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Parkinson’s disease (PD) is characterized by aberrant discharge patterns and
exaggerated oscillatory activity within basal ganglia-thalamocortical circuits. We have
previously observed substantial alterations in spike and local field potential (LFP)
activities recorded in the thalamic parafascicular nucleus (PF) and motor cortex (M1),
respectively, of hemiparkinsonian rats during rest or catching movements. This study
explored whether the mutual effects of the PF and M1 depended on the amplitude and
phase relationship in their identified neuron spikes or group rhythmic activities. Microwire
electrode arrays were paired and implanted in the PF and M1 of rats with unilateral
dopaminergic cell lesions. The results showed that the identified PF neurons exhibited
aberrant cell type-selective firing rates and preferential and excessive phase-locked firing
to cortical LFP oscillations mainly at 12-35 Hz (beta frequencies), consistent with the
observation of identified M1 neurons with ongoing PF LFP oscillations. Experimental
evidence also showed a decrease in phase-locking at 0.7-12 Hz and 35-70 Hz
in the PF and M1 circuits in the hemiparkinsonian rats. Furthermore, anatomical
evidence was provided for the existence of afferent and efferent bidirectional reciprocal
connectivity pathways between the PF and M1 using an anterograde and retrograde
neuroanatomical tracing virus. Collectively, our results suggested that multiple alterations
may be present in regional anatomical and functional modes with which the PF and
M1 interact, and that parkinsonism-associated changes in PF integrate M1 activity in a
manner that varies with frequency, behavioral state, and integrity of the dopaminergic
system.

Keywords: local field potential (LFP), Parkinson’s disease (PD), parafascicular thalamic nucleus, motor cortex,
spike, coherence, rat

Abbreviations: 6-OHDA, 6-hydroxydopamine; BS, broad spike; GABA, y-aminobutyric acidergic; GLU, glutamatergic; ISIs,
inter-spike interval histograms; LEP, local field potential; M1, primary motor cortex; MFB, medial forebrain bundle; MWUT,
Mann-Whitney U-test; NS, narrow spike; PV, parvalbumin; PBS, phosphate buffer solution; PD, Parkinson’s disease; PETH,
perievent time histograms; PF, parafascicular nucleus; TH, tyrosine hydroxylase; DA, dopamine.
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INTRODUCTION

Much of the motor impairment associated with Parkinson’s
disease (PD) is presumed to arise from aberrant frequency-
specific oscillatory and/or neuronal single-unit activity across
the cortico-basal ganglia-thalamocortical circuit (Wang et al.,
2015; West et al, 2018; Cagnan et al, 2019; Holt et al,
2019; Underwood and Parr-Brownlie, 2021). Profound aberrant
discharge patterns and presence of exaggerated oscillatory
activity across the basal ganglia (Avila et al,, 2010; Brazhnik
et al,, 2012, 2014; Halje et al., 2012; Quiroga-Varela et al., 2013;
Devergnas et al., 2014; Rossant et al., 2016), thalamic nuclei
(Parr-Brownlie et al., 2009; Bosch-Bouju et al., 2014), and motor
cortex (Parr-Brownlie et al., 2007; Pasquereau and Turner, 2013;
Pasquereau et al., 2015; Hyland et al., 2019) have been observed.
Dopamine depletion in PD triggers pathologic alterations not
only among individual brain sites but also throughout the
cortico-basal ganglia-thalamocortical circuit. These interactions
are mediated by the prototype of anatomical connections and by
rapidly and selectively engaging functional neuronal connections
(Jin et al., 2016; Zhang et al., 2019a; Gaidica et al., 2020).
Therefore, a significant challenge in modern neuroscience is
determining alterations in functional connectivity in the cortico-
basal ganglia-thalamocortical circuit.

Among the components of the cortico-basal ganglia-
thalamocortical circuit, the thalamus is a central hub in nearly
all motor, sensory, and associative circuits and is, therefore,
well-positioned to regulate circuit-wide neuronal activities
(Sherman, 2016; Gaidica et al., 2018, 2020; Halassa and Sherman,
2019). Therefore, altered thalamic activity has been assumed to
underlie the pathogenesis of motor deficits in individuals with
PD (Bosch-Bouju et al., 2014; Brazhnik et al., 2016; Cagnan et al,,
2019). Among many thalamic nuclei, the thalamic intralaminar
nuclei are part of the higher-order thalamus, which receives
little sensory input and, instead, forms extensive cortico-basal
ganglia-thalamocortical circuits, a key node in this circuit that
controls movement (Saalmann, 2014). As a component of the
intralaminar nuclei, the thalamic centromedian-parafascicular
(CM/PF) complex, mainly represented by the parafascicular
nucleus (PF) in rodents, differs from other intralaminar thalamic
groups in terms of its rich connectivity with the basal ganglia
(Smith et al., 2004, 2014). Evidence from postmortem human
brain studies indicates that the CM/PF complex presents 30-40%
cell loss in individuals with PD, unlike other thalamic nuclei
that maintain their integrity throughout the disease (Henderson
et al., 2000a,b; Halliday, 2009). A similar pattern of degeneration
was observed in the CM/PF complex of parkinsonian monkeys
(Villalba et al., 2014). Altered PF activity in rodents has been
assumed to underlie the pathogenesis of PD-related motor
deficits (Ni et al., 2000; Parr-Brownlie et al., 2009; Smith et al.,
2014; Wang et al., 2016). Furthermore, after dopamine depletion,
thalamostriatal synapses are a site of maladaptive changes in
mice with PD (Parker et al., 2016). A recent study implies that PF
innervation of the striatum induces alterations in thalamostriatal
network activity related to PD pathophysiology (Tanimura et al.,
2019). Two populations of PF neurons were previously identified
whose activity correlated with distinct aspects during rest and

movement, and 6-OHDA induced modifications in PF spike
and local field potential (LFP) activities in hemiparkinsonian
rats (Wang et al., 2016). In addition, the two populations of
PF neurons were associated with different levels of increased
spike-LFP synchronization with the dorsal striatum in the
hemiparkinsonian rats (Zhang et al., 2019b).

Numerous primate and rodent studies have shown that
CM/PF or PF neurons consist of large anatomically and
physiologically distinct neuronal populations that extend
topographically organized projections to the striatum and
provide relatively minor anatomically collaterals to and from
the cerebral cortex (Sadikot and Rymar, 2009; Mandelbaum
et al., 2019; Stayte et al., 2021). The PF is well-positioned to
reciprocally modulate information flow between the cerebral
cortex and the thalamus to a certain extent (Sherman, 2017;
Halassa and Sherman, 2019). However, the mechanisms by
which different groups of PF neurons may regulate information
transmission in cortical circuits remain unknown. Therefore,
understanding the neural interaction mechanism between the PF
and M1 in different groups of neurons is challenging. Recently,
our research group discovered that neurons in the primary motor
cortex (M1) of dopaminergic-lesioned rats were accompanied
by decreased spike firing rate, reshaping the firing pattern and
aberrant LFP-specific frequency oscillations (Li et al., 2021).
Motivated by these studies, we hypothesize that the PF may
modulate cortical processes to regulate information flow and
that the functional relevance of the interaction of the PF with M1
would be involved in the pathophysiology of PD or its animal
models. We used multielectrode arrays to record spikes and LFPs
simultaneously from the PF and M1 in vivo of animals at rest and
performed behavioral tasks to define how chronic depletion of
dopamine, which occurs in patients with PD, alters the temporal
organization of electrical activity, and to infer changes in the
neural transmission that occur in PF-MI1 circuits following
chronic dopamine depletion.

MATERIALS AND METHODS

Animals and Behavioral Training

Male Wistar rats weighing 280-320 g (Shandong University,
China) were housed to a cage under environmentally controlled
conditions and 14-h10-h light/dark cycles, with free access
to water and limited food. All experimental procedures were
conducted in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 8023, revised 1978) and approved by the
Shandong Normal University Ethics Review Board (Protocol
Number: AEECSDNU2020016).

The specific experimental procedures are shown in Figure 1A.
No statistical method was used to determine sample size. The
sample size was arbitrarily set to 40 (two groups). One week
before surgery, all the rats (n = 40) were trained to execute
reach-to-grasp food movements, i.e., to retrieve a food pellet
with their forepaw, and the dominant forepaw was determined
using a previously described method (Wang et al., 2016; Li et al.,
2021). Briefly, the animals reached through a small slit (1 cm)
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in the wall of a transparent plastic test chamber (homemade,
20 cm x 15 cm x 30 cm) to obtain food pellets (grinding
standard rat chow, KeAoXie Li Company, Beijing, China)
placed on a tray using their preferred forepaws (Figure 1B).
The tray was mounted in front of the slit outside the test
chamber. Reach-to-grasp food movements were detected by
interruption of a light beam generated with an infrared obstacle
avoidance sensor (E18-D80NK) connected to the OmniPlex D
System via digital input-output interfacing. In parallel with both
behavioral and screen recorders, CamStudio (Microlmages, Inc.,
United States) was used to record continuous real-time behaviors
with synchronization of electrophysiological recordings through
computer interaction. The rats received daily sessions consisting
of 90 trials, separated into three blocks of 30 trials. One trial
began when an animal approached the slit and grabbed the food
and ended when it retracted the preferred forepaws. The entire
session required 30 min to complete, with an hour break between
every session, and the animals were trained 7 days per week.
Behavioral experiments were performed between 9 and 12 am.

Unilateral Lesion of the Nigrostriatal
Pathway

After the behavioral training period, the rats were randomly
divided into two groups. One group [6-hydroxydopamine (6-
OHDA)-treated group, n = 22 rats] received a unilateral injection
of 6-OHDA in the medial forebrain bundle (MFB, contralateral
to the preferred paw) (Figure 1C). The other group of rats
(control group, n = 17 rats) received a unilateral injection of
vehicle (0.02% ascorbic acid in physiological saline) in the medial
forebrain bundle (MFB, contralateral to the preferred paw).
The protocol used to induce the destruction of the nigrostriatal
pathway was applied as previously described (Brazhnik et al.,
2012). Thirty minutes prior to intracerebral injections of 6-
OHDA into the MFB, desipramine hydrochloride [15 mg/kg,
i.p.; Sigma, catalog# 58-28-6 (year 2019)] was administered to
protect noradrenergic neurons. The animals were anesthetized
with urethane [1 g/kg i.p., Sigma, catalog#51-79-6 (year 2019)].
A hole was drilled in the skull at -2.16 mm posterior to the
bregma and 2.1 mm lateral to the sagittal suture contralateral
to the preferred paw determined via behavioral training. Two
micrograms per microliter of 6-OHDA in 3 1 [0.9% saline with
0.02% ascorbic acid, Sigma, catalog #28094-15-7 (year 2019)]
was injected with a microsyringe into the MFB (8.5 mm ventral
to the skull surface) at a rate of 0.5 pl/min for over 6 min.
The needle of the microsyringe remained in the injection site
for another 6-10 min to prevent neurotoxin diffusion. The
control rats only received the same volume of vehicle at the
same coordinates. Then, the skull incision was sutured, and the
long-acting analgesic carprofen [5 mg/kg, Sigma, catalog #53716-
49-7 (year 2019)] was injected subcutaneously. The rats received
postoperative care and were monitored for 1 week after surgery.
The efficacy of dopaminergic lesions was assessed 7 days
after the surgery by treatment with apomorphine [0.05 mg/kg
s.c., Sigma, catalog# A4393 (year 2019)]. The animals that
performed more than 210 rotations contralateral to the lesioned
site within 30 min were confirmed to have a successful lesion

(Yuan et al, 2004; Geng et al., 2016a,b). Only these animals
were used as the 6-OHDA-treated group for behavioral tests
and electrophysiological recordings. The degree of dopaminergic
neuron degeneration was assessed in postmortem tissues by
immunohistochemical staining for tyrosine hydroxylase (TH).

Recording Electrode Implantation

Each rat was initially anesthetized with urethane (1 g/kg i.p;
Sigma, St. Louis, MO, United States) and mounted in a stereotaxic
frame. Holes were drilled in the skull over the target recording
sites contralateral to the hemispheres for the preferred paw.
An electrode array constructed from two bundles of 8 nickel-
chromium and HFV natural-insulated microwires (12.5 pwm in
diameter; California Fine Wire, Grover Beach, CA, United States)
plus an additional seventeenth wire with uninsulated silver wires
(125 pm) as ground wires and a nickel-chromium wire (125 pm)
as a reference were used to monitor and decrease background
noise, especially during animal forelimb catching periods. One
bundle of 8 independent microwires (2 x 4 pattern, with two
rows with an interval of 100 wm) of the electrode array was
implanted on the skull above the target coordinates for the PF
(-4.2 £ 0.1 mm posterior to the bregma, 1.2 &+ 0.1 mm lateral to
the sagittal suture, and 6 £ 0.5 mm ventral to the skull surface),
and another bundle of 8 independent microwires was implanted
to detect M1 layer 5 (41 £ 0.2 mm anterior to the bregma,
2 4+ 0.2 mm lateral to the sagittal suture, and 1.9 & 0.1 mm
ventral to the skull surface), which pertain to the hemisphere
ipsilateral to the 6-OHDA infusion (Figure 1C, according to the
atlas of Paxinos and Watson, 2007). Four stainless steel screws
were implanted onto the skull as anchors and connected with
an uninsulated silver wire serving as electric ground. The skull
was then sealed with a layer of agar, and then the microwire
arrays and stainless-steel screws were affixed onto the skull with
dental cement. Ultimately, the animals received the same long-
acting analgesic and postoperative care as described above after
lesioning of the nigrostriatal pathway.

Electrophysiological Data Acquisition

and Selection

All extracellular recordings were performed 1 week post-surgery
and were conducted weekly for 5-8 weeks. Extracellular spike
trains and LFPs were simultaneously recorded during epochs
of inattentive rest and forelimb reaching movements. During
the recording sessions, spike trains and LFPs were amplified
and filtered using Plexon systems (OmniPlex D Neural Data
Acquisition, Inc., Dallas, TX, United States). Spikes were
amplified (10,000x) by bandpass filtering (0.3-3 kHz) and
sampled at 20 kHz. LFPs were amplified (1000x) and bandpass
filtered (0.7-200 Hz). A notch filter was used to eliminate line
noise at 50 Hz. Sampling rates were 40 kHz for spikes and 1 kHz
for LFPs. Discriminated spike and LFP signals were digitized and
stored in individual text files for subsequent offline analysis.

For evaluations of neuronal activity, epochs of extracellular
unit activity and simultaneous LFP recordings free of major
artifacts were used in the analysis. Direct observation and
videotaped motor behaviors were used to select periods
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FIGURE 1 | Experimental design and timeline. (A) Prior to and following surgery to induce a unilateral 6-hydroxydopamine (6-OHDA) lesion of the medial forebrain
bundle, all rats (n = 40) underwent behavioral training and were monitored to execute the catching task to obtain food through a slit using their preferred forepaws.
All the rats performed an apomorphine-induced rotation test 2 weeks after the surgery. A multiunit recording electrode was implanted into the primary motor cortex
(M1) and thalamic parafascicular nucleus (PF) of all the lesioned and control rats 2 weeks after the first surgery. Signal recording began from 20 to 34 days after
surgery for further data analyses. (B) Schematic diagram of the multiunit recordings from the M1 and PF nucleus. Slits in the wall of the test chamber were placed
individually at the contralateral side of the preferred forepaws. This experiment provides an example indicating that a rat could catch food through a slot with its left

6-OHDA (or vehicle in the control group) are contralateral to the preferred forepaw.

forepaw. (C) lllustration showing a rat whose left forepaw dominates after behavioral training. Recording electrodes (M1 and PF) and intracerebral injection of

representing different behavioral states. All the recorded
information was further assessed using Offline Sorter version
4 (Plexon, Inc., Dallas, TX, United States), NeuroExplorer
version 5 (NEX Technologies, Littleton, MA, United States),
and MATLAB (MathWorks, Natick, MA, United States) scripts.
Each recording session for all the rats included periods of
rest and forelimb catching movement, as previously described
(Wang et al, 2016). By direct visual observation and video
recording, epochs representing different behavioral states were
selected. Epochs of the remaining periods were categorized as
inattentive rest states, i.e., when the rats were awake but not
attentive to their tasks (when the rats were awake and maintained
the same posture). Care was taken to prevent surrounding

distractions that would alert them. The analyses were focused
on self-initiated, spontaneous catching movements to examine
movement-related neuronal activities. These movements were
defined as those involving forelimb movements (determined
from video recordings). Movement periods were determined
using a combination of videos of behavior (30 frames/s) and
the Infrared Obstacle Avoidance Sensor (E18-D80NK). The
analyses were focused on perievent raster plots and perievent
time histograms (PETHs) that revolved around catching
movement-related neuronal activities. PETHs (40 ms bins) were
smoothed with a sliding seven-point Gaussian window using
NeuroExplorer version 5 routines (NEX Technologies, Littleton,
MA, United States). Only neurons recorded during the execution
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of such movement periods were considered for further analysis of
movement-related neuronal activities.

Electrophysiological Data Analysis

During the experiments and analysis, the investigators were
blinded to the experimental groups. Animals were identified by
earmarks that assigned numbers to each, and investigators were
announced only after completing the analysis.

Identification and Classification of Neurons

Based on recorded continuous voltage traces of the electrode
array, individual neuron action potentials were detected and
sorted using the offline sorter version 4 software', and then the
data were manually checked to ensure that the separated cluster
boundaries were clear and that inconformity spike waveforms
were rejected. Putative spike activity was isolated with previously
described spike sorting procedures (Nicolelis et al., 2003; Isomura
et al,, 2009; Kaufman et al, 2013; Saiki et al., 2014; Wang
et al, 2016; Li et al, 2021). The first step was to set a
voltage threshold for each of the channel processing signals.
The threshold value was sufficiently higher than the noise level,
in which some obvious artifacts in the signals were removed
manually if a spike did not exhibit a high quality of separation
from the background noise or did not match with sorted
neurons. Then, the selected single units were separated based
on several waveform parameters and distinguishing features
in the offline sorter. Initially, a principal component (PC)
analysis was conducted using all unsorted spike waveforms.
Different types of neurons were automatically isolated from
different clusters displayed with each point in the 2D/3D PC
space using the K-means clustering algorithm. The clusters
were further inspected, and units that were not easily identified
automatically were manually added or deleted. The quality
metrics of the separate clusters were calculated by determining
isolation distance (Iso Dist), and LRatio measures included the
parametric statistic of multivariate analysis of variance. Iso Dist
is a measure of how distant non-unit spikes are from spikes in the
unit under consideration; thus, a large Iso Dist value indicates a
well-separated unit. LRatio is a measure of the amount of noise
near a unit; thus, a low value of L-ratio indicates that a unit is
well separated (Schmitzer-Torbert et al., 2005). Next, by selecting
a group of points from the PC analysis, interspike interval (ISI)
histograms were calculated, in which each unit exhibited a clearly
recognizable refractory period (>2 ms) and had a characteristic
and distinct ISI shape. Finally, spike duration was the trough-
to-peak measure (between the first negative deflection and the
peak of the second positive deflection of a spike waveform), which
was easily detectable and provided the most reliable separation
of two classes (Bartho et al., 2004). Generally, for each of these
data segments, single units were discriminated based on multiple
parameters: waveform voltage and shape, 2D/3D PC clusters,
ISIs, and cluster separation statistics calculated for each recorded
channel. All allowed excellent separations of waveforms collected
from single or multiple electrodes into distinct categories.

Thttp://www.plexon.com

Spectral Analysis of Local Field Potentials

LFP activity was analyzed by computing spectral power
distributions using Chronux 2.12* and the in-house MATLAB
software (MathWorks, Natick, MA, United States). LFP was
calculated using the multiple tapers method (time band with
product = 5, number of tapers = 9) with a window size of
0.5 s, time step of 0.1 s, and sampling frequency of 1,000
applied separately to each window. Similar to previous studies,
relevant LFP power spectra were analyzed by focusing on four
main bands.7-12, 12-35, 35-70, 70-100 Hz, and 100-200 Hz to
examine frequency band-specific characteristics (Rossant et al.,
2016). The power for each band was computed as a function
to provide a ratio across the power for an entire signal (0.7-
200 Hz), which was reported as the ratio of the power for a
relevant band to total power to overcome effects attributed to
individual non-specific differences in absolute power.

Analysis of the Relationship Between
Spikes and Local Field Potentials

Coherence Value

The relationship between spikes and LFPs after 6-OHDA
treatment was defined as the primary endpoint of this study.
Functional relationships between M1 and PF were estimated by
calculating coherence. Coherence provides a normalized measure
of the linear correlation between signals in the frequency domain.
Coherence between two simultaneously recorded spike-LFP
signals was computed using a multitaper method implemented
in Chronux 2.12 (see footnote 2) and the in-house MATLAB
software (MathWorks, Natick, MA, United States). The Chronux
coherence cept function (Bokil et al, 2010) was used to
calculate the coherence value using spikes and synchronous
LFPs at bands of 0.7-12, 12-35, 35-70, and 70-100 Hz.
Compared to the control rats, alterations in the mean power
frequency distributions were observed in these four frequency
bands according to previously computed LFPs in the rats with
dopaminergic lesions (Wang et al., 2016; Li et al., 2021). First,
at least 5-min epochs were selected for analysis, during which
simultaneously recorded spike-LFP signals were segmented into
non-overlapping windows of equal length (5 s). Next, the
multitaper method (9 tapers) was applied separately to compute
the coherence for the current window. Final coherence value was
estimated by calculating the average coherence over all windows,
which ranged from 0 to 1. High coherence between spike-
LFP signals indicates perfect synchronization, which correlates
with fluctuations in power that are associated with oscillation
amplitude and time (Sharott et al., 2005; Porter et al., 2020).

Phase Locking

Functional relationships between M1 and PF were also estimated
by calculating phase locking. Phase locking is a measure of
the consistent phase or amount of phase locking between two
brain regions and correlates with oscillation fluctuations over
time without considering any amplitude relationships. The same
spike-LFP pairs that were used in the coherence analysis were
included in the phase-locking estimation analysis.

Zhttp://chronux.org
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First, phase distribution was described in the angular
distributions of PF spikes in relation to their ongoing M1LFP
activity. A third-order Butterworth filter was used to perform
bandpass filtering for M1LFPs, and then the instantaneous phase
relationship between the peak time of PF and the frequency
band of MILFPs at 0.7-12, 12-35, 35-70, and 70-100 Hz was
calculated with the Hilbert transform (Nakamura et al., 2014;
Sharott et al., 2017). Using this approach, phase histograms (20
bins) of spike timing relative to peaks in the M1 LFP correspond
to a phase of 0° and troughs to a phase of 180° for each cell.
Only PF neurons that contained at least 40 spikes were used for
phase-locking estimation (defined as having p < 0.05 in Rayleigh’s
uniformity test) to ensure that the statistical results were valid,
of which the mean phase angle was only computed for each
of the neurons that were significantly phase-locked. Differences
between the mean phase angles were assessed by the Warson-
Williams F test. Second, the length of the mean phase angle
(range of tol, the closer to 1, the more preferred the angles)
of the phase distribution was also computed (Abdi et al., 2015).
It was used to describe and quantify the level of phase-locking
around the mean angle for individual neurons. The difference
between the lengths of the mean phase angle was analyzed by
the Mann-Whitney U test. Subsequently, mean phase angle and
mean vector length were calculated and displayed in circular plots
using the Circular Statistics toolbox for MATLAB (Berens, 2009;
Sharott et al., 2012). The line radiating from the center was used
to indicate the vector and length of the mean phase angle in the
circular histogram.

Molecular Characterization of Recorded
and Juxtacellularly Labeled Single

Neurons

Previous studies have characterized the electrophysiological
properties of two different subpopulations of PF neurons
by performing in vivo extracellular recordings in dopamine-
intact and hemiparkinsonian rats (Wang et al., 2016; Zhang
et al, 2019b). An in vivo juxtacellular labeling method was
used on anesthetized dopamine-intact rats to establish the
consistency between electrophysiological properties and the
immunohistochemical morphology of a subpopulation of PF
neurons. Single neurons were selectively labeled with neurobiotin
using the juxtacellular method as described previously (Pinault,
1996; Sharott et al., 2012). Briefly, a filamented borosilicate
glass pipette (1.5 mm outer diameter, 0.86 mm inner diameter,
Sutter Instrument) was pulled with a horizontal micropipette
puller (P-97; Sutter Instrument) to a tip opening of 1-2
pm and resistance of 15-25 MQ. Pipettes were filled with
neurobiotin (2% w/v; Vector Laboratories, Burlingame, CA,
United States) in a 1-M NaCl solution, and a chlorided silver
wire was inserted and used as the recording and labeling
microelectrode. Each rat was anesthetized with urethane (1.2-
1.4 g/kg, i.p.) and a fixed stereotaxic apparatus (as described
above). Recordings were performed in the PF at the following
stereotaxic coordinates: anterior: -4.2 = 0.1 mm from the
bregma; lateral: & 1.2 £ 0.1 mm; ventral: 6 £ 0.5 mm
from the skull surface. Two holes were drilled in the bilateral

PF on the skull. Neural signals were amplified with a
multichannel bioamplification system (SWEF-2 + RM6280BD;
Chengdu, China), bandpass filtered at.16-3 kHz, and sampled
at 20 kHz. Following successful characterization of isolated
individual neuron spikes (i.e., single-unit activities), extracellular
recordings were performed for 5-10 min for subsequent offline
analysis using a standard “spike-sorting” procedure in Offline
Sorter (Plexon, Inc., Dallas, TX, United States) as described
above for identification and classification of neuron sections.
Then, juxtacellular labeling of neurons in one hemisphere was
performed by injecting a dye with 5-10 nA positive depolarizing
rectangular pulses (duration: 0.2 s, 50% duty cycle) at 2.5 Hz
through the recording electrode. The optimal position of the
electrode was identified when the firing pattern of a neuron was
robustly modulated by the current injection. Neuronal firing was
modulated by microelectrophoresis current for at least 2 min.

Immunochemistry

Within 2-4 h after juxtacellular labeling, the rats were sacrificed
with an overdose of urethane (3 g/kg, i.p.) and perfused via
the ascending aorta with 100 ml of saline (0.9% NaCl) followed
by 300 ml of a fixative solution (4% paraformaldehyde in
PBS). The rats were decapitated, and the brains were post-fixed
with a paraformaldehyde solution overnight and subsequently
immersed in 30% sucrose in PBS for 48 h at 4°C until they
descended to the bottom of glass bottles. Then, the brains were
removed and cut into slices at a 50-pum thickness.

First, sections were stained for the location of neurobiotin-
labeled neurons using Cy2-conjugated streptavidin [1:1,000
dilution; Jackson ImmunoResearch Laboratories; catalog#
136724 (year 2019)], and then relevant sections containing
neurons were further incubated for dual immunofluorescence
staining to identify glutamatergic (monoclonal anti-vesicular
glutamate transporter 1 antibody, 1:1,000 dilution; Millipore;
catalog# 5502), GABAergic [monoclonal anti-glutamate
decarboxylase antibody, 1:1,000 dilution; Millipore; catalog#
5406 (year 2019)] or parvalbumin [monoclonal anti-parvalbumin
antibody, 1:1,000 dilution; Millipore; catalog# 1572 (year 2018)]
neurons, and all sections were labeled with the secondary
anti-mouse IgG-TRITC antibody [1:500 dilution; Abcam;
catalog# ab6817 (year 2019)]. Juxtacellularly labeled neurons
were photographed at 400 x magnification using a laser
scanning confocal microscope (TCS SPE; Leica, Germany),
and single juxtacellularly labeled neurons were imaged at
400 x magnification with the LAS AF series 009 software (Leica,
Germany) and analyzed with the Image-Pro Plus software
(version 5.1; Media Cybernetics, Inc., United States).

Viral Vector-Mediated Transduction and

Anterograde or Retrograde Tract-Tracing

We used a recombinant adeno-associated virus (AAV2/9-
GFP) vector [titer, 1.6 x 10'% viral genomes (vg/ml)] as an
anterograde viral vector tracer and AAV2/retro-GFP (titer,
1.3 x 10'2 vg/ml) as a retrograde viral vector tracer and injected
them into the parafascicular nucleus (PF) to investigate the
potential anatomical connectivity between the PF and M1 and
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observe anterograde and retrograde transneuronal spread of
neural tracers within the same pathway. Both anterograde and
retrograde neural tracers containing a gene-encoding enhanced
green fluorescent protein (GFP) were obtained from Hanbio
(Hanbio Biotechnology Co., Ltd, Shanghai) and used as described
previously (Sun et al., 2021).

For localized in vivo virus delivery, adult male Wistar rats
weighing 290-310 g were separated into two groups. The animals
were anesthetized with urethane (1.2 mg/kg, Sigma, St. Louis,
MO, United States) and then placed in a stereotaxic frame (as
described above). The scalp was shaved, and a small incision
was made along the midline to expose the skull. After leveling
the head relative to the stereotaxic frame, injection coordinates
based on the reference (Paxinos and Watson, 2007) were used to
mark the location on the skull directly above the unilateral PF (-
4.2 £ 0.1 mm posterior to the bregma, 1.2 = 0.1 mm lateral to
the sagittal suture, and 6 £ 0.5 mm from skull surface), and a
small hole (0.5 mm diameter) was drilled. Viruses were delivered
through a glass microinjection capillary (1-1.5 pm tip diameter,
10-15 MQ; Sutter Instruments, Novato, CA, United States)
pulled with a glass electrode puller (P-97, United States) to have a
tip inner diameter of 15 mm using a Stoelting apparatus pressure
injection pump (7893118, United States). For anterograde tracing
of PF projections, we infused anterograde AAV2/9-GFP vectors
(04 ul, 1.6 x 1012 vg/ml) to anatomically label projection
neurons in the PF. The PF was also infused with AAV2/retro-GFP
(0.4 11, 1.3 x 10'2 vg/ml) to retrogradely label projection neurons
with fluorophores. The optimal doses and phases between the
injection of each viral vector and perfusion of targeted sites
were determined according to our previous research (Sun et al.,
2021). Original titers were used for each virus injection. The
total injection volume was 0.4 nl at a rate of 0.02 pl/min.
Following injection, the micropipette remained in place for
10 min to minimize diffusion of virus into the pipette path.
After the injection was complete, the incision was sutured, and
the long-acting analgesic carprofen (5 mg/kg, Sigma, St. Louis,
MO, United States) was injected subcutaneously to minimize
inflammation and discomfort. The animals were allowed to fully
recover from the anesthesia on a heating pad at 37°C.

After allowing 3 weeks (anterograde viral vectors) or 2 weeks
(retrograde viral vectors) for neuronal transduction and labeling
with GFP, the animals were euthanized and transcardially
perfused with 100 ml of phosphate-buffered saline (PBS),
followed by 300 ml of 4% w/v PFA in PBS. Brains were
incubated overnight with fixative at 4°C and then subsequently
immersed in 30% sucrose at 4°C before sectioning. Coronal
sections were cut from each brain using a vibrating microtome,
collected in series in PBS, and mounted on glass slides for
examination under a microscope. Sequential coronal sections
(50 pm thick) through the PF and M1 were cut from the brains
of individual animals between the quantified sections for PF (-
3.84 to -4.44 mm from the bregma) and M1 (-1.72 to 1.08 mm
from the bregma), respectively. Selected photomicrographs for
displaying fluorescence labeling were captured with a laser
scanning confocal microscope (Leica TCS SPE; Leica, Germany)
and MIRAX SCAN (3DHISTECH, Budapest, Hungary). For
each chosen photomicrograph, a region of interest (ROI) was
manually drawn around the target sites to isolate the area in

the image for semiautomated analysis. We used a semiautomated
analysis procedure to calculate the average fluorescence intensity
of infected neurons in imaged sagittal sections.

Histology

At the end of the last recording session, the rats were deeply
anesthetized, and placement of each of the PF and M1 recording
sites was marked by administering an electrolytic current
(10 pA anodal current, 10 s x 3). The rats were intracardially
perfused with 200 ml of saline followed by 200 ml of 4%
paraformaldehyde and 1% potassium ferricyanide in PBS. Brains
were post-fixed with a paraformaldehyde solution overnight and
then immersed in 30% sucrose in PBS. Coronal sections of
40 pm were used for Nissl staining for structural identification
and electrode tip verification via the deposited iron and/or
electrolytic lesion (Figure 2). Only rats in which the tip of
the electrode was confirmed to be correctly positioned in layer
5 of the M1 (Figure 2A) and PF (Figure 2B) were used for
further analyses. Three schematics show the sites of recording
electrodes in the M1 (Figure 2C) and PF (Figure 2D) of
both the control (black dots, n = 27) and dopamine-lesioned
rats (gray dots, n = 30). Then, in each of the dopaminergic-
lesioned animals, immunohistochemical staining with tyrosine
hydroxylase was performed to identify the 6-OHDA-induced
lesion of dopaminergic neurons in the substantia nigra pars
compacta (mean 94% loss, range 82-98%). A detailed description
of the process and representative images are provided in our
previous articles (Geng et al., 2016a; Wang et al., 2016).

Statistical Analysis

The basic statistical analysis is presented as means £+ SEM
using the statistical software package Sigma Stat (SPSS 18,
United States). The threshold for significance was p < 0.05.
Before statistical comparison, the Kolmogorov-Smirnov test
was conducted to judge whether non-circular datasets were
normally distributed (p < 0.05 to reject). For normally distributed
data, differences between the control and lesioned groups were
determined by two-tailed Student’s t-tests; for all the other data,
Mann-Whitney rank sum tests were conducted. If the data did
not display a normal distribution, Friedman RM ANOVA with
Dunnett’s post hoc comparison was performed.

For multiple group comparisons, we performed a Kruskal-
Wallis ANOVA on ranks, with Dunn’s test for further post hoc
definition of comparisons.

For circular statistics, we determined whether spike phase
distributions were non-uniform around the circle or had a
common mean direction by performing Rayleigh’s test on
population spiking. Differences in mean phase angles of two
groups of neurons were analyzed by the Watson-Williams F test.
Differences between mean resulting vector lengths of two groups
were analyzed by the Mann-Whitney U test.

RESULTS

Only rats with a successful apomorphine-induced rotation test
and those in which the tips of the electrode were confirmed to
be positioned in layer 5 of the M1 and PF were used for further
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statistical analyses. Ten of the 40 rats were excluded: 1 rat did not
learn to reach for food using its forepaw, two rats did not show
adequate rotation behavior in the apomorphine-induced rotation
test, the recording electrodes were misplaced in two rats, and five
rats died during the experiment. Ultimately, 30 rats were used for
analyses. Extracellular activities (spikes and LFPs) were analyzed
synchronously from layer 5 of the M1 and PF in vivo when the
6-OHDA-treated rats (n = 16) and control rats (n = 14) were at
rest and performed the voluntary forelimb-movement task.

Effects of the 6-OHDA-Induced Lesion
on Spiking and Local Field Potentials

Activities in the Parafascicular Nucleus
Based on the widely accepted electrophysiological specificity of
spike waveform characteristics (Minamimoto and Kimura, 2002;
Beatty et al., 2009) and our previous study (Wang et al., 2016),
the 67 recorded PF neurons (from 13 control rats) were classified
into two subgroups based on discharge electrophysiological
properties, including cluster analysis, spike waveform, and spike
trough-to-peak duration of action potentials, i.e., PF-I and PF-II
(Figures 3A-C). The PF-I subtype (n = 32, blue) had a low-
amplitude, narrow trough-to-peak duration (0.16 £ 0.02 ms)
and high-frequency tonic activity. The PF-II subtype (n = 35,
purple) featured a high-amplitude, long trough-to-peak duration
(0.23 & 0.04 ms) and low-frequency activity. Next, we defined
how chronic depletion of dopamine alters the electrical activity
of the PF two subgroups at the level of single neurons (spike) and
small neuronal ensembles (LFP) during rest and catching periods.
During the resting state, the mean firing rate of PF-I neurons was
not significantly different (3.09 + 0.12 vs. 3.25 4 0.13, p = 0.37)
between the lesioned group (n = 36 neurons from 14 rats) and
control group (n = 32 neurons from 13 rats); the difference
in PF-II neurons between the lesioned group (2.75 + 0.10 vs.
3 + 0.09, p = 0.08) (n = 19 neurons from 14 rats) and the
control group (n = 35 neurons from 13 rats) was not significant
(Figure 3D). However, compared to the control group, both PF-I
and PF-II neurons in the 6-OHDA-treated group showed a lower
firing rate during catching movement periods (10.06 + 0.83 vs.
13.92 + 1.2, p=0.01 and 10.94 + 0.70 vs. 16.67 4 0.81, p = 0.001,
respectively) (Figure 3E).

In summary, chronic dopaminergic neuron lesions result in
alterations in PF subtype neuronal spike activities specifically
during the epoch of catching food movement rather than
inattentive rest.

In addition, dopamine depletion correlated with alteration in
special frequencies of LFPs during rest and catching movements.
LFP activities in the PF in each 10-s period of continuous
recording were divided into four frequency bands (0.7-12, 12-35,
35-70, 70-100 Hz, and 100-200 Hz) as described in our previous
studies (Wang et al., 2016; Li et al., 2021).

Compared with the control group, a significant difference was
observed in the PF-LFP power in the 6-OHDA-treated group.
Based on a visual inspection, time-frequency spectrograms of
the lesioned rats (Figures 3G,I) showed that the power in
the low-frequency band was decreased, but that power was
increased in the high-frequency band compared to the control

rats (Figures 3FH). During rest, the 0.7-12 Hz relative power was
significantly reduced in the 6-OHDA-treated group (n = 14 rats)
compared with the control group (n = 13 rats) (67.27 £ 2.27% vs.
82.26 £ 1.96%, p < 0.01). However, the 12-35 Hz relative power
was increased in the 6-OHDA-treated group compared with the
control group (23.71 £ 1.49% vs. 12.46 £+ 1.27%, p < 0.01)
(Figure 3]). During catching movements, the 0.7-12 Hz relative
power was significantly decreased in the 6-OHDA-treated group
(n = 14 rats) compared with the control group (n = 13 rats)
(67.26 £+ 4.1% vs. 80.49 £ 0.99%, p < 0.01). However, the 12—
35 Hz relative power was significantly increased in the 6-OHDA-
treated group compared with the control group (17.71 &+ 1.91%
vs. 9.02 £ 1.07%, p < 0.01) (Figure 3K). In summary, our
results simultaneously indicated that PF-LFP powers during rest
and catching movement periods were obviously disrupted by
dopaminergic neuron lesions.

Effects of 6-OHDA-Induced Lesions on
Spiking and Local Field Potentials

Activities in M1

As described for the distinguished different neuronal subtypes
mentioned above in the PF, we used the same methods to
detect and sort spiking neurons in the M1 based on widely
accepted spike waveform characteristics (Isomura et al., 2009;
Kaufman et al., 2013; Saiki et al., 2014). Each sorted single unit
was discriminated based on waveform shape, 2-/3-dimensional
(2D/3D) principal component (PC) clusters, ISIs, and spike
duration width (trough-to-peak measure), and defined in the
same manner as described in our previous studies (Geng et al.,
2019; Li et al.,, 2021). We sorted the 81 recorded M1 neurons
(from 14 control rats) into two subgroups: putative pyramidal
neurons and putative interneurons. The putative pyramidal
neurons exhibited broad spike (BS, green, n = 52) widths and
asymmetric waveforms, with higher spike amplitudes and both
regular and burst-like firing patterns. The putative interneurons
exhibited narrow spike (NS, red, n = 29) widths with lower spike
amplitudes and a random firing pattern. The comparison of two
sorted neuronal types present in the two subgroups was identified
in 3D PC clusters (Figure 4A) and spike waveforms (Figure4B),
and spike duration (trough-to-peak measure) was significantly
longer for BS neurons (0.45 & 0.03 ms) than for NS neurons
(0.24 £ 0.02 ms, p < 0.001) (Figure 4C).

Next, we defined how chronic depletion of dopamine altered
the electrical activity of two M1 subgroups at the level of single
neurons (spike) and small neuronal ensembles (LFP) during rest
and catching periods. In the resting state, the mean frequency
of BS neurons in the lesioned rats (n = 52 neurons from 16
rats) was significantly reduced (5.36 £ 0.16 vs. 6.31 £ 0.22,
p =0.001) compared with the control rats (n = 52 neurons from
14 rats); however, the frequency of NS neurons in the lesioned rats
(n = 28 neurons from 16 rats) showed no changes (6.07 = 0.25
vs. 7.22 £ 041, p = 0.1) compared with the control rats (n = 26
neurons from 14 rats) (Figure 4D). In catching periods, the firing
rate of BS neurons in the lesioned rats (n = 52 neurons from 16
rats) was also significantly lower (6.68 £ 0.18 vs. 7.51 &£ 0.25,
p = 0.009) than that in the control rats (n = 52 neurons from
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FIGURE 2 | Histological representative example of Nissl-stained coronal sections of rat brain, photographed demonstrating the recording electrodes in the (A) M1
and (B) PF. Locations of electrode tips as marked by electrolytic lesions are marked with black arrows. Scale bar = 1,000 um. Three schematic reconstructions in
the (C) M1 and (D) PF of the three regions from the rat brain atlas of Paxinos and Watson represent the placements of electrodes in the DA-lesioned rats (gray

14 rats); however, the frequency of NS neurons in the lesioned
rats (n = 28 neurons from 16 rats) showed no change(8.12 + 0.26
vs. 8.84 + 0.52, p = 0.22) compared with that in the control rats
(n =26 neurons from 14 rats) (Figure 4E).

In summary, chronic dopaminergic neuron lesions induced
significantly different effects on the firing properties of
presumed pyramidal neurons (BS) and interneurons (NS).
The BS neurons displayed reduced firing rates, while
the NS neurons were not affected in either resting or
catching conditions.

At the same time, dopamine depletion correlated with
alteration in special frequencies of M1-LFP activities. As shown
in the time-frequency spectrogram, the power spectrograms of
LFPs from the M1 of the lesioned (Figures 4G,I) and control
rats (Figures 4FH) exhibited relatively distinct patterns of
frequencies. During rest, LFP activities were analyzed using
samples of 10-s segments from the raw data. Most notably,
significantly lower relative power from the dopamine-lesioned
group (n = 16 rats) was detected in the 0.7-12 Hz range
compared to the control group (n = 14 rats) (58.1 = 2.14% vs.
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FIGURE 5 | Identified neurochemical and electrophysiological properties of PF
neurons and comparison with microwire electrode characteristics.

A representative fluorescent image of immuno-labeled GABA-positive neuron
in the (A) PF, and of immuno-labeled GLU-positive neuron in the PF (F).
Compare examples of (B) baseline firing properties, (C) average extracellular
waveform, and (D) interspike interval (ISI) distribution for the labeled
y-aminobutyric acid (GABA)ergic-positive neuron and microwire electrode
recording PF-Ineurons, respectively. Comparison of examples of (G) baseline
firing properties, (H) average extracellular waveform, and (l) ISI distribution for
the labeled glutamatergic (GLU)-positive neuron and s electrode recording
PF-II neurons, respectively. A significant difference in spike duration
(trough-to-peak measure) both for the (E) GABA-positive neuron with PF-land
the (J) GLU-positive neuron with PF-Il neurons, respectively. “*p < 0.001.
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FIGURE 6 | Identified neurochemical and electrophysiological properties of
M1 neurons and comparison with microwire electrode characteristics.

A representative fluorescent image of immuno-labeled GLU-positive neuron in
the M1 (A), and of immuno-labeled parvalbumin-positive neuron in the M1 (F).
Compare example of (B) baseline firing properties of (C) average extracellular
waveform and (D) ISI distribution for the labeled GLU-positive neuron and
microwire electrode recording BS neurons, respectively. Compare example of
(G) baseline firing properties of (H) average extracellular waveform and (l) ISI
distribution for the labeled parvalbumin-positive neuron and microwire
electrode recording NS neurons, respectively. A significant difference in spike
duration (trough-to-peak measure) both for the (E) GLU-positive neuron with
BS and the (J) parvalbumin-positive neuron with NS neurons, respectively.
**p < 0.001.
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72.3 £+ 1.04%, p < 0.01), while the power in 12-35 Hz and
35-70 Hz ranges was significantly larger in the dopaminergic
lesion group than in the control group (24.55 £+ 0.97% vs.
16.88 = 0.91%, p < 0.01 and 8.46 + 0.84% vs. 4.69 £ 0.51%,
p < 0.05, respectively) (Figure 4J). During catching movements,
the dopaminergic lesion group (n = 16 rats) showed a lower
relative power in the 0.7-12 Hz band than the control group
(n = 14 rats) (64.89 & 2.96% vs. 74.95 + 549%, p < 0.01),
while the relative power at 12-35 Hz was significantly increased
in the dopaminergic lesion group compared with the control
group (17.31 £ 1.47% vs. 10.01 £ 0.65%, p < 0.01) (Figure 4K).
In summary, our results confirmed that M1-LFP powers during
rest and catching movement periods were obviously disrupted by
chronic dopaminergic neuron lesions.

Neurochemical and Electrophysiological
Properties of Neurons in the

Parafascicular Nucleus

We recorded and juxtacellularly labeled 37 neurons in the
PF of anesthetized rats in vivo using a glass microelectrode,
and were subsequently identified by their neurobiotin-
labeled signals and confirmed to
be y-aminobutyric acid (GABA)-ergic-positive (n = 17)
or glutamatergic (GLU)-expressing (n = 20) neurons
(Figures 5A,F). An additional double GABAergic labeling
experiment was performed to further investigate the presence of
GABAergic neurons in the PF (Supplementary Figures 1A,B).
Based on the recording of baseline firing properties, waveform
characteristics, firing frequency, and ISI distribution, two
electrophysiologically distinct subgroups of PF neurons were
identified with an off-line sorter that are similar to the subgroups
of PF neurons electrophysiologically recorded with microwire
electrodes (see details in section “Identification and classification
of neurons,” identification and classification of neurons). GABA-
positive neurons were electrophysiologically characterized as
PF-I neurons identified with microwire electrodes recording
the baseline signal recording firing rate and pattern, waveform,
and ISI distribution, i.e., the “match signals” (Figures 5B-D),
and GLU-positive neurons were characterized as PF-II neurons
identified with microwire electrode recordings, i.e., the “match
signals” (Figures 5G-I). However, significant differences in
spike duration (trough-to-peak measure) were observed for
the GABA-positive neurons (0.26 £ 0.01, n = 17 neurons)
when the data were compared with the same spikes recorded
using microwire electrodes (0.16 & 0.02, n = 32 neurons,
p < 0.01) (Figure 5E) and for the GLU-positive neurons
(0.38 £ 0.01, n = 20 neurons) when compared with the same
spikes recorded using microwire electrodes (0.23 % 0.04, n = 35
neurons, p < 0.01) (Figure 5J). The potential explanation is
that standard bandpass filtering potentially alters the shape of
these extracellularly recorded action potentials, as described in
a previous study (Brown et al, 2009). We speculate that the
discrepancy might also differentially contribute to the diameter
of the recording electrode tips, but future experiments will
be required to test this hypothesis. In summary, these data
indicate that either GABA neurons are PF-I neurons or GLU

immunofluorescence

neurons are PF-II neurons based on their neurochemical and
electrophysiological properties.

Identification of Neurochemical and
Electrophysiological Properties of
Neurons in M1

We recorded and juxtacellularly labeled 20 neurons in the
M1 of anesthetized rats in vivo using a glass microelectrode,
which were subsequently identified by their neurobiotin-labeled
immunofluorescence signals and confirmed to be GLU-positive
(n = 11) or parvalbumin (PV) (n = 9) neurons (Figures 6A,F).
Based on the recording of baseline firing properties, waveform
characteristics, firing frequency, and ISI distribution, two
electrophysiologically distinct subgroups of M1 neurons were
identified with an off-line sorter, which are similar to the
subgroups of M1 neurons electrophysiologically recorded with
microwire electrodes (see details in section “Effects of 6-OHDA-
induced Lesions on Spiking and LFP activities in M1”). The
GLU-positive neurons were electrophysiologically characterized
as BS neurons identified with microwire electrode recordings
of baseline signal recording firing rate and pattern, waveform,
and ISI distribution, i.e., the “match signals” (Figures 6B-D),
and the PV-positive neurons were characterized as NS neurons
identified with microwire electrode recordings, i.e., the “match
signals” (Figures 6G-I). However, significant differences in spike
duration (trough-to-peak measure) for the GLU-positive neurons
(0.54 &+ 0.03, n = 11 neurons) were observed compared with the
same spikes recorded using microwire electrodes (0.42 £ 0.02,
n = 52 neurons, p < 0.01) (Figure 6E) and for the PV-positive
neurons (0.36 £+ 0.01, n = 9 neurons) compared with the
same spikes recorded using microwire electrodes (0.22 £ 0.02,
n = 27 neurons, p < 0.01) (Figure 6]). In summary, these data
indicate that either the GLU neurons are BS neurons or the
PV neurons are NS neurons based on their neurochemical and
electrophysiological properties.

Effect of DA Loss on the Relationships
Between Parafascicular Nucleus Spikes
and M1 Local Field Potential

The results described above indicate significant alterations in
neural activity in spike and LFP activities recorded in the PF and
M1 following chronic dopamine depletion. Furthermore, studies
have reported that dysregulation of interareal synchronization is
widely distributed across the network and cannot be located in
any individual structure. We next investigated how the activity
of individual subgroups of PF neurons varied over time with
respect to ongoing M1 LFPs at different frequencies during rest
or movement and whether these different neuronal subgroups
have specific roles in shaping distinct LFPs in rats with chronic
dopamine depletion.

The mean spike-LFP coherence value and phase lock were
analyzed to evaluate the alteration relationship between the two
subtypes of PF spikes and M1-LFPs (0.7-12, 12-35, 35-70, and
70-100 Hz) after DA loss during rest and catching movement
epochs. Microwire electrodes were used for recordings in the
DA-lesioned rats (n = 14) and control rats (n = 13).
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FIGURE 7 | Coherence values and phase-lock of PF-I with respect to M1-LFPs in the control rats and the DA lesioned rats. Coherence values between PF-I (n = 21
neurons from 14 lesioned rats, and n = 28 neurons from 13 control rats) and M1-LFPs have no alterations during (A,B) rest and (C,D) catching movement states.
During the resting epoch, phase-locking levels represented by the length of mean phase angle were significantly lower only in the range of 0.7-12 Hz in the lesioned
rats compared to the control rats. Red lines radiating from the center indicated the measure of the strength of concentration of the distribution of the mean phase
angle of all recording PF-I. Thus, PF-I neurons in the lesioned rats (dark blue) were less phase-locked to M1-LFP activities at 0.7-12 Hz than those neurons in the
control rats (light blue) (E,F). During catching movements, PF-I neurons in the lesioned rats did not significantly change in mean vector length compared to that of
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For BS neurons, mean spike-LFP coherence value was
not altered during rest (Figures 9A,B). The mean spike-
LFP coherence value only decreased in the 6-OH DA-treated
group at 0.7-12 Hz during catching movements compared with
the control group (0.29 + 0.02 vs. 0.34 + 0.02, p = 0.04)
(Figures 9C,D). For the phase-lock analysis, alterations were
observed both in rest and catching movement epochs. During
rest, the length of the mean phase angle of BS neuron
spiking was significantly decreased in the 6-OHDA-treated
group (dark green) compared with the control group (light
green) in the 0.7-12 Hz range (0.31 £ 0.06 vs. 0.41 £ 0.02,
p =0.001) (Figures 9E,F). During the catching movement epoch,
dopaminergic neuron depletion exerted a remarkable effect on
the mean vector length in BS neurons. The mean vector length in
BS neurons was conspicuously decreased in the 6-OHDA-treated
group (dark green) compared with the control group (light green)
at 0.7-12 Hz (0.65 + 0.02 vs. 0.74 + 0.03, p = 0.007) and 35-
70 Hz (0.35 + 0.02 vs. 0.5 4 0.03, p = 0.002) but was significantly
increased at 12-35 Hz (0.5 + 0.03 vs. 0.43 + 0.02, p = 0.04)
(Figures 9G,H). Thus, dopaminergic neuron depletion had a
remarkable effect on the activity of individual BS neurons with
respect to ongoing PF LFPs.

For NS neurons, no difference in mean spike-LFP
coherence value was detected during either rest or movements
(Figures 10A-D). The length of mean phase angle was not
altered during rest (Figure 10E). During catching movements,
the length of the mean phase angle was conspicuously decreased
in the 6-OHDA-treated group (dark red) compared with
the control group (light red) at 35-70 Hz (0.37 + 0.03 vs.
0.55 + 0.04, p = 0.002 t) (Figures 10F,G). Thus, compared to
BS neurons, dopaminergic neuron depletion had a negligible
effect on the activity of individual NS neurons with respect to
ongoing PF LFPs.

Viral Vector Tracing of the Connectivity

Between Parafascicular Nucleus and M1
The data from our electrophysiological recordings provided
evidence that dysregulated synchronization is diversely and
widely distributed between the PF and M1 in rats with DA loss.
Next, we injected immunofluorescence adenoviral vector tracers
into the PF of rats to visualize afferent and efferent projections
and to understand the potential anatomical connectivity between
the PF and the M1. The optimal injection doses and time course
of transfected tracers into the M1 were determined according
to the dose-response curve generated in our recent study (Sun
et al.,, 2021), i.e, 0.4 wl in 3 weeks for anterograde AAV2/9-
GFP and 0.4 pl in 2 weeks for retrograde AAV2/9-GFP. Both the
anterograde and retrograde viral vectors had the ability to infect
PFneurons or project to the M1 (Figures 11A,B).

For animals infected with AAV2/9-GFP for 3 weeks, we
observed a large area covering the transduction of GFP-positive
fluorescent protein in the PF (relative intensity 804.21 & 126.88
OD/pm?, mean 4+ SEM, n = 3 rats, 5-6 sections/rat), and the cell
bodies and dendritic neuropil of GFP-immunopositive neurons
were observed (Figure 11C). GFP-immunopositive axonal fibers
from PF projection neurons were also observed in the MI;

however, the density of axons with GFP + immunoreactivity
was very weak and sparse, and no GFP-positive cell bodies
were observed, revealing that PF axons were distributed in the
M1 (Figure 11D).

For animals infected with the retrograde tracer AAV2/retro-
GFP for 2 weeks, the cell bodies and dendritic neuropil that
exhibited GFP immunoreactivity were densely observed in the
PF (relative intensity 268.07 4 84.59 OD/um?, mean + SEM,
n = 3 rats, 5-6 sections/rat) (Figure 11E). In addition to the
GFP-immunopositive axonal fibers from the PF retrogradely
labeled GFP immunoreactive somata were also observed in a
small number of cortical neurons in the M1, revealing that the
PF retrograde transported the viral vector into the projection
area, i.e., the PF (Figure 11F). Generally, the AAV2/9- GFP-,
AAV2/retro- GFP-, or AAV2/retro-GFP-mediated anterograde
or retrograde viral vector tracers traveled ipsilaterally, because
no fibers were observed in any areas of the contralateral side
of the brain. Taken together, these data reveal ipsilaterally
parallel afferent input and efferent output connectivity between
the PF and the M1.

DISCUSSION

In this study, we clarify the patterns of altered interaction
activity occurring across PF and M1 circuits following dopamine
depletion during rat movements. We emphasize the selective
entrainment and synchronization of neurons in the PF and
M1, respectively, during abnormal LFP oscillations in cortical-
thalamic circuits in parkinsonism. Compelling evidence shows
that cell type-selective PF neurons exhibited aberrant firing rates
and preferential and excessive phase-locked firing to cortical LFP
oscillations mainly at 12-35 Hz (beta frequencies), consistent with
the observation of the activity of M1 cell type-selective neurons
with ongoing PF LFPs oscillation. However, this result also
showed a decrease in phase-locking at 0.7-12 Hz and 35-70 Hz
in PF and M1 circuits. In addition, this complicated functional
reciprocal interaction was based on anatomical evidence for
reciprocal connections from the PF to the M1. Collectively, the
most notable finding was that the spike-LFP relationships in
the PF and M1 circuits displayed excessive alterations, and that
different PF or M1 neuronal subtypes may be responsible for
orchestrating the synchronization of these pathological rhythms
in PF and M1 circuits.

Effect of DA Loss on Parafascicular
Nucleus Spikes and Their Relationship
With M1 Local Field Potentials

We identified two types of predominant neurons in the PF whose
pathological alterations in extracellular electrical activities were
correlated with distinct aspects during rest and movements in
the 6-OHDA-lesioned rats. Changes in the neuronal firing rate
and pattern in the PF from the lesioned rats are consistent with
previous reports (Parr-Brownlie et al., 2009; Wang et al., 2016;
Zhang et al., 2019b). Furthermore, anatomical and physiological
evidence has shown that the CM/PF is severely degenerated in
patients with PD (more than 30%) (Henderson et al., 2000a,b)
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AAV2/9-GFP

AAV2/retro-GFP

FIGURE 11 | Immunofluorescent adenoviral vector tracers were stereotaxically injected into the rat PF to visualize afferent and efferent projections. Schematic of the
procedures used to inject the (A) anterograde tracer AAV2/9-GFP and (B) retrograde viral vector tracer AAV2/retro-GFP. Expression of the anterograde tracer in PF
neurons. The left lateral images are magnified views of the rectangles in the medial images, with cell bodies and dendritic neuropil of GFP-immunopositive neurons
shown (C) and projecting to M1. The left lateral images are magnified views of the rectangles in the medial images, with only dendritic neuropil of
GFP-immunopositive neurons shown (D). Expression of the retrograde tracer in PF neurons. The left lateral images are magnified views of the rectangles in the
medial images, with cell bodies and dendritic neuropil of GFP-immunopositive neurons shown (E). Anterograde transport from the PF projects to axon terminal fields
in the M1 and striatum. The left lateral images are magnified views of the rectangles in the medial images, with cell bodies and dendritic neuropil of
GFP-immunopositive neurons detected in the M1 (F). PF, parafascicular nucleus of the thalamus; fr, fasciculus retroflexus; M1, primary motor cortex; Str, striatum.

and rats with a unilateral 6-OHDA-induced lesion of the
substantia nigra (Sedaghat et al., 2009), combined with the fact
that CM/PF deep brain stimulation alleviates some symptoms of
PD (Smith et al., 2009). Importantly, this study provided evidence
of dopamine dependency of the functionally defined PF in the
firing of a subgroup of neurons that are differentially entrained
to ongoing M1 LFP oscillations in hemiparkinsonian rats.
Interestingly, during catching food movements, PF-II neurons
are particularly prone to being recruited to abnormal functional
connectivity between the PF and the M1.

Our recordings of individual neurons identified with the
juxtacellular method collectively suggest that PF-II-type neurons

coincide with glutamatergic-like neurons, which is similar to
in vivo extracellular recordings (Zhu et al., 2019) and in vitro
intracellular recordings (Beatty et al., 2009). These PF-II-type
neurons displayed lower firing rates and preferentially aberrant
phase-locked firing to M1 LFPs at 12-35 Hz (beta frequencies),
with decreases in phase-locking at 0.7-12 and 35-70 Hz after
dopamine depletion. The results are consistent with experiments
showing a substantial and coherent alteration in special frequency
LFPs in the motor nucleus of the thalamus and M1 of behaving
6-OHDA-lesioned rats (Brazhnik et al., 2016; Reis et al., 2019).
Conversely, PF-I neurons coinciding with GABAergic-like
neurons were hypoactive but not synchronized to a large extent
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during cortical activation. Our study identified a few GABAergic-
like neurons in the PF that were recognized by juxtacellular
labeling and confirmed them with a later additional double
GABAergic labeling experiment (Supplementary Figure 1). The
presence of GABAergic neurons in the PF may suggest that
local inhibitory circuits are formed by intrinsic GABAergic cells.
We reasoned that this situation may contribute to shaping the
output activity of thalamocortical projection neurons (Hirsch
et al,, 2015). Studies on PF GABAergic interneurons in rats
and mice were almost excluded. However, previous studies
have shown that no GABAergic interneurons were found in
rats and mice except for a moderate amount contained in
some sensory nuclei (Bentivoglio et al., 1991; Arcelli et al,
1997). This feature is not exclusive to a specific rodent,
since other rodents (e.g., guinea pigs, hamsters, squirrels, etc.)
contain numerous interneurons throughout this region (Arcelli
et al, 1997). Researchers do not clearly understand to what
extent these differences affect the complexity and distribution
of thalamic interneurons across specific species (Jager et al,
2016). Nevertheless, some recent studies have identified a wider
distribution of GABAergic interneurons in mice than previously
reported. For example, a study revealed an unappreciated
complexity of GABAergic interneurons in mouse thalamic nuclei,
indicating that interneurons are not restricted to thalamic sensory
nuclei but are present across modalities and hierarchical levels,
including the PF (Jager et al, 2021). Another study showed
that GABAergic neurons in the posterior PF receive structural
and functional inhibitory connections from substantia nigra pars
reticulata neurons and inhibit local glutamatergic PF neurons
(Chen et al., 2020). Consistent with these studies, a single PF
neuron, under the guidance of its firing feature, was selectively
labeled with both neurobiotin and GABAergic immunostaining
in our study. Then, a chemical phenotyping double labeling
experiment proved the presence of GABAergic neurons in the
PFE. A limitation of this study is the lack of a corresponding
relationship between the chemical phenotype of double-labeled
neurons and juxtacellular-labeled neurons. A more detailed
future analysis is required to establish a role for thalamic
inhibitory interneurons in the PF in basal ganglia-thalamo-
cortical circuits.

We also recorded some glutamatergic-like neurons recognized
by juxtacellular labeling and immunochemistry with the anti-
vesicular glutamate transporter vGLUT2 in the PF (similar
results were obtained for vGLUT1 in the M1). As excellent
markers of glutamatergic neurons, VGLUTs selectively package
glutamate into synaptic vesicles and mediate glutamate transport
(Pietrancosta et al, 2020). vGluTs are a distinct family
of glutamate transporters that have been detected in axon
terminals, and low levels of transporters are present in cell
bodies and dendrites of glutamatergic neurons in certain brain
regions. The presence of a particularly prominent punctuate,
vGluT (axon terminal varicosities), immunoreactivity increased
the difficulty of visualizing VGLUT-labeled neuronal somas
(Kuramoto et al., 2011). However, some studies have provided
evidence that few neurons in certain brain regions express
the VGLUT protein and are capable of using glutamate as
a neurotransmitter, such as the septum (Hajszan et al.,, 2004;

Colom et al.,, 2005), ventral cochlear nucleus (Zhou et al.,
2007), and anterodorsal thalamic nucleus (Oda et al., 2014).
Similar to these studies, immunolabeling for the vVGLUT2 protein
was detected around cell bodies in the PF in this study.
We speculated that after electrophysiological characterization,
neurons were juxtacellularly labeled with neurobiotin, and that
their somata were unequivocally identified, which may provide
a reliable cytoarchitectonic reference for identifying neurons
and facilitate the visualization of VGLUT?2 labeling of neuronal
somata. Moreover, we hypothesized that microiontophoretic
current stimulation would change VGLUT2 accumulation in
glutamatergic neuronal somata. Unfortunately, similar to the
identification in GABAergic-like neurons, a limitation to be
addressed is the lack of a triple immunofluorescence labeling
technique to establish the colocalization of specific antibodies
against neurobiotin and VGIuT2 (as for vGLUT1 in the M1) and
additional nuclear label.

The results from this study suggest that the spiking activity
of PF neurons, similar to activities of some other neurons
across the basal ganglia, exhibited cell type-selective locking to
specific phases of cortical oscillations in parkinsonism (Sharott
et al., 2018; Cagnan et al, 2019; Tinkhauser et al., 2020).
However, our results emphasize the potential importance of
aberrant, selective entrainment of the firing of a population of
PF-II-type neurons, i.e., glutamatergic-like neurons recognized
by recorded extracellular spiking and juxtacellular labeling
technology, which are tightly correlated with the expression
of exaggerated beta activity in thalamocortical circuits after
dopamine loss. This result is consistent with the evidence
of a strong effect of glutamatergic pathways on thalamic
modulation underphysiological and pathological conditions
(Sherman, 2014; Masilamoni and Smith, 2019). On the other
hand, our results provide empirical evidence for a circuit-level
mechanism of PD, particularly glutamatergic elements, revealing
complex relationships between the thalamus and the cortex.
The modulatory role of PF spikes has also been supported
by anatomical evidence that the PE a higher-order thalamic
nucleus, receives major input from cortical layer 5 and cortical
layer 6 and projects to the cerebral cortex to participate in
thalamocortical circuits via branched axons (Sherman, 2016;
Mandelbaum et al., 2019; Suzuki et al., 2021). Collectively, our
results suggest that during chronic dopamine depletion, the PF
continues to modulate the processing of information as a hub in
thalamocortical circuits and is not limited to relaying information
in the basal ganglia and processing other subcortical signals
but may also be actively involved in information processing by
integrating signals from the cortex.

Effect of DA Loss on M1 Spikes and
Their Relationship With Parafascicular

Nucleus Local Field Potentials

The present results showed that dysfunction of the parkinsonian
M1 is observed as (1) alterations in movement-related firing,
(2) changes in certain LFP frequency oscillations (especially in
12-35 Hz, the beta band), and (3) functional reorganization of
local circuits. First, after dopamine depletion, the presumptive
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pyramidal neurons showed reduced firing rates and altered
firing patterns, while the presumptive interneurons were not
significantly affected by dopamine depletion. This condition
agrees well with studies showing that presumptive pyramidal
neurons decrease their firing rate and display abnormal
discharge patterns in parkinsonian animals (Pasquereau and
Turner, 2011; Hyland et al.,, 2019; Rios et al, 2019; Li et al,
2021). Unfortunately, given the diversity and complexity of M1
interneurons (Naka and Adesnik, 2016), our understanding of
how interneuron activity contributes to cortical functions
and behaviors disturbed in parkinsonism is limited (Li
et al, 2021). Accumulating evidence has shown that the
M1 undergoes functional changes in individuals with PD, and
M1 neurostimulation will undoubtedly improve in the future,
as it permits neuron-type specific control and incorporates
feedback from electrophysiological biomarkers measured locally
(Underwood and Parr-Brownlie, 2021). Second, excluding the
alteration of single spike activities, this study revealed that the
M1 in the parkinsonian state was associated with alterations
in certain LFP frequencies, especially those in the beta range
(12-35 Hz). These data are partially consistent with a previous
study in which an animal PD model showed a pathologically
exaggerated beta range throughout cortico-basal ganglia circuits
after dopamine depletion (Wang et al., 2015; Brazhnik et al.,
2016; Cagnan et al., 2019; Geng et al., 2019). Third, our study
highlights that chronic dopamine depletion alters not only
the relationships of identified individual neuron PF spikes
with M1 LFP activities but also the rhythmic synchronization
between the identified individual neuron M1 spikes and PF LFP
activities. Notably, recordings of putative pyramidal neurons and
interneurons revealed that during catching food movements,
dopamine depletion is associated with aberrant phase-locked
firing to PF LFPs, with broad frequency bandwidths at 0.7-12,
12-35, 35-70, and 70-100 Hz. This finding was supported by a
previous report that M1 pyramidal neurons are more vulnerable
than other neurons to dopaminergic lesions (Pasquereau et al.,
2015; Hyland et al., 2019; Rios et al., 2019; Crompe et al., 2020),
and that pyramidal neuron sensitivity might be explained by
direct input from thalamic nuclei (Sherman, 2017; Nashef
et al, 2021), which themselves receive direct inputs from
the BG and are affected by the propagation of abnormal BG
activity in individuals with PD (Singh, 2018; Reis et al., 2019).
However, we also found that putative interneurons (expressing
parvalbumin) exhibited a decrease in phase-locking at 35-70 Hz,
although the interneurons did not exhibit specific changes in
the firing rate during catching food movement (Li et al., 2021),
implying a possible complex effect on thalamocortical circuits
after dopamine loss. Our results support the hypothesis that
parvalbumin interneurons in the motor cortex are implicated in
integrating local circuits, particularly in recurrent and feedback
inhibition (Nashef et al., 2021), and are likely to be involved in
shaping responses to thalamic input, similar to their roles in
ventral medial thalamus projections to the anterolateral motor
cortex (Guo et al., 2018).

Collectively, these results emphasize that different groups
of MI neural spiking activities are likely to be a contributing
circuit feature for the generation of aberrant synchronization
with complexes and patterns in individuals with PD (McColgan

et al., 2020; Underwood and Parr-Brownlie, 2021) and highlight
a changed functional coupling between the PF and the motor
cortex. A key neural mechanism may involve the M1 as a major
source of driving excitation to regulate the thalamus and in or
between different nodes of thalamocortical circuits (McColgan
et al,, 2020). This cortical-mediated synchronization mechanism
may produce the large-scale integration of information across
thalamocortical circuits (Sherman, 2017). Therefore, our data
argue for extending the influential concept of pathological
variation in thalamocortical pathways from firing rates to the
ongoing firing-correlated rhythmic band of LFPs following
chronic dopamine depletion.

Anatomical Reciprocal Connectivity
Between the Parafascicular Nucleus and
the M1

Accumulating evidence from our electrophysiological recordings
highlights that the reciprocal action between PF and Ml
neurons in parkinsonism rats is involved in food catching
movements. Next, our data provide anatomical evidence for
the existence of afferent and efferent bidirectional reciprocal
connectivity pathways between the PF and the MI, which
were detected by neuroanatomical tracing with anterograde
and retrograde fluorescent tracer viruses to identify PF-M1
and MI1-PF projection neurons, respectively. This experiment
suggests significant connectivity with bidirectional, rather than
unidirectional, flow of information in the PF and M1. Unlike
other typical thalamic nuclei, the main projection of the PF has
the highest density of striatum projections among subcortical
structures and only minor anatomical projections to and from
the cerebral cortex (Unzai et al., 2017). The findings indicate that
the functional properties of the PF are dependent not only on
their reciprocal connection with the striatum but also on their
afferent and efferent connections with the M1. This outcome is
consistent with previous studies showing that thalamic nuclei
reciprocally connect with the cerebral cortex by receiving input
from and projecting to the cortical region (Sherman, 2016; Unzai
etal, 2017; Mandelbaum et al., 2019). The reciprocal relationship
between the thalamus and the cerebral cortex is presumed
to play a key role in physiological and pathological motor
disturbances (Brazhnik et al., 2016; Guo et al., 2017; Reis et al.,
2019; Gaidica et al., 2020). The complex connectivity between
the PF and the M1 is likely important for processes related
to movement information to be efficiently transformed to final
motor commands. Nevertheless, an illustration of the reciprocal
connectivity between the PF and the M1 only using anatomical
methods is insufficient. Therefore, a limitation of this study is
the lack of evaluation by optogenetic or electrical stimulation to
confirm the functional connectivity between the PF and the M1.

CONCLUSION

The evidence from the literature and the present results
reveals a complicated relationship of neuronal activity in
animal PD models, which from different subpopulations
of PF and MI neuron in thalamocortical circuits. Our
data place a special emphasis on confirming a bidirectional
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pattern of communication in anatomy and a reciprocal pattern
across spikes with LFP frequency bands and their differential
changes in response to chronic dopamine depletion. The
results support the hypothesis that no unique defects, such
as excessive beta frequency synchrony, exist that might be
responsible for PD pathological mechanisms; instead, other
rhythms and multiple alterations in regional anatomical and
functional synchronization in thalamocortical circuits potentially
contribute to the pathological complexity of PD. Overall, our
study provides empirical evidence for a circuit-level mechanism
of PD with a special emphasis on reciprocal interactions between
the PF and the M1.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material; further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Shandong
Normal University Ethics Review Board.

AUTHOR CONTRIBUTIONS

ML contributed to formal analysis, performing experiments,
data analysis, and writing of the original draft. XZ contributed
to formal analysis, data analysis, methodology, and software.

REFERENCES

Abdi, A., Mallet, N., Mohamed, F. Y., Sharott, A., Dodson, P. D., Nakamura,
K. C,, etal. (2015). Prototypic and arkypallidal neurons in the dopamine-intact
external globus pallidus. J. Neurosci. 35, 6667-6688. doi: 10.1523/JNEUROSCIL.
4662-14.2015

Arcelli, P., Frassoni, C., Regondi, M. C., De Biasi, S., and Spreafico, R. (1997).
GABAergic neurons in mammalian thalamus: a marker of thalamic complexity?
Brain Res. Bull. 42, 27-37. doi: 10.1016/s0361-9230(96)00107-4

Avila, L, Parr-Brownlie, L. C., Brazhnik, E., Castaneda, E., Bergstrom, D. A., and
Walters, J. R. (2010). Beta frequency synchronization in basal ganglia output
during rest and walk in a hemiparkinsonian rat. Exp. Neurol. 221, 307-319.
doi: 10.1016/j.expneurol.2009.11.016

Bartho, P., Hirase, H., Monconduit, L., Zugaro, M., Harris, K. D., and Buzsaki,
G. (2004). Characterization of neocortical principal cells and interneurons by
network interactions and extracellular features. J. Neurophysiol. 92, 600-608.
doi: 10.1152/jn.01170.2003

Beatty, J. A., Sylwestrak, E. L., and Cox, C. L. (2009). Two distinct populations
of projection neurons in the rat lateral parafascicular thalamic nucleus and
their cholinergic responsiveness. Neuroscience 162, 155-173. doi: 10.1016/j.
neuroscience.2009.04.043

Bentivoglio, M., Spreafico, R., Minciacchi, D., and Macchi, G. (1991).
GABAergic interneurons and neuropil of the intralaminar thalamus: an
immunohistochemical study in the rat and the cat, with notes in the monkey.
Exp. Brain Res. 87, 85-95. doi: 10.1007/bf00228509

Berens, P. (2009). CircStat: AMATLABToolbox for circular statistics. J. Stat. Softw.
31, 1-21. doi: 10.18637/jss.v031.i10

QH and SS contributed to data curation, methodology,
and software. DC contributed to data curation, validation,
and software. FC and XW contributed to data curation,
validation, and resources. YS, YL, ZZ, HE XS, and XY
contributed to software and data analysis. HS contributed to
data curation, resources, supervision, validation and funding
acquisition. MW contributed to conceptualization, resources,
supervision, funding acquisition, project administration,
and writing, reviewing, and editing the manuscript. All
authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by the Natural Science Foundation
of Shandong (Grant No: ZR2020MCO075), Science and
Technological Project of Shandong (Grant No: 2018CXGC1502),
National Natural Science Foundation of China (Grant No:
32170496), and Doctoral Research Foundation of Shandong
Jianzhu University (Grant No: XNBS20117).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2022.800159/full#supplementary- material

Supplementary Figure 1 | GAD immunoreactivity in the PF. Coronal section of
the PF illustrating immunoreactivity of NeuN (green) and GAD67 (red) positive
neurons (A). Scale bar = 75 um. The framed area in A is magnified in (B). Scale
bar =25 um.

Bokil, H., Andrews, P., Kulkarni, J. E., Mehta, S., and Mitra, P. P. (2010). Chronux:
a platform for analyzing neural signals. J. Neurosci. Methods 192, 146-151.
doi: 10.1016/j.jneumeth.2010.06.020

Bosch-Bouju, C., Smither, R. A., Hyland, B. I, and Parr-Brownlie, L. C. (2014).
Reduced reach-related modulation of motor thalamus neural activity in a
rat model of Parkinson’s disease. J. Neurosci. 34, 15836-15850. doi: 10.1523/
JNEUROSCI.0893-14.2014

Brazhnik, E., Cruz, A. V., Avila, I, Wahba, M. I, Novikov, N, Ilieva, N. M.,
et al. (2012). State-dependent spike and local field synchronization
between motor cortex and substantia nigra in hemiparkinsonian
rats. J. Neurosci. 32, 7869-7880. doi: 10.1523/]NEUROSCI.0943-12.
2012

Brazhnik, E., McCoy, A. J., Novikov, N., Hatch, C. E., and Walters, J. R. (2016).
Ventral medial thalamic nucleus promotes synchronization of increased high
beta oscillatory activity in the basal ganglia-thalamocortical network of the
hemiparkinsonian rat. J. Neurosci. 36, 4196-4208. doi: 10.1523/jneurosci.3582-
15.2016

Brazhnik, E., Novikov, N., McCoy, A. J., Cruz, A. V., and Walters, J. R. (2014).
Functional correlates of exaggerated oscillatory activity in basal ganglia output
in hemiparkinsonian rats. Exp. Neurol. 261, 563-577. doi: 10.1016/j.expneurol.
2014.07.010

Brown, M. T., Henny, P., Bolam, J. P., and Magill, P. J. (2009). Activity of
neurochemically heterogeneous dopaminergic neurons in the substantia nigra
during spontaneous and driven changes in brain state. J. Neurosci. 29, 2915-
2925. doi: 10.1523/JNEUROSCI.4423-08.2009

Cagnan, H., Mallet, N., Moll, C. K. E., Gulberti, A., Holt, A. B., Westphal, M.,
et al. (2019). Temporal evolution of beta bursts in the parkinsonian cortical

Frontiers in Aging Neuroscience | www.frontiersin.org

May 2022 | Volume 14 | Article 800159


https://www.frontiersin.org/articles/10.3389/fnagi.2022.800159/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.800159/full#supplementary-material
https://doi.org/10.1523/JNEUROSCI.4662-14.2015
https://doi.org/10.1523/JNEUROSCI.4662-14.2015
https://doi.org/10.1016/s0361-9230(96)00107-4
https://doi.org/10.1016/j.expneurol.2009.11.016
https://doi.org/10.1152/jn.01170.2003
https://doi.org/10.1016/j.neuroscience.2009.04.043
https://doi.org/10.1016/j.neuroscience.2009.04.043
https://doi.org/10.1007/bf00228509
https://doi.org/10.18637/jss.v031.i10
https://doi.org/10.1016/j.jneumeth.2010.06.020
https://doi.org/10.1523/JNEUROSCI.0893-14.2014
https://doi.org/10.1523/JNEUROSCI.0893-14.2014
https://doi.org/10.1523/JNEUROSCI.0943-12.2012
https://doi.org/10.1523/JNEUROSCI.0943-12.2012
https://doi.org/10.1523/jneurosci.3582-15.2016
https://doi.org/10.1523/jneurosci.3582-15.2016
https://doi.org/10.1016/j.expneurol.2014.07.010
https://doi.org/10.1016/j.expneurol.2014.07.010
https://doi.org/10.1523/JNEUROSCI.4423-08.2009
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lietal

Parafascicular Thalamic Nucleus and Motor Cortex

and basal ganglia network. Proc. Natl. Acad. Sci. U.S.A. 116, 16095-16104.
doi: 10.1073/pnas.1819975116

Chen, B., Xu, C, Wang, Y., Lin, W., Wang, Y., Chen, L., et al. (2020). A
disinhibitory nigra-parafascicular pathway amplifies seizure in temporal
lobe epilepsy. Nat. Commun. 11:923. doi: 10.1038/s41467-020-14
648-8

Colom, L. V., Castaneda, M. T., Reyna, T., Hernandez, S., and Garrido-Sanabria,
E. (2005). Characterization of medial septal glutamatergic neurons and their
projection to the hippocampus. Synapse 58, 151-164. doi: 10.1002/syn.20184

Crompe, B., Aristieta, A., Leblois, A., Elsherbiny, S., Boraud, T., and Mallet,
N. P. (2020). The globus pallidus orchestrates abnormal network dynamics in
a model of Parkinsonism. Nat. Commun. 11:1570. doi: 10.1038/541467-020-
15352-3

Devergnas, A., Pittard, D., Bliwise, D., and Wichmann, T. (2014). Relationship
between oscillatory activity in the cortico-basal ganglia network and
parkinsonism in MPTP-treated monkeys. Neurobiol. Dis. 68, 156-166. doi:
10.1016/j.nbd.2014.04.004

Gaidica, M., Hurst, A., Cyr, C., and Leventhal, D. K. (2018). Distinct populations
of motor thalamic neurons encode action initiation, action selection, and
movement vigor. J. Neurosci. 38, 6563-6573. doi: 10.1523/J]NEUROSCI.0463-
18.2018

Gaidica, M., Hurst, A., Cyr, C., and Leventhal, D. K. (2020). Interactions between
motor thalamic field potentials and single-unit spiking are correlated with
behavior in rats. Front. Neural Circuits 14:52. doi: 10.3389/fncir.2020.00052

Geng, X., Wang, X., He, F., Zhang, X,, Xie, J., Gao, G., et al. (2019). Spike and
local field synchronization between the pedunculopontine nucleus and primary
motor cortex in a rat model of Parkinson’s disease. Neuroscience 404, 470-483.
doi: 10.1016/j.neuroscience.2019.01.044

Geng, X, Xie, J., Wang, X., Wang, X., Zhang, X., Hou, Y., et al. (2016a). Altered
neuronal activity in the pedunculopontine nucleus: an electrophysiological
study in a rat model of Parkinson’s disease. Behav. Brain Res. 305, 57-64.
doi: 10.1016/j.bbr.2016.02.026

Geng, X., Wang, X,, Xie, J., Zhang, X., Wang, X,, Hou, Y., et al. (2016b). Effect
of I-DOPA on local field potential relationship between the pedunculopontine
nucleus and primary motor cortex in a rat model of Parkinson’s disease. Behav.
Brain Res. 315, 1-9. doi: 10.1016/j.bbr.2016.08.018

Guo, K., Yamawaki, N., Svoboda, K., and Shepherd, G. M. G. (2018). Anterolateral
motor cortex connects with a medial subdivision of ventromedial thalamus
through cell type-specific circuits, forming an excitatory thalamo-cortico-
thalamic loop via layer 1 apical tuft dendrites of layer 5b pyramidal tract type
neurons. J. Neurosci. 38, 8787-8797. doi: 10.1523/JNEUROSCI.1333-18.2018

Guo, Z. V., Inagaki, H. K., Daie, K., Druckmann, S., Gerfen, C. R., and Svoboda,
K. (2017). Maintenance of persistent activity in a frontal thalamocortical loop.
Nature 545, 181-186. doi: 10.1038/nature22324

Hajszan, T., Alreja, M., and Leranth, C. (2004). Intrinsic vesicular glutamate
transporter 2-immunoreactive input to septohippocampal parvalbumin-
containing neurons: novel glutamatergic local circuit cells. Hippocampus 14,
499-509. doi: 10.1002/hipo.10195

Halassa, M. M., and Sherman, S. M. (2019). Thalamocortical circuit motifs: a
general framework. Neuron 103, 762-770. doi: 10.1016/j.neuron.2019.06.005

Halje, P., Tamte, M., Richter, U., Mohammed, M., Cenci, M. A., and Petersson,
P. (2012). Levodopa-induced dyskinesia is strongly associated with resonant
cortical oscillations. J. Neurosci. 32, 16541-16551. doi: 10.1523/JNEUROSCI.
3047-12.2012

Halliday, G. M. (2009). Thalamic changes in Parkinson’s disease. Parkinsonism
Relat. Disord. 1583, $152-S155.

Henderson, J. M., Carpenter, K., Cartwright, H., and Halliday, G. M. (2000a).
Loss of thalamic intralaminar nuclei in progressive supranuclear palsy and
Parkinson’s disease: clinal and therapeutic implications. Brain 123, 1410-1421.
doi: 10.1093/brain/123.7.1410

Henderson, J. M., Carpenter, K., Cartwright, H., and Halliday, G. M. (2000b).
Degeneration of the centre median—parafascicular complex in Parkinson’s
disease. Ann. Neurol. 47, 345-352. doi: 10.1002/1531-8249(200003)47:3<345::
aid-anal0>3.0.co;2-v

Hirsch, J. A., Wang, X., Sommer, F. T., and Martinez, L. M. (2015). How inhibitory
circuits in the thalamus serve vision. Annu. Rev. Neurosci. 38, 309-329. doi:
10.1146/annurev-neuro-071013-014229

Holt, A. B, Kormann, E., Gulberti, A., Potter-Nerger, M., McNamara, C. G.,
Cagnan, H., et al. (2019). Phase-dependent suppression of beta oscillations
in Parkinson’s disease patients. J. Neurosci. 39, 1119-1134. doi: 10.1523/
JNEUROSCI.1913-18.2018

Hyland, B. I, Seeger-Armbruster, S., Smither, R. A., and Parr-Brownlie, L. C.
(2019). Altered recruitment of motor cortex neuronal activity during the
grasping phase of skilled reaching in a chronic rat model of unilateral
parkinsonism. J. Neurosci. 39, 9660-9672. doi: 10.1523/jneurosci.0720-19.2019

Isomura, Y., Harukuni, R, Takekawa, T., Aizawa, H., and Fukai, T. (2009).
Microcircuitry coordination of cortical motor information in self-initiation of
voluntary movements. Nat. Neurosci. 12, 1586-1593. doi: 10.1038/nn.2431

Jager, P., Moore, G., Calpin, P., Durmishi, X., Salgarella, I, Menage, L., et al. (2021).
Dual midbrain and forebrain origins of thalamic inhibitory interneurons. Elife
10:e59272. doi: 10.7554/eLife.59272

Jager, P., Ye, Z., Yu, X., Zagoraiou, L., Prekop, H. T., Partanen, J., et al. (2016).
Tectal-derived interneurons contribute to phasic and tonic inhibition in the
visual thalamus. Nat. Commun. 7, 13579. doi: 10.1038/ncomms13579

Jin, X., Schwabe, K., Krauss, J. K., and Alam, M. (2016). The anterior and posterior
pedunculopontine tegmental nucleus are involved in behavior and neuronal
activity of the cuneiform and entopeduncular nuclei. Neuroscience 322, 39-53.
doi: 10.1016/j.neuroscience.2016.02.016

Kaufman, M. T., Churchland, M. M., and Shenoy, K. V. (2013). The roles
of monkey MI neuron classes in movement preparation and execution.
J. Neurophysiol. 110, 817-825. doi: 10.1152/jn.00892.2011

Kuramoto, E., Fujiyama, F., Nakamura, K. C., Tanaka, Y., Hioki, H., and
Kaneko, T. (2011). Complementary distribution of glutamatergic cerebellar and
GABAergic basal ganglia afferents to the rat motor thalamic nuclei. Eur. J.
Neurosci. 33, 95-109. doi: 10.1111/j.1460-9568.2010.07481.x

Li, M., Wang, X., Yao, X., Wang, X, Chen, F., Zhang, X,, et al. (2021). Roles of
motor cortex neuron classes in reach-related modulation for hemiparkinsonian
rats. Front. Neurosci. 15:645849. doi: 10.3389/fnins.2021.645849

Mandelbaum, G., Taranda, J., Haynes, T. M., Hochbaum, D. R., Huang, K. W.,
Hyun, M,, et al. (2019). Distinct cortical-thalamic-striatal circuits through the
parafascicular nucleus. Neuron 102, 636-652.¢7. doi: 10.1016/j.neuron.2019.02.
035

Masilamoni, G. J., and Smith, Y. (2019). Group I metabotropic glutamate receptors
in the primate motor thalamus: subsynaptic association with cortical and sub-
cortical glutamatergic afferents. Brain Struct. Funct. 224, 2787-2804. doi: 10.
1007/s00429-019-01937-2

McColgan, P., Joubert, J., Tabrizi, S. J., and Rees, G. (2020). The human motor
cortex microcircuit: insights for neurodegenerative disease. Nat. Rev. Neurosci.
21,401-415. doi: 10.1038/s41583-020-0315-1

Minamimoto, T., and Kimura, M. (2002). Participation of the thalamic CM-Pf
complex in attentional orienting. J. Neurophysiol. 87, 3090-3101. doi: 10.1152/
jn.2002.87.6.3090

Naka, A., and Adesnik, H. (2016). Inhibitory circuits in cortical layer 5. Front.
Neural Circuits 10:35. doi: 10.3389/fncir.2016.00035

Nakamura, K. C., Sharott, A., and Magill, P. J. (2014). Temporal coupling with
cortex distinguishes spontaneous neuronal activities in identified basal ganglia-
recipient and cerebellar-recipient zones of the motor thalamus. Cereb. Cortex
24, 81-97. doi: 10.1093/cercor/bhs287

Nashef, A., Mitelman, R., Harel, R, Joshua, M., and Prut, Y. (2021). Area-specific
thalamocortical synchronization underlies the transition from motor planning
to execution. Proc. Natl. Acad. Sci. U.S.A. 118:€2012658118. doi: 10.1073/pnas.
2012658118

Ni, Z., Gao, D., Benabid, A., and Benazzouz, A. (2000). Unilateral lesion of
the nigrostriatal pathway induces a transient decrease of firing rate with no
change in the firing pattern of neurons of the parafascicular nucleus in the rat.
Neuroscience 101, 993-999. doi: 10.1016/s0306-4522(00)00337-7

Nicolelis, M. A. L., Dimitrov, D., Carmena, J. M., Crist, R., Lehew, G., Kralik,
J. D., et al. (2003). Chronic, multisite, multielectrode recordings in macaque
monkeys. Proc. Natl. Acad. Sci. U.S.A. 100, 11041-11046. doi: 10.1073/pnas.
1934665100

QOda, S., Funato, H., Sato, F., dachi-Akahane, S. A., Ito, M., Takase, K., et al. (2014).
A subset of thalamocortical projections to the retrosplenial cortex possesses
two vesicular glutamate transporter isoforms, VGluT1 and VGIuT2, in axon
terminals and somata. J. Comp. Neurol. 522,2089-2106. doi: 10.1002/cne.23519

Frontiers in Aging Neuroscience | www.frontiersin.org

May 2022 | Volume 14 | Article 800159


https://doi.org/10.1073/pnas.1819975116
https://doi.org/10.1038/s41467-020-14648-8
https://doi.org/10.1038/s41467-020-14648-8
https://doi.org/10.1002/syn.20184
https://doi.org/10.1038/s41467-020-15352-3
https://doi.org/10.1038/s41467-020-15352-3
https://doi.org/10.1016/j.nbd.2014.04.004
https://doi.org/10.1016/j.nbd.2014.04.004
https://doi.org/10.1523/JNEUROSCI.0463-18.2018
https://doi.org/10.1523/JNEUROSCI.0463-18.2018
https://doi.org/10.3389/fncir.2020.00052
https://doi.org/10.1016/j.neuroscience.2019.01.044
https://doi.org/10.1016/j.bbr.2016.02.026
https://doi.org/10.1016/j.bbr.2016.08.018
https://doi.org/10.1523/JNEUROSCI.1333-18.2018
https://doi.org/10.1038/nature22324
https://doi.org/10.1002/hipo.10195
https://doi.org/10.1016/j.neuron.2019.06.005
https://doi.org/10.1523/JNEUROSCI.3047-12.2012
https://doi.org/10.1523/JNEUROSCI.3047-12.2012
https://doi.org/10.1093/brain/123.7.1410
https://doi.org/10.1002/1531-8249(200003)47:3<345::aid-ana10>3.0.co;2-v
https://doi.org/10.1002/1531-8249(200003)47:3<345::aid-ana10>3.0.co;2-v
https://doi.org/10.1146/annurev-neuro-071013-014229
https://doi.org/10.1146/annurev-neuro-071013-014229
https://doi.org/10.1523/JNEUROSCI.1913-18.2018
https://doi.org/10.1523/JNEUROSCI.1913-18.2018
https://doi.org/10.1523/jneurosci.0720-19.2019
https://doi.org/10.1038/nn.2431
https://doi.org/10.7554/eLife.59272
https://doi.org/10.1038/ncomms13579
https://doi.org/10.1016/j.neuroscience.2016.02.016
https://doi.org/10.1152/jn.00892.2011
https://doi.org/10.1111/j.1460-9568.2010.07481.x
https://doi.org/10.3389/fnins.2021.645849
https://doi.org/10.1016/j.neuron.2019.02.035
https://doi.org/10.1016/j.neuron.2019.02.035
https://doi.org/10.1007/s00429-019-01937-2
https://doi.org/10.1007/s00429-019-01937-2
https://doi.org/10.1038/s41583-020-0315-1
https://doi.org/10.1152/jn.2002.87.6.3090
https://doi.org/10.1152/jn.2002.87.6.3090
https://doi.org/10.3389/fncir.2016.00035
https://doi.org/10.1093/cercor/bhs287
https://doi.org/10.1073/pnas.2012658118
https://doi.org/10.1073/pnas.2012658118
https://doi.org/10.1016/s0306-4522(00)00337-7
https://doi.org/10.1073/pnas.1934665100
https://doi.org/10.1073/pnas.1934665100
https://doi.org/10.1002/cne.23519
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lietal

Parafascicular Thalamic Nucleus and Motor Cortex

Parker, P. R. L., Lalive, A. L, and Kreitzer, A. C. (2016). Pathway-specific
remodeling of thalamostriatal synapses in parkinsonian mice. Neuron 89,
734-740. doi: 10.1016/j.neuron.2015.12.038

Parr-Brownlie, L. C., Poloskey, S. L., Bergstrom, D. A., and Walters, J. R. (2009).
Parafascicular thalamic nucleus activity in a rat model of Parkinson’s disease.
Exp. Neurol. 217, 269-281. doi: 10.1016/j.expneurol.2009.02.010

Parr-Brownlie, L. C., Poloskey, S. L., Flanagan, K. K., Eisenhofer, G., Bergstrom,
D. A, and Walters, J. R. (2007). Dopamine lesion-induced changes in
subthalamic nucleus activity are not associated with alterations in firing rate
or pattern in layer V neurons of the anterior cingulate cortex in anesthetized
rats. Eur. J. Neurosci. 26, 1925-1939. doi: 10.1111/j.1460-9568.2007.05814.x

Pasquereau, B., DeLong, M. R,, and Turner, R. S. (2015). Primary motor cortex of
the parkinsonian monkey: altered encoding of active movement. Brain 139(Pt
1), 127-143. doi: 10.1093/brain/awv312

Pasquereau, B., and Turner, R. S. (2011). Primary motor cortex of the parkinsonian
monkey: differential effects on the spontaneous activity of pyramidal tract-type
neurons. Cereb. Cortex 21, 1362-1378. doi: 10.1093/cercor/bhq217

Pasquereau, B., and Turner, R. S. (2013). Primary motor cortex of the parkinsonian
monkey: altered neuronal responses to muscle stretch. Front. Syst. Neurosci.
7:98. doi: 10.3389/fnsys.2013.00098

Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic Coordinates, 6th
Edn. San Diego, CA: Academic Press.

Pietrancosta, N., Djibo, M., Daumas, S., El Mestikawy, S., and Erickson, J. D.
(2020). Molecular, structural, functional, and pharmacological sites for vesicular
glutamate transporter regulation. Mol. Neurobiol. 57, 3118-3142. doi: 10.1007/
$12035-020-01912-7

Pinault, D. (1996). A novel single-cell staining procedure performed in vivo under
electrophysiological control: morpho-functional features of juxtacellularly
labeled thalamic cells and other central neurons with biocytin or Neurobiotin.
J. Neurosci. Methods 65, 113-136. doi: 10.1016/0165-0270(95)00144-1

Porter, B. S., Li, K., and Hillman, K. L. (2020). Regional activity in the rat anterior
cingulate cortex and insula during persistence and quitting in a physical-effort
task. eNeuro 7:.ENEURO.0243-20.2020. doi: 10.1523/ENEURO.0243-20.2020

Quiroga-Varela, A., Walters, J., Brazhnik, E., Marin, C., and Obeso, J. (2013).
What basal ganglia changes underlie the parkinsonian state? The significance
of neuronal oscillatory activity. Neurobiol. Dis. 58, 242-248. doi: 10.1016/j.nbd.
2013.05.010

Reis, C., Sharott, A., Magill, P. J., van Wijk, B. C. M,, Parr, T., Zeidman, P., et al.
(2019). Thalamocortical dynamics underlying spontaneous transitions in beta
power in Parkinsonism. Neuroimage 193, 103-114. doi: 10.1016/j.neuroimage.
2019.03.009

Rios, A., Soma, S., Yoshida, J., Nonomura, S., Kawabata, M., Sakai, Y., et al. (2019).
Differential changes in the lateralized activity of identified projection neurons
of motor cortex in hemiparkinsonian rats. eNeuro 6:ENEURO.0110-19.2019.
doi: 10.1523/ENEURO.0110-19.2019

Rossant, C., Kadir, S. N., Goodman, D. F., Schulman, J., Hunter, M. L., Saleem,
A. B, etal. (2016). Spike sorting for large, dense electrode arrays. Nat. Neurosci.
19, 634-641. doi: 10.1038/nn.4268

Saalmann, Y. B. (2014). Intralaminar and medial thalamic influence on cortical
synchrony, information transmission and cognition. Front. Syst. Neurosci. 8:83.
doi: 10.3389/fnsys.2014.00083

Sadikot, A. F., and Rymar, V. V. (2009). The primate centromedian-parafascicular
complex: anatomical organization with a note on neuromodulation. Brain Res.
Bull. 78, 122-130. doi: 10.1016/j.brainresbull.2008.09.016

Saiki, A., Kimura, R., Samura, T., Fujiwara-Tsukamoto, Y., Sakai, Y., and Isomura,
Y. (2014). Different modulation of common motor information in rat primary
and secondary motor cortices. PLoS One 9:€98662. doi: 10.1371/journal.pone.
0098662

Schmitzer-Torbert, N., Jackson, J., Henze, D., Harris, K., and Redish, A. D. (2005).
Quantitative measures of cluster quality for use in extracellular recordings.
Neuroscience 131, 1-11. doi: 10.1016/j.neuroscience.2004.09.066

Sedaghat, K., Finkelstein, D. I, and Gundlach, A. L. (2009). Effect of unilateral
lesion of the nigrostriatal dopamine pathway on survival and neurochemistry of
parafascicular nucleus neurons in the rat-evaluation of time-course and LGR8
expression. Brain Res. 1271, 83-94. doi: 10.1016/j.brainres.2009.03.026

Sharott, A., Doig, N. M., Mallet, N., and Magill, P. J. (2012). Relationships between
the firing of identified striatal interneurons and spontaneous and driven cortical

activities in vivo. J. Neurosci. 32, 13221-13236. doi: 10.1523/J]NEUROSCI.2440-
12.2012

Sharott, A., Gulberti, A., Hamel, W., Koppen, J. A., Munchau, A., Buhmann, C.,
et al. (2018). Spatio-temporal dynamics of cortical drive to human subthalamic
nucleus neurons in Parkinson’s disease. Neurobiol. Dis. 112,49-62. doi: 10.1016/
j.nbd.2018.01.001

Sharott, A., Magill, P. J., Harnack, D., Kupsch, A., Meissner, W., and Brown,
P. (2005). Dopamine depletion increases the power and coherence of beta-
oscillations in the cerebral cortex and subthalamic nucleus of the awake rat.
Eur. J. Neurosci. 21, 1413-1422. doi: 10.1111/j.1460-9568.2005.03973.x

Sharott, A., Vinciati, F., Nakamura, K. C., and Magill, P. J. (2017). A population
of indirect pathway striatal projection neurons is selectively entrained to
parkinsonian beta oscillations. J. Neurosci. 37, 9977-9998. doi: 10.1523/
JNEUROSCI.0658-17.2017

Sherman, S. M. (2014). The function of metabotropic glutamate receptors
in thalamus and cortex. Neuroscientist 20, 136-149. doi: 10.1177/
1073858413478490

Sherman, S. M. (2016). Thalamus plays a central role in ongoing cortical
functioning. Nat. Neurosci. 19, 533-541. doi: 10.1038/nn.4269

Sherman, S. M. (2017). Functioning of circuits connecting thalamus and cortex.
Compr. Physiol. 7, 713-739. doi: 10.1002/cphy.c160032

Singh, A. (2018). Oscillatory activity in the cortico-basal ganglia-thalamic neural
circuits in Parkinson’s disease. Eur. J. Neurosci. 48, 2869-2878. doi: 10.1111/ejn.
13853

Smith, Y., Galvan, A,, Ellender, T. J., Doig, N., Villalba, R. M., Huerta-Ocampo, I.,
et al. (2014). The thalamostriatal system in normal and diseased states. Front.
Syst. Neurosci. 8:5. doi: 10.3389/fnsys.2014.00005

Smith, Y., Raju, D., Nanda, B., Pare, J. F., Galvan, A., and Wichmann, T. (2009).
The thalamostriatal systems: anatomical and functional organization in normal
and parkinsonian states. Brain Res. Bull. 78, 60-68. doi: 10.1016/j.brainresbull.
2008.08.015

Smith, Y., Raju, D. V., Pare, J.-F., and Sidibe, M. (2004). The thalamostriatal system:
a highly specific network of the basal ganglia circuitry. Trends Neurosci. 27,
520-527. doi: 10.1016/j.tins.2004.07.004

Stayte, S., Dhungana, A., Vissel, B., and Bradfield, L. A. (2021). Parafascicular
thalamic and orbitofrontal cortical inputs to striatum represent states for goal-
directed action selection. Front. Behav. Neurosci. 15:655029. doi: 10.3389/fnbeh.
2021.655029

Sun, S., Zhu, Z., He, T., Chen, F., Wang, X., Zhang, X,, et al. (2021). A
study of adeno-associated virus in cortical-thalamostriatal pathway. Brain Res.
1773:147698. doi: 10.1016/j.brainres.2021.147698

Suzuki, T. W., Inoue, K. 1., Takada, M., and Tanaka, M. (2021). Effects of
optogenetic suppression of cortical input on primate thalamic neuronal activity
during goal-directed behavior. eNeuro 8:ENEURO.0511-20.2021. doi: 10.1523/
ENEURO.0511-20.2021

Tanimura, A., Du, Y., Kondapalli, J., Wokosin, D. L., and Surmeier, D. J. (2019).
Cholinergic interneurons amplify thalamostriatal excitation of striatal indirect
pathway neurons in Parkinson’s disease models. Neuron 101, 444-458.e6. doi:
10.1016/j.neuron.2018.12.004

Tinkhauser, G., Torrecillos, F., Pogosyan, A., Mostofi, A., Bange, M., Fischer, P.,
et al. (2020). The cumulative effect of transient synchrony states on motor
performance in Parkinson’s disease. J. Neurosci. 40, 1571-1580. doi: 10.1523/
JNEUROSCI.1975-19.2019

Underwood, C. F., and Parr-Brownlie, L. C. (2021). Primary motor
cortex in Parkinson’s disease: functional changes and opportunities for
neurostimulation. Neurobiol. Dis. 147:105159. doi: 10.1016/j.nbd.2020.105
159

Unzai, T., Kuramoto, E., Kaneko, T., and Fujiyama, F. (2017). Quantitative analyses
of the projection of individual neurons from the midline thalamic nuclei to
the striosome and matrix compartments of the rat striatum. Cereb. Cortex 27,
1164-1181. doi: 10.1093/cercor/bhv295

Villalba, R., Wichmann, T., and Smith, Y. (2014). Neuronal loss in the
caudal intralaminar thalamic nuclei in a primate model of Parkinson’s
disease. Brain Struct. Funct. 219, 381-394. doi: 10.1007/s00429-013-05
07-9

Wang, M., Li, M., Geng, X., Song, Z., Albers, H. E., Yang, M., et al. (2015).
Altered neuronal activity in the primary motor cortex and globus pallidus after

Frontiers in Aging Neuroscience | www.frontiersin.org

May 2022 | Volume 14 | Article 800159


https://doi.org/10.1016/j.neuron.2015.12.038
https://doi.org/10.1016/j.expneurol.2009.02.010
https://doi.org/10.1111/j.1460-9568.2007.05814.x
https://doi.org/10.1093/brain/awv312
https://doi.org/10.1093/cercor/bhq217
https://doi.org/10.3389/fnsys.2013.00098
https://doi.org/10.1007/s12035-020-01912-7
https://doi.org/10.1007/s12035-020-01912-7
https://doi.org/10.1016/0165-0270(95)00144-1
https://doi.org/10.1523/ENEURO.0243-20.2020
https://doi.org/10.1016/j.nbd.2013.05.010
https://doi.org/10.1016/j.nbd.2013.05.010
https://doi.org/10.1016/j.neuroimage.2019.03.009
https://doi.org/10.1016/j.neuroimage.2019.03.009
https://doi.org/10.1523/ENEURO.0110-19.2019
https://doi.org/10.1038/nn.4268
https://doi.org/10.3389/fnsys.2014.00083
https://doi.org/10.1016/j.brainresbull.2008.09.016
https://doi.org/10.1371/journal.pone.0098662
https://doi.org/10.1371/journal.pone.0098662
https://doi.org/10.1016/j.neuroscience.2004.09.066
https://doi.org/10.1016/j.brainres.2009.03.026
https://doi.org/10.1523/JNEUROSCI.2440-12.2012
https://doi.org/10.1523/JNEUROSCI.2440-12.2012
https://doi.org/10.1016/j.nbd.2018.01.001
https://doi.org/10.1016/j.nbd.2018.01.001
https://doi.org/10.1111/j.1460-9568.2005.03973.x
https://doi.org/10.1523/JNEUROSCI.0658-17.2017
https://doi.org/10.1523/JNEUROSCI.0658-17.2017
https://doi.org/10.1177/1073858413478490
https://doi.org/10.1177/1073858413478490
https://doi.org/10.1038/nn.4269
https://doi.org/10.1002/cphy.c160032
https://doi.org/10.1111/ejn.13853
https://doi.org/10.1111/ejn.13853
https://doi.org/10.3389/fnsys.2014.00005
https://doi.org/10.1016/j.brainresbull.2008.08.015
https://doi.org/10.1016/j.brainresbull.2008.08.015
https://doi.org/10.1016/j.tins.2004.07.004
https://doi.org/10.3389/fnbeh.2021.655029
https://doi.org/10.3389/fnbeh.2021.655029
https://doi.org/10.1016/j.brainres.2021.147698
https://doi.org/10.1523/ENEURO.0511-20.2021
https://doi.org/10.1523/ENEURO.0511-20.2021
https://doi.org/10.1016/j.neuron.2018.12.004
https://doi.org/10.1016/j.neuron.2018.12.004
https://doi.org/10.1523/JNEUROSCI.1975-19.2019
https://doi.org/10.1523/JNEUROSCI.1975-19.2019
https://doi.org/10.1016/j.nbd.2020.105159
https://doi.org/10.1016/j.nbd.2020.105159
https://doi.org/10.1093/cercor/bhv295
https://doi.org/10.1007/s00429-013-0507-9
https://doi.org/10.1007/s00429-013-0507-9
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lietal

Parafascicular Thalamic Nucleus and Motor Cortex

dopamine depletion in rats. J. Neurol. Sci. 348, 231-240. doi: 10.1016/j.jns.2014.
12.014

Wang, M., Qu, Q., He, T., Li, M., Song, Z., Chen, F., et al. (2016). Distinct temporal
spike and local field potential activities in the thalamic parafascicular nucleus
of parkinsonian rats during rest and limb movement. Neuroscience 330, 57-71.
doi: 10.1016/j.neuroscience.2016.05.031

West, T. O., Berthouze, L., Halliday, D. M., Litvak, V., Sharott, A., Magill, P. J.,
et al. (2018). Propagation of beta/gamma rhythms in the cortico-basal ganglia
circuits of the parkinsonian rat. J. Neurophysiol. 119, 1608-1628. doi: 10.1152/
jn.00629.2017

Yuan, H., Sarre, S., Ebinger, G., and Michotte, Y. (2004). Neuroprotective and
neurotrophic effect of apomorphine in the striatal 6-OHDA-lesion rat model
of Parkinson’s disease. Brain Res. 1026, 95-107. doi: 10.1016/j.brainres.2004.08.
015

Zhang, H., Yang, J., Wang, X,, Yao, X., Han, H., Gao, Y., et al. (2019a). Altered
local field potential relationship between the parafascicular thalamic nucleus
and dorsal striatum in hemiparkinsonian rats. Neurosci. Bull. 35, 315-324. doi:
10.1007/512264-018-0312-9

Zhang, H., Yang, ], Xiang, T. Sun, S, Wang, X, Li, M, et al. (2019b).
State-dependent spike and local field synchronization between the thalamic
parafascicular nucleus and the dorsal striatum in a rat model of Parkinson’s
disease. Neuroscience 404, 27-38. doi: 10.1016/j.neuroscience.2019.01.055

Zhou, J., Nannapaneni, N., and Shore, S. (2007). Vessicular glutamate transporters
1 and 2 are differentially associated with auditory nerve and spinal trigeminal

inputs to the cochlear nucleus. J. Comp. Neurol. 500, 777-787. doi: 10.1002/cne.
21208

Zhu, X., Zhou, W,, Jin, Y., Tang, H., Cao, P, Mao, Y., et al. (2019). A
central amygdala input to the parafascicular nucleus controls comorbid
pain in depression. Cell Rep. 29, 3847-3858.e5. doi: 10.1016/j.celrep.2019.11.
003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Zhang, He, Chen, Chen, Wang, Sun, Sun, Li, Zhu, Fang,
Shi, Yao, Sun and Wang. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

25

May 2022 | Volume 14 | Article 800159


https://doi.org/10.1016/j.jns.2014.12.014
https://doi.org/10.1016/j.jns.2014.12.014
https://doi.org/10.1016/j.neuroscience.2016.05.031
https://doi.org/10.1152/jn.00629.2017
https://doi.org/10.1152/jn.00629.2017
https://doi.org/10.1016/j.brainres.2004.08.015
https://doi.org/10.1016/j.brainres.2004.08.015
https://doi.org/10.1007/s12264-018-0312-9
https://doi.org/10.1007/s12264-018-0312-9
https://doi.org/10.1016/j.neuroscience.2019.01.055
https://doi.org/10.1002/cne.21208
https://doi.org/10.1002/cne.21208
https://doi.org/10.1016/j.celrep.2019.11.003
https://doi.org/10.1016/j.celrep.2019.11.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Functional Interactions Between the Parafascicular Thalamic Nucleus and Motor Cortex Are Altered in Hemiparkinsonian Rat
	Introduction
	Materials and Methods
	Animals and Behavioral Training
	Unilateral Lesion of the Nigrostriatal Pathway
	Recording Electrode Implantation
	Electrophysiological Data Acquisition and Selection
	Electrophysiological Data Analysis
	Identification and Classification of Neurons
	Spectral Analysis of Local Field Potentials

	Analysis of the Relationship Between Spikes and Local Field Potentials
	Coherence Value
	Phase Locking

	Molecular Characterization of Recorded and Juxtacellularly Labeled Single Neurons
	Immunochemistry
	Viral Vector-Mediated Transduction and Anterograde or Retrograde Tract-Tracing
	Histology
	Statistical Analysis

	Results
	Effects of the 6-OHDA-Induced Lesion on Spiking and Local Field Potentials Activities in the Parafascicular Nucleus
	Effects of 6-OHDA-Induced Lesions on Spiking and Local Field Potentials Activities in M1
	Neurochemical and Electrophysiological Properties of Neurons in the Parafascicular Nucleus
	Identification of Neurochemical and Electrophysiological Properties of Neurons in M1
	Effect of DA Loss on the Relationships Between Parafascicular Nucleus Spikes and M1 Local Field Potential
	Effects of DA Loss on the Relationships Between M1 Spikes and Parafascicular Nucleus Local Field Potential
	Viral Vector Tracing of the Connectivity Between Parafascicular Nucleus and M1

	Discussion
	Effect of DA Loss on Parafascicular Nucleus Spikes and Their Relationship With M1 Local Field Potentials
	Effect of DA Loss on M1 Spikes and Their Relationship With Parafascicular Nucleus Local Field Potentials
	Anatomical Reciprocal Connectivity Between the Parafascicular Nucleus and the M1

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


