refer to laser pulses (10 ms, 10 Hz).

(B) Raster plot and peristimulus time histogram (PSTH, bin size, 0.1 ms) for laser-evoked spikes of a sample ChR2-tagged neuron. Dashed line marks the laser

onset time.

(C) Waveform comparison between spontaneous and laser-evoked spikes. (Top) Overlaid averaged waveforms of spontaneous spikes (gray) and laser-evoked

spikes (blue) of a sample neuron. (Bottom) Distribution of CR between spontaneous spike and laser-evoked spike for all striatal neurons that were optogenetically

identified.

(D) Overlaid traces display the distinct waveforms from different types of striatal neurons.

(legend continued on next page)
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targeted SOMs with NpHR by injecting Cre-inducible rAAV ex-

pressing NpHR into the DS of the SOM-Cre mice (Figures 3A

and S2D). Directly deactivated SOMs significantly elevated the

power of the beta oscillations (Figures 3B–3D) and excited

both ChATs and iMSNs and suppressed dMSNs (Figures 3E–

3G). No activity change in PVs was detected (Figure 3H). In a

separate set of experiments, we found that deactivation of

SOMs significantly reduced the total distance traveled

(Figures 3I and 3J) and increased immobility (Figure 3K). Taken

together, these data point to the conclusion that SOMs inhibition

mimics the effect of SNc DANs inhibition on striatal neuron activ-

ity and movement.

iMSNs and ChATs are implicated in the generation of
beta oscillations and movement disorder
To examine potential involvements of MSNs and ChATs in the

generation of excessive beta oscillations, we simultaneously re-

corded single-unit firing and LFPs in the DS of freely behaving

mice. We calculated spike-field coherence (SFC), a measure of

phase synchronization of unit spikes to LFP (Rutishauser et al.,

2010; Yang et al., 2018). In mice subjected to SNc-DS photoin-

hibition, a large fraction of recorded ChATs (n = 13 of 19) and

iMSNs (n = 15 of 22) displayed significantly enhanced SFC in

the beta band activity with no significant change of SFC in

dMSNs (Figures 4A–4C). Photoinhibition of SOMs yielded similar

effects on phase synchronization between unit spikes and LFPs

(Figures S4A–S4C).

To further assess how single-unit activity was synchronized

with beta oscillations, we collected the LFP phase angles that

corresponded to the spike times for all of the activations within

a time window across all trials (Figures 4D–4F). These neurons

were considered significantly phase lockedwhen the distribution

of spike phase angles departed from a uniform circular distribu-

tion (Hawking and Gerdjikov, 2013). Before illumination (control

group), ChATs, iMSNs, and dMSNs spiking occurs at all phases

of beta oscillations (left in each panel). Accordingly, these cells in

the control group exhibited a weak tendency to fire around the

troughs of the beta oscillations, indicating the absence of

phase-locked firings. In contrast, a substantial proportion of

the identified ChATs and iMSNs showed a significant tendency

to phase-lock their firing to ongoing beta oscillations during

SNc-DS (17 of 22 ChATs; 22 of 28 iMSNs) or SOMs inhibition

(14 of 19 ChATs; 16 of 21 iMSNs; right in each panel). The phase

angles between ChATs spiking and LFP beta oscillations were

significantly clustered around 180�–270� (n = 17 cells, 4 mice),

whereas the phase angles of iMSNs clustered around 270�–
360� (n = 22 cells, 4 mice). dMSNs fired at all phases of beta os-

cillations both OFF and ON stage, indicating that the timing of

dMSNs firing (phase of the vectors) was relatively more uniformly

distributed and thus as a population did not phase lock at spe-
(E and F) Separation of striatal neuron subtypes based on PCA for optogenetica

(G–K) Activity changes in optogenetically identified neurons during photoinhibition

30, Wilcoxon matched-pairs signed rank test, p < 0.01; ChATs: n = 22, paired t te

dMSNs: n = 28, Wilcoxon matched-pairs signed rank test, p < 0.01; PVs: n = 30

(L) Examples of CCG between neuron pairs reveal putative synaptic connections a

ns, no significance.

See also Figures S2 and S3.
cific phases of beta oscillations. Similar observations were ob-

tained when photoinhibitions were exerted directly on SOMs

instead of on SNc-DS projections (Figures S4D–S4F).

The high correlation of both ChATs and iMSNs activities with

enhanced beta power suggests that they may be implicated in

the generation of beta oscillations. Based on the reciprocal

anatomical projections and putative synaptic connection be-

tween ChATs and iMSNs (Figures S5A and S5I; for references,

see Deffains and Bergman, 2015; Steiner and Tseng, 2017), we

hypothesized that they may constitute a loop-like circuitry motif

that underlies the generation of excessive beta oscillations in DS.

To test this possibility, we activated ChATs in DSwith either tran-

sient (20 Hz, 2 min; Figure S5) or constant (2 min; Figure S6) mild

illumination to see whether this could promote the generation of

beta oscillations. Our results indicate that the transient activation

of ChATs or iMSNs promotes beta oscillation generation and

produces motor deficits. These results also point to the notion

that a loop microcircuit constituted by ChATs and iMSNs may

function as a downstream effector of SNc DANs or SOMs for

the generation of beta oscillations in DS.

Closed-loop inhibition targeting iMSNs or ChATs sup-
presses beta oscillations and amelioratesmotor deficits
To confirm the role of ChAT-iMSN loop in beta oscillation gener-

ation, we used closed-loop optogenetic interventions based on

real-time detection of beta oscillations in DS (Figure 5A). The

principle is that once the enhancement in LFP beta power in

DS was detected above 3-fold standard deviation (SD), light

was delivered immediately (delay <40 ms) through laser fiber

to deliver optogenetic inhibition selectively on iMSNs. Then,

the overall effect on beta oscillations would be evaluated. To

achieve this experimental design, we stereotactically implanted

the laser fiber into SNc for DAN photoinhibition and implanted

the optrode into DS for both optogenetic manipulation and LFP

recording (Figure S2H). Mixed high-titer viruses (TH-Cre and

EF1a-DIO-NpHR-mCherry) were injected into lateral SNc at the

right side to selectively express NpHR in DANs. EF1a-DIO-

SwiChRca-EYFP were injected into DS of Drd2-Cre mice to

selectively express SwiChRca in iMSNs in DS. SwiChRca is a

class of ChRs (originally cation conducting) that is converted

into chloride-conducting anion channels (Berndt et al., 2014).

The original blue light-activation spectrum of C1C2 (a chimera

between ChR1 and ChR2 from Chlamydomonas reinhardtii) is

maintained. This enables SwiChRca-expressing iMSNs to be in-

hibited by 473 nm light and to avoid the overlap of spectral wave-

length between the opto-inhibition of NpHR-expressing DANs

(593 nm) and SwiChRca-expressing iMSNs in the striatum.

In vivo multi-channel LFP recordings were performed at DS in

freely behaving mice. Briefly, the wide-band signal was band-

pass filtered (12–25 Hz). The filtered LFPs were then rectified
lly identified interneurons (E) or MSNs (F).

of SNc-DS projections (dashed line: average baseline firing, 6mice; SOMs: n =

st, p < 0.01; iMSNs: n = 24, Wilcoxon matched-pairs signed rank test, p < 0.01;

, paired t test, p > 0.05).

mong different neuron subtypes. Data presented asmeans ± SEMs. **p < 0.01,
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Figure 3. SOM inhibition mimics the effect of SNc DAN inhibition on striatal neuron activity and locomotion

(A) Localization of viral injection and recording.

(B) Representative spectrogram of LFP data recorded from DS. Increased beta power was observed upon SOM inhibition.

(C) Enhanced beta power during SOM inhibition. (Left) Averaged power spectra of DS LFP. (Right) Statistical plotting showing enhanced beta power during

photoinhibition of SOMs (n = 6; Mann-Whitney test, p < 0.01).

(D–H) Activity changes in striatal neuron subtypes during photoinhibition of SOMs. Significant elevations in ChAT and iMSN firing rates were observed (6 mice;

Wilcoxonmatched-pairs signed rank test; ChAT neuron: n = 19, p < 0.01; iMSN neuron: n = 24, p < 0.01). In contrast, firing of SOM and dMSN neurons decreased

(6 mice; paired t test; SOMs: n = 23; p < 0.01; dMSNs: n = 28, p < 0.01). No activity change in PV was detected (6 mice; PVs: n = 23, Wilcoxon matched-pairs

signed rank test, p > 0.05).

(I) Examples of the effect of SOM photoinhibition on mice movement trajectory.

(J and K) Histograms show significant difference in distance traveled (n = 6; unpaired t test; p < 0.05) and percent time immobile (n = 6; unpaired t test; p < 0.05)

between control and SOM suppression groups. Data presented as means ± SEMs. *p < 0.05, **p < 0.01, ns, no significance.

See also Figure S2.
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and smoothed using a moving average filter of 400-ms duration

to generate an online value of beta amplitude (Little et al., 2013).

As shown in Figure 5B, beta oscillations were generated by pho-

toinhibiting virus-infected DANs in SNc. A custom-designed

detection algorithm processed by MATLAB was used to detect

the enhancement of beta power in real time, which was also

used to trigger the online optogenetic manipulation (473 nm)

with a delay <40 ms (see STAR Methods for more details).

Closed-loop photoinhibition of iMSNs triggered by LFP beta po-

wer increments (>3 SD) largely suppressed the excessive beta

power compared to that before intervention (Figures 5C–5E).

As a control, the delivery of randomized stimulation was not

based on the increment of beta power. Although the total stimu-
6 Cell Reports 40, 111111, July 19, 2022
lation duration was the same as closed-loop intervention, the

randomized intervention failed to exhibit any influence on beta

power. Thus, the successful closed-loop intervention of beta os-

cillations via the selective photoinhibition of iMSNs helps to

establish a causal link between iMSNs activation and generation

of beta oscillations.

Given the correlation of beta oscillations and movement disor-

ders, we next investigated whether suppression of beta oscilla-

tions with this closed-loop intervention alleviated the deficit in

motor function. In an open field, we evaluated the spontaneous

locomotion of mice by calculating the total distance traveled

and percent time of immobility during period of baseline, DANs

photoinhibition, DANs photoinhibition plus closed-loop
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intervention, and DANs photoinhibition plus random interven-

tion. The impaired locomotion during photoinhibition of DANs

in SNc was completely restored during the closed-loop optoge-

netic intervention of beta oscillation (Figures 5F and 5G). As a

control, no such improvement in motor function was observed

during randomized optogenetic intervention. Similar observa-

tions were obtained when closed-loop inhibition targeted

ChATs (Figures 5H–5K and S2H). These results indicate that

closed-loop inhibition targeting iMSNs or ChATs suppresses

beta oscillations and ameliorates motor deficits.

DISCUSSION

Striatum can be the origin of beta oscillation generation
The potential for striatum as the origin of beta oscillations has

been previously ignored, largely due to the fact that the inhibitory

striatal network cannot easily generate any rhythmic activity at a

relatively high frequency. This concept was updated by recent

studies on both modeling and in vivo experiments (McCarthy

et al., 2011; Kondabolu et al., 2016; Bar-Gad et al., 2004; Tachi-

bana et al., 2011). However, there have been two other theories

that speculated on the origin of excessive beta oscillations. Evi-

dence for the globus pallidus externa-subthalamic nucleus

(GPe-STN) pacemaker hypothesis comes from a study showing

that GPe-STN loop was able to generate synchronized oscilla-

tory bursting activity in vitro (Plenz and Kital, 1999). However,

the relatively low rate of frequency (0.4–1.8 Hz) means that the

bursting activity is more likely an amplifier or maintainer of

external oscillatory activity at the beta band. The oscillations at

the beta band recorded in the GPe-STN loop would more likely

stem from external inputs. Notably, striatum is such an upstream

region that sends direct projection to GPe. Another theory pro-

posed that cortical patterning of the STN engenders beta gener-

ation in PD (Bevan et al., 2002). A complete map for the origin of

the excessive beta oscillations in PD has not yet been estab-

lished. We demonstrate here that the reduced activity of DANs

may lead to abnormal beta frequency within the striatum.

Notably, these data do not invalidate the notion that the GPe-

STN network is critical for parkinsonian beta oscillations, but

rather, propose an alternative view that the circuitry mechanism

we demonstrated is complementary to the GPe-STN resonance.

Acute deactivation of SNc DANs produces beta
oscillations in striatum
Although DANs degeneration is a chronic process in PD, beta

oscillations can be elevated rapidly in the striatum by acute

reduction of dopamine, accompanied by PD-like hypokinesia
Figure 4. Activity changes in ChATs and iMSNs are implicated in the g

(A–C) SFC of neurons recorded from the ChATs, iMSNs, and dMSNs. (Left) SFC o

13, p < 0.01; iMSNs: n = 15, p < 0.01; dMSNs: n = 13, p > 0.05; paired t test).

(D–F) Polar plots indicating the distribution of LFP beta oscillation phase angles a

for all of the neurons in the population (bottom panel). The black lines are resultant

illustrated, where the line length represents the resultant magnitude; each radius i

top plots are raw spike counts and the numbers in the lower plots are the magnitu

ON refer to before and during SNc-DS photoinhibition, respectively. During DAN

180�–270� and 270�–360� (Rayleigh’s test for circular uniformity; ChATs: n = 17, O

n = 17, OFF, p > 0.05, ON, p > 0.05). Data presented as means ± SEMs. *p < 0.0

See also Figures S4–S6.
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and akinesia (Costa et al., 2006). An elegant study reported

that optogenetic activation of striatal ChATs with a Poisson-

distributed 40-Hz laser light pulse train robustly increased oscil-

lations in the striatum across broad frequencies, including fre-

quency at the beta band (Kondabolu et al., 2016). We found

that the inhibition of SNc DANs only decreased the firing fre-

quency of DANs from 10.55 to 6.93 Hz. Thismay be due to partial

infection of DANs with rAAV. Direct optogenetic inhibition of SNc

dopaminergic terminals in the striatum can rapidly produce beta

oscillations with a frequency (12–25 Hz) similar to that observed

in other studies (Costa et al., 2006; McCarthy et al., 2011).

Furthermore, this effect can be mimicked by the optogenetic in-

hibition of SOMs or by the activation of either ChATs or iMSNs.

Our results showed at a cell-type-specific level the repercus-

sions of DA neuron silencing on the generation of beta oscilla-

tions and concomitant local intrastriatal striatal networks

involving iMSNs, ChAT, and SOM cells. However, as our study

was performed on normal animals, we should take note of the

possible involvement of chronic changes in neural circuits for

beta oscillation generations in PD.

A SOM-driven ChAT-iMSN loop for beta oscillation gen-
eration in striatum
An exciting finding is the distinct spike waveforms in D1-and D2-

expression MSNs. Striatal MSNs have long been thought to be

homogeneous in their somatodendritic morphology and physi-

ology, but this concept was challenged by studies (Al-Muhtasib

et al., 2018; Bergonzoni et al., 2021; Gertler et al., 2008). By using

Drd1a-Cre and Drd2-Cremice, we could distinguish andmonitor

firing activities in dMSNs and iMSNs in the striatum. The first re-

ported distinct waveforms of iMSNs and dMSNs enable us to

examine potential activity changes of the two cell populations

separately.

We proposed that the ChAT-iMSN loop is the circuit motif that

could be driven by SOMs and contributes to the generation of

beta oscillations. Several pieces of evidence in the present study

support this hypothesis. First, the spike firings of both ChAT and

iMSN cells are temporally correlated with and phase locked to

LFP at beta oscillations. Second, directly activating either striatal

ChATs or iMSNs can mutually promote the power of beta oscil-

lations and the phase locking between spike firings and LFP.

Third, closed-loop inhibition targeting iMSNs or ChATs sup-

presses beta oscillations.

Limitations of the study
Our findings suggest that the CBT network components that

modulate beta oscillations in normal states may be operational
eneration of beta oscillations

f each unit; (center) average SFC; (right) percent SFC in beta band (ChATs: n =

t which spikes occur for the example neurons (top panel) and the phase angles

phase vectors obtained by vector averaging the phase of the spikes for the unit

n the lower plots represents the resultant vector of one unit. The numbers in the

des of the resultant vectors based on each spike having magnitude 1. OFF and

inhibition (ON stage), ChATs and iMSNs were, respectively, clustered around

FF, p > 0.05, ON, p < 0.01; iMSNs: n = 22, OFF, p > 0.05, ON, p < 0.05; dMSNs:

5, **p < 0.01, ns, no significance.



Baseline

TH-NpHR

TH-NpHR+closed-loop

TH-NpHR+random

0.0

2.0

4.0

6.0

Po
w

er
 (x

10
-4

 ඕ
V2 )

10 20 30 40 50 60
Frequency (Hz) 0

0.5

1.0

1.5

2.0

Po
w

er
  (

x1
0-4

 ඕ
V2 )

OFF ON

closed-loop random

* * *
ns

ns

0

5

10

15

20

25

D
is

ta
nc

e 
(m

)

OFF ON

** ** **
ns

ns

closed-loop random

0

50

100

150

Pe
rc

en
t  

tim
e 

im
m

ob
ile

 

OFF ON

** ** *
ns

ns

closed-loop random

OFF ON

* * **
ns

ns

closed-loop random

0

50

100

150

Pe
rc

en
t  

tim
e 

im
m

ob
ile

 

0

10

20

30

OFF ON

** ** *
ns

ns
closed-loop random

D
is

ta
nc

e 
(m

)

0

0.5

1.0

1.5

2.0

Po
w

er
  (

x1
0-4

 ඕ
V2 )

OFF ON

* * *

ns
ns

closed-loop random

10 20 30 40 50 60
Frequency (Hz)

0.0

2.0

4.0

6.0

Po
w

er
 (x

10
-4

 ඕ
V2 )

Baseline

TH-NpHR

TH-NpHR+closed-loop

TH-NpHR+random

A
m

pl
itu

de
 (m

V)

-1.0
-0.5

0
0.5
1.0

-0.1
0

0.1
0.2

0 10 403020 6050
Time (s)

-1
0
1

-0.1
0

0.1

A
m

pl
itu

de
 (m

V)

48.0 48.5 49.0 49.5 50.0
Time (s)

46.5 47.0 47.5

Open field & Closed-loop detection

Implant

TH-Cre+
DIO-NpHR-mCherry 

473 nm
DIO-SwiChRca-EYFP 

Drd2-cre mice

593 nm

USB

PC running custom MATLAB software

Laser

Optical output

Input

Amp

TTL out

A/D

D
ig

iti
ze

r

Filtering &Thresholding

Selected criteria

Time (s)

-1.5
-0.5
0.5

5 15
-0.15

0
0.15

10 20

A
m

pl
itu

de
 (m

V)

0

A

I J K

B

C

D E

F G H

(legend on next page)

Cell Reports 40, 111111, July 19, 2022 9

Report
ll

OPEN ACCESS



Report
ll

OPEN ACCESS
in PD states. In particular, optogenetic operation of a striatal

SOM-driven ChAT-iMSN loop alone, which enable us easily

manipulate DA release and downstream operators, can generate

both beta oscillations and motor deficits. Nevertheless, the mul-

tiple plastic changes seen throughout the CBT loop due to the

chronic loss of dopamine may not be present in our current ex-

periments, and we do not consider the acute DA neurons inhibi-

tion state equivalent to the parkinsonian state. In the present

study, the recording and behavioral measures of beta oscilla-

tions were not performed simultaneously; thus, the relevance

of beta oscillations to the motor deficits still required further ev-

idence. Moreover, we should not totally exclude the possible

involvement of chronic plastic changes in other CBT network

components, such as the GPe-STN loop, in the generation of

beta oscillations. Therefore, our present findings may be consid-

ered an important complement to former investigations in

chronic parkinsonian models.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal breeding, care and experimental protocols had been approved by the Experimental Animal Ethics Committee of Southeast

University. Mice were housed in groups of five andmaintained on a 12 h light-dark cycle (starting at 7 a.m.) with ad lib access to stan-

dard food and tap water. All mice that participated in optogenetics and multichannel recording experiments and behavioral tests

were adults (2-4 months old, male, singly housed). Strain types included in the experiments are as followed: C57BL/6 mice; Mice

from MMRRC: Drd2-Cre (MMRRC_032108-UCD); Drd1a-Cre (MMRRC_071264-UCD); mice from Jackson Laboratory:

ChAT-IRES-Cre (006410); PV-IRES-Cre (017320); SOM-IRES-Cre (013044). Drd1-cre mice were kindly provided by Professor Min-

min Luo (National Institute of Biological Sciences), Drd2-cre mice were kindly provided by Professor Shengxi Wu (Air Force Medical

University), SOM-IRES-Cre mice were kindly provided by Professor Fuqiang Xu (Wuhan Institute of Physics and Mathematics, CAS),

ChAT-IRES-Cre mice and PV-IRES-Cre were kindly provided by Professor Peng Cao (National Institute of Biological Sciences). Mice

were randomly assigned to experimental groups.

METHOD DETAILS

Virus preparation
rAAV2/9-TH-NLS-Cre (titre: 5.5131012 v.g./ml, BrianVTA, Inc), rAAV2/9-Ef1a-DIO-hChR2(H134R)-mCherry (titre: 5.9431012 v.g./ml,

BrianVTA, Inc), rAAV2/9-Ef1a-DIO-mCherry (titre: 1.4931013 v.g./ml, BrianVTA, Inc), rAAV2/9-Ef1a-DIO-eNpHR 3.0-EYFP (titre:

6.6231012 v.g./ml, BrianVTA, Inc), rAAV2/9-Ef1a-DIO-eNpHR 3.0-mCherry (titre: 5.8131012 v.g./ml, BrianVTA, Inc), rAAV2/9-

Ef1a-DIO-SwiChRca-EYFP (titre: 6.5431012 v.g./ml, BrianVTA, Inc), rAAV2/9-EF1a-DIO-EYFP (titre: 7.2831012 v.g./ml, BrianVTA,

Inc) and rAAV2/9-Ef1a-DIO-ChETA(E123T/H134R)-EYFP (titre: 5.8731012 v.g./ml, UPenn Vector Core) were stored at �80�C.

Surgical procedures
Stereotaxic surgeries involved the injection of virus and placement of optical fibers and optrodes into the brain. To begin the

surgeries, mice were first anesthetized with isoflurane oxygen mixture (induced 3%, maintained 1.5%) and placed on a stereotaxic

system (RWD Instruments).

To selectively express opsins, we injected conditional Cre-dependent recombinant adeno-associated viruses (rAAV) into DS of PV-

Cre, ChAT-Cre, SOM-Cre, Drd2-Cre or Drd1a-Cre mice, respectively. To express the excitatory channelrhodopsin-2 for optogenetic

manipulations, we used rAAV-Ef1a-DIO-hChR2(H134R)-mCherry or rAAV-Ef1a-DIO-ChETA(E123T/H134R)-EYFP. For the expres-

sion of inhibitory halorhodopsins, we used an rAAV-Ef1a-DIO-eNpHR3.0-EYFP or rAAV2/9-Ef1a-DIO-SwiChRca-EYFP. Virus

were delivered into the DS (AP 0.50mm, LM 1.40mm, DV 2.50–3.50mm) using pulled glass capillaries connected to a pressure micro-

injector (WPI Instruments). 250nL virus per mouse was delivered into the DS at a rate of 25 nL/min. In order to make dopaminergic

neurons specifically express halorhodopsin, we mixed two viruses (THp-Cre and DIO-eNpHR3.0-EYFP) together and then injected

themixture into the SNc (AP -3.10mm, LM1.40mm,DV4.30mm). 150nLmixed viruswere delivered into the SNc at a rate of 15 nL/min.

The needle was left in place for 10 min post-injection. Afterwards the wounds were stitched andmice were placed in an incubator for

recovery from anesthesia.

For optic fiber implantation, each fiber (Thinker Tech) was implanted 250mm above the viral injection site. The fiber was fixed to the

surface of the skull with dental cement (GC INTERNATIONAL CORP.). For optrode implantation, a 32-channel customized optrode

(see below) was implanted into the DS following a protocol similar to that of fiber implantation.

Optogenetic manipulation
Optogenetic operations were performed using a 200-mm, 0.22 NA fiber optic patch cord to deliver light to the implanted fibers. In

order to ensure that the animals were free moving, the connected fiber optic patch cord were hung above the behavioral device.

We used an optical power meter (PM100D, Thorlabs) to measure the light intensity before the experiment. In optogenetic manipu-

lation, we adjusted the light intensity of the fiber tip to about 5mW. A 473-nm blue laser was delivered to mice expressing ChR2 and

mCherry. The blue laser delivery paradigmwas either 10 Hz, or 20Hz, or 40Hz per protocol. Formice expressing eNpHR3.0, the same

set-up was used except that now a 593-nm yellow light laser was employed. The yellow light delivery paradigms included either a

continuous light-on period for 15s or 1 min long phasic stimulation epochs separated by 1 min of no light protocol. For closed

loop experiment, 593-nm yellow light was used for the photoinhibition of SNc DANs and 473-nm blue light was used to trigger

the online optogenetic manipulation.

Optrode recordings and optogenetic identification of striatal neurons
In order to identify neurons expressing ChR2 or ChETA in the DS of free-movingmice, customized optrodes were used. Each optrode

consisted of a 200-mm optical fiber and eight tetrodes. The tetrode was made by twisting four platinum-iridium wires (California Fine
Cell Reports 40, 111111, July 19, 2022
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Wire) into one. The tetrode wires were then plated with gold solution (Plexon Inc.) to modulate the impedance to 150 -300 kU. The

tetrode wires were 0.2–0.3 mm longer than the optical fiber. The optrode was fixed on a microdrive array, allowing the optrode as-

sembly tomove vertically in search of light-sensitive neurons.Wewelded groundwires to screws on the surface of the skull as ground

attachment. The optrode assembly was fixed to the skull with skull screws and dental adhesive. Then animals recuperated for

2 weeks before single-unit recording. Signals were collected using OmniPlex System (Plexon Inc.) controlled by OmniPlex Software.

Spontaneous spiking activity was filtered at 0.25–5 kHz and digitized at 40 kHz sampling rate. LFP was filtered at 0-250 Hz and digi-

tized at 1 kHz sampling rate. After each recording session, the tetrodewas lowered for 70um (1 step). Themicewould then recover for

at least 48 h before next recording. When the signal recording was complete, the electrode tip locations and virus expression were

reconstructed using standard histological procedures.

To identify PV+, ChAT+, SOM+, Drd2+ or Drd1a + neurons using optogenetics, we tested the response of all recorded neurons to

light stimulation (Lima et al., 2009). We used blue light laser to activate ChR2 or ChETA (10 or 40 Hz, 10 ms per pulse, 60 pulses, 5

mW). If the response time delay of a neuron to light stimulation is less than 5 ms, we considered the neuron to be directly driven (Fig-

ure 2B). To ensure that spontaneous and light-induced spikes of identified neurons were from the same neuron, we calculated the

waveform similarity between spontaneous and light-induced spikes of all identified neurons. We used the correlation coefficient to

quantify the similarity between spontaneous and light-induced spikes. Only activities with correlation coefficient greater than 0.95

were considered as stemming from the same neuron. (Figure 2C). Optogenetically identified spikes were then clustered using three

parameters related to the spike asymmetry, the valley FHWM, and the length of peak1-to-peak2 to discriminate striatal interneurons.

dMSNs and iMSNs were distinguished by using parameters as followed: the length of peak1-to- valley, the valley FHWM, and the

length of peak1-to-peak2.

Spike sorting
Neural data were sorted by using Offline Sorter V4 (Plexon Inc.) as previously described (Lima et al., 2009). We clustered the

waveforms based on principal components analysis (PCA) as previously described (Anikeeva et al., 2011; Wolff et al., 2014). A set

of waveforms were considered to be produced by a single cell if it displayed a definite refractory period (>1 ms) in the autocorrelo-

gram and formed a discrete cluster distinct from clusters of other units. Sorted waveforms were then stored for further analysis.

Neuronal activities were denoted by either frequencies or Z-score values (Wolff et al., 2014).

Data analysis
Data analysis were performed using Neuroexplorer5 (Plexon Inc.) andMATLAB. LFPs were low-pass filtered from 1 to 250 Hz using a

fourth-order Tchebyscheff filter. All spectral analysis was done usingmultitaper Fourier transform.We calculated the power spectrum

of LFP by using the mtspecgram function of the Chronux toolbox (Bokil et al., 2010). The final power spectrumwas calculated by first

averaging results from all electrodes from each animal and then averaging results from all animals.

Spike-field coherence (SFC)measured the synchronization between local field potential and spikes. The SFCwas computed as the

ratio of the frequency power spectrum of the STA (spike-triggered average) over the mean frequency spectrum of the LFP traces. To

calculate STAs, we averaged LFPs within a window of ±300 ms centered on each trigger spike. We only used LFPs and spikes

recorded fromdifferent tetrodes for subsequent analysis. We used themultitaper analysis with seven tapers tomeasure the spectrum

of the STA (fSTA). For this purpose, we used the Chronux Toolbox (Chronux 2.0). The average spectrum of the LFP traces resulted in

the spike triggered power (STP).

In order to investigate the real-time phase relationships between spike and LFPs at specific frequency bands (Garas et al., 2016;

Nakamura et al., 2014; Sharott et al., 2012), we estimated the phase of each spike at specific frequency by using the continuous

wavelet transform. The phase was between �180� and 180�, phase zero equal to the valley and phases �180� and 180� equal to
the peak of the oscillation.

Behavioral assays
All behavioral tests were performed on male mice between 12 and 16 weeks old. For acclimations, mice were handled for 5 consec-

utive days (5 min/day) before the experiment. Mice were placed in the center of the open-field box (40 cm3 40 cm3 40.5cm) at the

beginning of the test and allowed to move freely for 5 min for acclimation to the environment. A camera was fixed above the chamber

to record the behavior of each animal (Any-maze, Stoelting). For DANs photoinhibition manipulations, mice were placed in the open

field and yellow light was delivered continuously for 15 s. For SOMs photoinhibition manipulations, mice were placed in the open field

and irradiated with yellow light for 10 min (1 min long phasic stimulation epochs separated by 1 min of no light). During ChATs or

iMSNs photoactivationmanipulations, micewere able tomove freely throughout the chamber and blue light was delivered for periods

of 5 min (20Hz, 10 ms per pulse).

Anatomical verification
Animals were anaesthetized with isoflurane and then perfused transcardially with phosphate-buffered saline (PBS), followed by 4%

paraformaldehyde in PBS. We placed brains in 4% paraformaldehyde overnight for post-fixation and in 40% sucrose in PBS for

equilibration. Brains were coated with Tissue-Tek OCT compound (SAKURA Inc.) and then frozen at �80�C. Brains were sectioned

coronally in 35-mm slices by using freezing microtome (CM1950, Leica) and kept in PBS solution at 4�C before mounting. Then slices
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were DAPI (H-1200, Vector Laboratories) stained and carefully examined (Figure S2). A fluorescent confocal microscope (Zeiss,

LSM700) was employed for imaging.

Immunofluorescence
To test specificity of combined viruses (THp-Cre andDIO-eNpHR3.0-EYFP), we calculated the co-localization of the fluorescent label

transduced by the virus and the corresponding immunofluorescence (IF). We used the experimental protocol as previously described

for immunofluorescence detection of TH (Anikeeva et al., 2011; Stauffer et al., 2016). We paraformaldehyde fixed and sectioned

35-mm-thick brain slices using protocols as described above. Wewashed slices twice with PBS for 10min and blocked with blocking

solution (10% donkey serum (NQBB, A4016-37) in PBST (PBS containing 3& Triton-X-100) for 2h at 20�C. Next the slices were incu-

bated with primary antibodies (rabbit anti-TH, Merck Millipore, AB152, 1:1000) overnight at 4�C. The slices were washed thrice with

PBS for 10 min and incubated with fluorescent secondary antibodies (Alexa Fluor 594 for Donkey anti-rabbit IgG (H + L), Invitrogen,

R37119, 1:200) for 2 h at 20�C. The slices were last washed thrice with PBS and then coverslipped withMountingMedium containing

DAPI. We used ImageJ (National Institutes of Health) to manually count virus-labeled cells, IF-labeled cells and neurons co-labeled

with the two.

Closed-loop optogenetic intervention
Physiological data from OmniPlex system (Plexon Inc.) was analyzed for real-time processing of LFP in MATLAB by customized pro-

gram scripts and software development kit MatlabClientDevelopKit (Plexon Inc.).

The wide-band signal was bandpass-filtered (12–25 Hz), and then filtered LFPs were calibrated and smoothed using a moving

average filter with a 400-millisecond duration to produce online beta amplitude values. The amplitude value was used to trigger

stimulation via a self-defined threshold by a digital output application program PlexonDo (Plexon Inc.). The trigger output was onset

when the amplitude of more than four channels is higher than given threshold. The delay from exceeding the threshold to the start of

stimulation is 30–40 milliseconds. Once the stimulus is triggered, it would continue until the beta amplitude is below the threshold

again. The program provided a continuous readout of the stimulus state. As a control, random stimuli were presented at random in-

tervals under the constraints of the same stimulation duration.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of animals used in our experiment was comparable to other studies using similar techniques and animal models.

Statistical analyses were calculated using GraphPad Prism software v8. All statistical tests were two-tailed. Differences were

considered significant when p < 0.05. We used the D’Agostino & Pearson omnibus normality test to detect normality between group

samples and used the Brown–Forsythe test to assess equal variances between group samples. When the sample conformed to the

normal distribution or the variance was homogeneous, paired student’s t-test, or unpaired student’s t-test were used. Where

normality or equal variance of samples failed, Wilcoxon matched-pairs signed rank test, or Mann Whitney test were used, respec-

tively. We performed the Rayleigh test for assessment of circular uniformity. We used the ‘circ_rtest’ function to evaluate if the spike

unit activity is uniformly distributed across the b-oscillation cycles (H0, p > 0.05). If H0was rejected, striatal neuronwas considered as

significantly phase locked to beta oscillations. Statistical details of experiments are described in method details or Figure Legends.
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