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ABSTRACT: Background: Parkinson’s disease
(PD) disrupts motor performance by affecting the basal
ganglia system. Yet, despite the critical position of the
primary motor cortex in linking basal ganglia computa-
tions with motor performance, its contribution to motor
disability in PD is largely unknown. The objective of this
study was to characterize the role of the primary motor
cortex in PD-related motor disability.

Methods: Two-photon calcium imaging and optogenetic
stimulation of primary motor cortex neurons was done
during performance of a dexterous reach-to-grasp motor
task in control and 6-hydroxydopamine-induced
PD mice.

Results: Experimental PD disrupted performance of the
reach-to-grasp motor task and especially initiation of the
task, which was partially restored by optogenetic activa-
tion of the primary motor cortex. Two-photon calcium
imaging during task performance revealed experimental-
PD affected the primary motor cortex in a cell-type-
specific manner. It suppressed activation of output layer
5 pyramidal tract neurons, with greater effects on freeze
versus nonfreeze trials. In contrast, it did not attenuate

.
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the initial movement-related activation response of layer
2/3 pyramidal neurons while diminishing the late inhibi-
tory phase of their response. At the network level, experi-
mental PD disrupted movement-related population
dynamics of the layer 5 pyramidal tract network while
almost not affecting the dynamics of the layer 2/3 neuro-
nal population. It also disrupted short- and long-term
robustness and stability of the pyramidal tract sub-
network, with reduced intertrial temporal accuracy and
diminished reproducibility of motor parameter encoding
and temporal recruitment of the output pyramidal tract
neurons over repeated daily sessions.

Conclusions: Experimental PD disrupts both external
driving and intrinsic properties of the primary motor cor-
tex. Motor disability in experimental PD results primarily
from the inability to generate robust and stable output
motor sequences in the parkinsonian primary motor cor-
tex output layer 5 pyramidal tract subnetwork. © 2021
International Parkinson and Movement Disorder Society
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Parkinson’s disease (PD) is a common neurodegenerative
disease associated with motor disability caused by loss of
dopaminergic neurons innervating the basal ganglia
(BG)."* The BG system is organized as a functional loop
originating and terminating in the neocortex. Data from
the cortex is conveyed to the BG input nuclei and processed
along parallel pathways within the BG. Ultimately, the dif-
ferent pathways converge at the BG output nuclei, where
the computational product is transmitted back to the neo-
cortex via the thalamic ventral anterior nucleus.>” In the
case of motor behavior, the primary motor cortex
(M1) serves as the main target of the thalamocortical
(TC) afferents carrying the processed BG information.®

M1, which controls skilled hand movements in
primates and rodents,”® integrates data from several
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brain regions including the BG to generate output
motor commands in layer 5 pyramidal tract (PT) neu-
rons.” Thus, M1 is critically situated to mediate BG
abnormalities, as is the case in PD, and motor
disability.

M1 can be regarded as a dynamic system, generating
temporally precise sequences of output motor com-
mands carried out by layer 5 PT neurons to control dex-
terous movements.'*'> PD has been shown to impair
the activity of M1 and to induce structural changes at
the spinal level in M1."*'¢ Yet the manner by which PD
affects the dynamics of the M1 layer 5 PT network is
largely unknown. To address these questions, we per-
formed 2-photon calcium imaging from GCaMPés-
expressing M1 layer 5 PT and layer 2/3 neurons, com-
bined with optogenetic perturbations of M1 in normal
and head-fixed 6-hydroxydopamine (6-OHDA)-induced
parkinsonian mice while performing a skilled reach-to-
grasp motor task. These experiments allowed us to
investigate the effect of experimental PD on M1 neurons
both at the single-cell and network levels. In addition, as
our experimental design allowed us to compare the same
set of neurons before and after induction of experimen-
tal PD, we were also able to investigate the temporal
and motor parameter encoding stability of the normal
and parkinsonian M1 network.

Methods

Mice, Surgical Procedures, and Induction
of Experimental Hemiparkinson’s Disease

Experiments were performed on adult male
(>8 weeks) wild-type C57BL/6 and Slc17a7-IRESs-Cre
(VGlut1-IRES2-Cre) transgenic mice. Preparation of the
cranial window over M1 and viral injections for labeling
layer 2/3 and layer 5 PT neurons were performed as we
previously described.'”'® Experimental hemiparkin-
sonism was induced by injecting 6-OHDA (3 mg/mL)
into 2 striatal locations using a tilted glass pipette. For
additional details, see supplemental data.

In Vivo 2-Photon Calcium Imaging
and Optogenetics

Two-photon calcium imaging combined with syn-
chronized behavioral tracking via high-speed cameras
was performed as previously described.!”'® We
imaged layer 2/3 and layer 5 neurons at depths of
120-250 and 500-600 pm, respectively, below pia.
Optogenetic stimulation was performed in wild-type
and Sim1-kj18-Cre mice expressing channelrhodopsin
using laser pulse trains administered via the cranial
window (see Fig. 2). For additional details, see
supplemental data.

Training and Behavioral Tracking
of the Reach-to-Grasp Motor Task

Training and behavioral tracking of the reach-to-
grasp task were performed as previously described.'®
Performance of the reach-to-grasp task was monitored
using 3 discrete motor milestones: lift, defined as the
time when the forepaw detached from the perch; grab,
defined as the time when forepaw fingers started to
close around the food pellet; at mouth, defined as the
time the forepaw holding the food pellet reached the
height of the mouth. Behavioral discrete annotations
were done using the JAABA program.'” For additional
details, see supplemental data.

Imaging Presentation, and Data Analysis
See supplemental data.

Results

The Effect of 6-OHDA-Induced Experimental
PD on Performance of the Reach-to-Grasp
Motor Task

To investigate the effect of 6-OHDA-induced experi-
mental PD on M1, we recorded from GCaMPé6s-
expressing M1 neurons while mice were performing a
head-fixed reach-to-grasp motor task. Mice were
trained to reach for food pellets located on a rotating
table in front of them using their right forepaw and to
bring the pellet to their mouth in response to an audi-
tory cue (Fig. 1A, Video S1). We chose this task, as it
depended on M1'%2° and as PD was shown to affect
hand dexterity and fine motor movements.”!

We initially performed recordings after mice reached
expert levels in control conditions (>50% success rate).
Later, we induced experimental PD and repeated the
experiments after a minimum delay of 3 weeks
(Fig. 1B). To confirm success of the PD model, we mon-
itored spontaneous rotations in the open-field test that
showed a clear ipsilateral bias** (Fig. 1C). At the end of
experiments, we histologically confirmed loss of TH
immunoreactivity (Fig. 1D-F). To quantify motor per-
formance of the reach-to-grasp task, we relied on the
success rate of trials and the execution of 3 discrete
motor milestone events: lift, grab, and at mouth
(Fig. 1G).

The 6-OHDA-induced experimental PD markedly
affected performance of the reach-to-grasp task. While
under control conditions, mice attempted to grasp the
food pellet in almost all trials, after 6-OHDA, during
the majority of trials (65% =+ 5%) mice did not initiate
movement at all (freeze trials); see Figure 1H and Video
§2). In addition, parkinsonian mice were significantly
less likely to successfully complete the task and con-
sume the food pellet (Fig. 11).
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We next examined the effect of experimental PD on
the task execution time. We divided the task into 3 sepa-
rate time segments. First was between the auditory “go”
cue (tone) and onset of a lift (initiation time). Second
was between lifting the forepaw from the perch and
grabbing the food pellet. And third was between grab-
bing the food pellet and bringing it to the mouth. We

DISRUPTION OF M1 CORTEX IN PD

L

found experimental PD increased the initiation time by
almost 3-fold (312% + 2%), and to a lesser degree, but
still significantly, prolonged the third time segment
between grabbing the food pellet and bringing it to the
mouth (17% =+ 6%); see Figure 1J-M and Video S3).
Interestingly, striatal lesion did not significantly affect
the second ballistic movement time segment between
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FIG. 1. Legend on next page.
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lifting the forepaw and grabbing the pellet (Fig. 1K,M),
indicating experimental PD did not cause general
slowing of movements, but rather selectively affected
movement initiation.

Effect of 6-OHDA-Induced Experimental PD
on the Activity of Layer 5 PT Neurons and
Layer 2/3 Pyramidal Neurons Dring the
Reach-to-Grasp Motor Task

Concomitantly with the behavioral observations, we
performed 2-photon calcium imaging to monitor the
activity of 2 neuronal subpopulations in M1, the output
layer 5 PT neurons and layer 2/3 PNs (Figs. 1A and
2A-G). Our experiments allowed simultaneous moni-
toring of multiple neurons in the same field of view
(average of 180 & 50 neurons) at single-cell resolution.
We were able to repeatedly record the same neurons
over multiple days and weeks relying on anatomical
features of neurons and blood vessels.

To target layer 5 PT neurons, we injected retrograde
viral vector (rAAV2-retro) carrying the GCaMP6s gene
to the pons.?* Under control conditions, the vast major-
ity of layer 5 PT neurons vigorously responded during
execution of the dexterous reach-to-grasp motor task
(Fig. 2A). After 6-OHDA injection, we observed mar-
ked reduction in activation intensity of PT neurons dur-
ing task performance, which was more pronounced
during freeze versus nonfreeze trials (Fig. 2B-D). On
average experimental PD decreased peak activation of
PT neurons during the task by 31% + 3% and 58% +
4%, respectively, during nonfreeze and freeze trials
(Fig. 2D) Application of the dopamine agonist, apo-
morphine significantly increased the activation intensity
of layer 5 PT neurons during the reach-to-grasp motor
task (Fig. 2E). However, it did not improve task out-
come, possibly because of agitation and restlessness
induced by apomorphine.

We next recorded the activity of layer 2/3 PNs
(Fig. 2F,G). Under control conditions, at the onset of
the reach-to-grasp task, layer 2/3 PNs typically
exhibited a short-lived increase in activity, followed by
prolonged suppression, which outlasted forelimb move-
ments of the motor task'® (Fig. 2F,G). The initial acti-
vation phase of layer 2/3 PNs was not significantly
affected by experimental PD. In contrast, the late inhib-
itory phase was markedly attenuated during both freeze
and nonfreeze trials (Fig. 2G). These findings indicated
experimental PD differentially altered the activity of dif-
ferent neuronal subpopulations during different phases
of the response.

Direct Optogenetic Activation of
M1 Pyramidal Neurons

We next examined whether direct activation of M1 PNs
can improve performance of the reach-to-grasp task in
experimental PD mice. We expressed channelrhodopsin-2
in M1 PNs under the CaMKII promoter, and compared
task performance in experimental PD mice with and with-
out optogenetic stimulation (2-second optostimulation
starting with the tone); see Figure 2H). Optogenetic stimu-
lation markedly reduced freezing and increased the lift
probability. The probability of 6-OHDA-injected mice
initiating the task and lifting their forepaw was 4 & 2.3
times higher when optogenetic stimulation was applied
(Fig. 2]). Optogenetic activation of M1 PNs also mark-
edly shortened the initiation time (Fig. 2K). Similar
results were obtained when we optogenetically activated
layer 5 PT neurons (Fig. 2L). Interestingly, optogenetic
activation did not improve food consumption or pro-
mote task completion beyond lift. These findings suggest
that in addition to action initiation signaling, experi-
mental PD also disrupts other intrinsic processes in M1
that are required for execution of skilled prehensile
movements.

FIG. 1 PD impairs performance of the reach-to-grasp motor task. (A) Schematic illustration of the experimental setup showing the head-fixed mouse,
the food pellets on the rotating table, and the objective used for concurrent 2-photon calcium imaging. (B) Experimental time line. Surgery — craniot-
omy and viral injection; training — mice were trained in the reach-to-grasp task until achieving expert level (>50% success rate); neural imaging/behav-
ioral tracking — sessions of 2-photon calcium imaging while mice performed the motor task. Two sessions were performed on separate days before
and another 2 at least 3 weeks after PD induction. (C) Comparison between ipsi- and contralateral spontaneous rotations relative to the site of 6-OHDA
injection (left striatum) during a 10-minute open-field test performed after PD induction. (D) Fluorescent image of a 12-pm-thick coronal slice
immunohistochemically stained for the enzyme tyrosine hydroxylase (TH). The slice was obtained from a mouse injected with 6-OHDA into the left stria-
tum, and the rAAV2 retroviral vector containing the GCaMP6s gene into the left pons. The image is composed of an overlay of green and red fluores-
cence images that visualize GCaMP6s and TH expression, respectively. Note the reduction of TH staining and the GCaMP6s-expressing axons in the
left striatum. (E) Magnification of 2 exemplary areas, shown as yellow boxes in (D), emphasizing the effect of 6-OHDA injection. (F) Box plots comparing
the red fluorescence intensity of the injected (left) versus the uninjected (right) striatum. The midline represents the median value. (G) Each trial starts
with a 4-second waiting period during which the mouse holds the perch and waits for an auditory “go” cue (tone), which marks table rotation and
access to a new food pellet. Three discrete motor milestones were defined during the reach-to-grasp task: lift, grab and at mouth. (H) Proportion of
freeze trials (in which mice did not initiate any movement after the tone). Data are shown for each animal separately (control, gray bars; PD, red bars),
and for the average (mean + SEM) of all animals (rightmost bars: control, dark gray; PD, dark blue). I: Average fraction of trials (mean + SEM) in which
mice achieved the different milestones of the task for control conditions (13 mice, dark gray), sham injections (3 mice, black) and after induction of PD
(13 mice, dark blue). (J, L) Box plots showing the time gap in seconds between tone and lift onset (initiation time, J), last lift and first grab onset
(K), and last grab and at mouth (L). The data are presented for individual mice under control conditions (gray) and after induction of experimental PD
(red). (M) Box plots showing time in seconds between the different milestones presented in (G) for all animals combined in control (dark gray) and PD
(dark blue). Midlines represent the median. (13 mice; each mouse had 116 + 30 control trials, and 105 + 45 PD trials [mean + SD]). For all panels,
Wilcoxon test *P < 0.05, **P < 0.01, **P < 0.001, n.s., statistically insignificant. [Color figure can be viewed at wileyonlinelibrary.com]
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Experimental PD Disrupts Dynamics To capture the dynamics of the layer 5 PT neuronal
of the Layer 5 PT Network During population, we performed principal components analy-
the Reach-to-Grasp Motor Task sis (PCA) on the activity of all recorded layer 5 PT neu-

rons during the reach-to-grasp task and plotted the
. . dynamics of the first 3 components in a 3-dimensional
driven internally and externally, to generate temporal

. . (3-D) space.'™'® Figure 3A shows examples of the
sequences of output commands in a population of layer ; . . .
S PT neurons, 102325 time-varying trajectories from layer 5 PT network of

The M1 network serves as a dynamical system,
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2 different mice during the control period and after
striatal lesion, during nonfreeze and freeze trials
(Fig. 3A,B). We used sensitivity index (d’) to quantify
the difference between the trajectories along different
time segments of the task (Fig. 3A,B, right). Whereas
the initial state of the network prior to the tone was
only slightly affected by experimental PD, dynamic tra-
jectories quickly diverged from control trajectories after
the tone (Fig. 3A,C) and more so in freeze versus non-
freeze trials (Fig. 3B,C).

We next calculated the length of the plotted trajecto-
ries in the 3-D space. Although the trajectories in the ini-
tial phase prior to the tone were equal or even longer
after 6-OHDA, they were significantly shorter during
the movement and postmovement epochs (Fig. 3D). In
mice injected with 6-OHDA during the movement and
postmovement epochs, freeze trials showed shorter tra-
jectory length than nonfreeze trials (Fig. 3D).

Next, we compared the trajectories of layer 2/3 PNs
during control and experimental-PD conditions. In con-
trast to layer 5 PT neurons, striatal lesion had no signifi-
cant effect on the trajectories of layer 2/3 PNs (Fig. 3E-G).

Experimental PD Disrupts Motor Parameter
Encoding During the Reach-to-Grasp
Motor Task

To quantitatively correlate movement and activity of
layer 5 PT and layer 2/3 PNs, we applied a generalized
linear model (GLM). For each neuron we fitted the fluo-
rescence response (dF/F) as a function of 4 discrete
behavioral events — tone, lift, grab, and at mouth —

(Fig. 4A-C). The computed prediction was then com-
pared with the actual response recorded from the cell
during the reach-to-grasp task.

The response of PT neurons became less well
predicted by the GLM analysis after striatal 6-OHDA
injections (Fig. 4D-F). On average, our model
succeeded in explaining 25% =+ 0.1% of the variance in
activity of layer 5 PT neurons under control conditions
and only 9% =+ 0.02% after induction of experimental
PD (1128 neurons from 7 mice, P < 0.001; Fig. 4F).
Similar results were acquired for layer 2/3 PNs
(Fig. 4F), although the GLM of calcium transients gen-
erated by layer 2/3 PNs was much less effective in
modeling discrete events of the reach-to-grasp task
compared with layer 5 PT neurons.'®

Our experiments enabled us to record the same neu-
rons in numerous daily sessions over multiple days.
Specifically, in each mouse daily we performed 4 record-
ing sessions: 2 control sessions and 2 additional ses-
sions at least 3 weeks after 6-OHDA injections. We
focused on 444 layer S PT neurons (7 mice, 39.4% of
all recorded neurons) that were imaged in all recording
sessions, in which the GLM explained at least 20% of
their overall activity in the first recording session. The
GLM model parameters of the 2 control sessions
showed the greatest similarity (65% had Pearson’s cor-
relation coefficient > 0.5; Fig. 4G, upper), indicating rel-
atively high stability of motor encoding of a learned
dexterous task. Coding stability between the 2 experi-
mental PD sessions was much smaller, with only 20%
of neurons showing a Pearson’s correlation coefficient
above 0.5 and most neurons showing a cross-session

and the overall predicted fluorescence response Pearson’s correlation coefficient near zero (Fig. 4G,

FIG. 2 Experimental PD deferentially affects activation of layer 5 PT neurons and layer 2/3 PNs in M1 and optogenetic activation of M1 pyramidal neu-
rons reversed PD motor initiation impairment. (A, B) Examples of 2-photon traces for averaged activity of all neurons sharing the same field of view
(FOV) in a single experimental session (left) as well as single neuron activity in different trials within a session (right) in control and PD nonfreeze trials.
X axis represents time (seconds), and Y axis represents the different recorded PT neurons in the left panels and the different trials for the same exem-
plary neuron in the right panels. The fluorescence intensity (dF/F) is presented by a color map. In the left, for each neuron each line represents the aver-
aged activity in all trials of the session. The black trace represents the averaged activity of all neurons combined and the dashed black vertical line
represents the time of tone. (C) For each individual neuron we compared the peak value of the trial-averaged response (dF/F) recorded during control
(X-axis value) and PD nonfreeze (Y-axis value) trials. Data are shown for all recorded individual neurons from all animals (7 mice, 1128 neurons). Black
line shows equality between normal and PD conditions, and red line shows the best linear fit of all points. (D) Averaged peak dF/F responses
(mean + SEM) were compared between 4 different conditions: control, sham lesion; PD nonfreeze and PD Freeze trials (7 mice, 1128 neurons for con-
trol and PD; 3 mice, 500 neurons for sham). (E) Averaged peak dF/F responses (mean + SEM) are presented for 3 conditions: control, PD and PD after
subcutaneous application of the dopamine receptor agonist apomorphine hydrochloride (PD + Apo, 2 mice, 310 neurons). (F) Averaged 2-photon activ-
ity traces of all neurons sharing the same FOV in a single mouse obtained from a single control session (left) and nonfreeze trials from a single PD ses-
sion (right). X axis represents time, and Y axis represents the different recorded layer 2/3 PNs. Each line represents the average activity of a neuron in
all trials of the session. The fluorescence intensity (dF/F) is presented by a color map. The black trace underneath represents the averaged activity of
all neurons. The dashed black vertical line represents the time of tone. (G) Box plots showing the averaged peak values relative to baseline of the initial
activation phase (0-1 seconds after the tone) and sequential inhibition phase (1-3 seconds after the tone) obtained from all recorded neurons. Midlines
represent the median (4 mice, 762 neurons). (H) Schematic diagram of the optogenetic experimental setup. A craniotomy with a glass coverslip was
constructed over M1. Channelrhodopsin was activated by 470-nm laser pulse trains. In addition, a blue LED pointing to the mouse face was activated
continuously to mask any visual effect of the optogenetic activation. (I) Experimental time line of the optogenetic stimulation sessions. A 2-second
optogenetic stimulation was administered, starting at the tone. (J) Comparison of the averaged lift probability with (blue) and without (light gray)
optogenetic stimulation of M1 PNs. The colored lines connect the average values for each individual mouse (4 mice). Lift probability was calculated as
the proportion of trials in which mice lifted their forepaw within 2 seconds following the tone. (K) The averaged (mean + SEM) initiation time (time
between tone and lift) in nonfreeze trials is plotted under control conditions (light gray) and during optogenetic stimulation (blue). Data are shown for
each individual mouse (left, light gray and light blue) and for the averaged results of all trials in all mice (right, dark gray and dark blue). X axis specifies
the animal, and Y axis shows time in seconds. Seventy-two unstimulated trials and 133 stimulated trials in 4 mice. (L) Same as (J) for layer 5 PT
neuron-specific optogenetic activation. See Methods section (2 mice, 50 unstimulated trials and 60 stimulated). *P < 0.05, **P < 0.001 using the
Wilcoxon test. [Color figure can be viewed at wileyonlinelibrary.com]
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middle). Comparing the last control session with the
first experimental PD session showed even lower corre-
lation between their modeled parameters (Fig. 4G,
lower). Thus, experimental PD not only weakened
motor encoding of motor parameters during the learned
reach-to-grasp task within a session, but also dimin-
ished intersession stability of motor parameters
encoding the M1 layer 5 PT network.

A

Layer 5 PT Neurons
Control Vs PD Non-Freeze

30
1 25
k)
<q(> 320
D o0 e 2
33 215
o ]
=Y 210
1]
5
-2.'"\"*1-7—!’(_‘— ;
3 1_ 186 2 2 2 0_2 4 6 8
2 8 "] Time (sec)
Control
Non-Freeze
O Trial Onset
© Tone
3] 30
~25
o 2 s
x
@ 20
B o1 g
8 s Z15
%o F
= o Oy $ 10
12}
1 5
I T——T 35 2 0 2 4 6 8
5
b2 110 % Time (sec)

Layer 5 Sensitivity Index (d’)
(Across animals)
Control vs Non-Freeze  Non-Freeze vs Freeze

ok

— 1

w
S o

Peak sensitivity Index (d’)

| B2

0

_ O

Start>Tone Tone—End Start—>Tone Tone-»End

E F

Layer 2/3 PNs

[ DISRUPTION OF M1

CORTEX IN PD

Experimental PD Disrupts Intratrial Recruitment
Synchrony and Intertrial Activation
Reproducibility of Layer 5 PT Neurons During
the Reach-to-Grasp Motor Task

We next investigated the effect of experimental PD
on synchrony of PT neurons within the same trial and
their activation reproducibility during repeated trials
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within the same session. To investigate synchronization
of the different recorded neurons during a trial, we
compared the averaged pairwise Pearson’s correlation
coefficient between PT neurons before and after
6-OHDA injection. We found experimental PD signifi-
cantly reduced recruitment synchronization of PT neu-
rons during individual trials (Fig. 5A). During the
reach-to-grasp task, the averaged Pearson’s correlation
coefficient between pairs of PT neurons during individ-
ual trials decreased from 0.27 £ 0.005 under control
conditions to 0.16 + 0.004 in experimental PD
(P <0.001).

To characterize the intertrial activation reproducibil-
ity within the same daily session, for each neuron we
calculated the pairwise Pearson’s correlation coefficient
between the activity traces of all possible trial pair com-
binations obtained during the session. Next, we calcu-
lated the averaged coefficient for each neuron and for
all recorded neurons for the entire session. We found
the average intertrial Pearson’s correlation coefficient
was significantly reduced during nonfreeze experimen-
tal PD trials compared with control conditions and fur-
ther dramatically dropped during freeze trials (Fig. 5B).

Experimental PD Disrupts Intersession
Temporal Recruitment Stability of Layer 5 PT
Neurons During the Reach-to-Grasp
Motor Task

We next investigated the stability of the temporal
recruitment of layer 5 PT neurons during repeated ses-
sions recorded over multiple days. In these experiments,
we measured the time to peak of the averaged responses
for each neuron and ranked the neurons relative to
others in the same field of view based on this measure.
For this analysis we only included neurons that were
recorded in all 4 consecutive sessions: 2 control sessions
and 2 postlesion sessions (1128 neurons from 7 mice).
Figure 5C,D presents the responses in 3 consecutive ses-
sions: 2 control sessions and 1 experimental PD session.
The trials of the experimental PD session were divided
into freeze and nonfreeze trials, and neurons in all

3 sessions were ranked according to the time of activa-
tion peak in the first control session. The findings reveal
temporal recruitment was relatively conserved between
the 2 control days (Fig. 5C). Conversely, a strong loss
of the temporal recruitment order was observed in the
nonfreeze trials, and a total disarrangement of the tem-
poral recruitment in the freeze trials was evident
(Fig. 5D).

To quantify stability of the temporal recruitment
across days, we used 2 metrics. First, we measured the
averaged absolute time in which each neuron reached
its maximal intensity in a single experimental session.
Second, we enumerated the neurons for each day
according to their temporal recruitment order. The
results show that although the temporal recruitment
was relatively preserved between control sessions, it
was markedly disrupted when comparing control and
experimental PD sessions as well as comparing 2 consec-
utive sessions after 6-OHDA injections (Fig. SE-H).
The averaged Spearman’s correlation coefficients
between the ranking order of 2 daily sessions decreased
from 0.53 £+ 0.05 when comparing 2 control sessions
with 0.17 4 0.04 for comparison between nonfreeze tri-
als of 2 PD sessions (P < 0.01). Taken together, our
findings show experimental PD disrupts neuron-to-
neuron synchrony, intertrial activation reproducibility,
and cross-day stability of the temporal recruitment of
the layer 5 PT population during performance of the
skilled prehensile motor task.

Discussion

The main findings of our study are: (1) 6-OHDA-
induced experimental PD markedly impaired perfor-
mance of the reach-to-grasp motor task and especially
disrupted initiation of the task. Optogenetic activation
of M1 during task performance partially rescued move-
ment initiation. (2) At the single-cell level, experimental
PD affected M1 in a cell-type-specific manner.
Although markedly suppressing activation of layer
5 PT neurons, movement-related activation of layer 2/3

FIG. 3 PD disrupts population network dynamics of layer 5 PT neurons during reach-to-grasp task. (A) Neural population dynamics of layer 5 PT neu-
rons in 2 different mice in which control trials were compared with nonfreeze trials. Left panels depict the main 3 components obtained by using PCA
plotted in a 3-D space. The white square marks trial onset, and red circle marks the time of tone (4 seconds). Right panels present the sensitivity index
(d) plotted over time for comparison of the 2 trajectories presented in the left panels. Dashed line marks the tone. (B) Same as (A) for comparison of
freeze and nonfreeze trials within PD sessions. (C) Summary of the peak sensitivity index (d') measurements comparing control versus nonfreeze PD tri-
als (left) and freeze versus nonfreeze PD trials (right) during 2 different time segments of the trial, the premovement initial state (start to tone) and after
the tone (tone to trial end, 4-12 seconds). (D) Average (median + SEM) trajectory length is calculated for 3 different time windows for control, PD non-
freeze and PD freeze trials. The time windows for each condition include start to end (0-12 seconds), start to tone (0-4 seconds), and tone to end
(4-12 seconds). For the analysis presented in (C) and (D), 580 control trials and 556 PD trials from 7 mice were used. (E) Neural population dynamics of
layer 2/3 PNs in a single mouse are shown for all trials of a control session (gray), Nonfreeze (light blue) and freeze PD (red) trials from a single session.
The graph depicts the main 3 components obtained by using PCA plotted in a 3-D space. The white square marks the trial’s onset, and the red circle
marks the time of tone (4 seconds). (F) Sensitivity index (d’) plotted over time for comparison of the different trajectories presented in (E). Black trace
for comparison of control and PD nonfreeze trials. Green trace for comparison of freeze and nonfreeze PD trials. Dashed line marks the tone.
(G) Average (median + SEM) trajectory length is calculated for 3 different time windows for control, PD nonfreeze, and PD freeze trials as explained in
(D). For the analysis presented, 367 control trials and 260 PD trials from 4 mice were used. *P < 0.05, **P < 0.01, **P < 0.001. n.s., statistically insignifi-
cant. [Color figure can be viewed at wileyonlinelibrary.com]
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PNs was not significantly affected. (3) At the neuronal
population level, experimental PD markedly disrupted
layer 5 PT population dynamics while only minimally

affecting that of layer

2/3 PNs. (4) Experimental PD

impaired activation accuracy of layer 5 PT neurons,
shown by disruption of the intratrial synchronization of
the different PT neurons, as well as their intertrial
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FIG. 5. Legend on next page.
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Intra-trial Synchronisation

activation reproducibility during task performance.
(5) Finally, experimental PD markedly impaired the
cross-day stability of the PT network both with respect
to motor parameter encoding and the temporal

recruitment.

Our study was mostly descriptive, and aside from the
optogenetics, we did not directly address the mechanisms
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underlying the effect of experimental PD on the M1 cor- inputs.®>3% Alternatively, it may result from reduced
tex. However, our findings allow us to speculate that feed-forward inhibition of layer 2/3 PNs. A second dif-
impaired motor performance in experimental PD ference between our findings and prior primate studies
resulted from disruption of 2 mechanisms. Impaired is related to synchronization of M1 neurons. Although
external thalamocortical action initiation driving, and synchronization was reported to increase in MPTP-
disruption of the intrinsic M1 connectivity and treated monkeys,?**® we showed decreased synchroni-
dynamics. zation of PT neurons during the reach-to-grasp task.
In our study we used the 6-OHDA hemi-PD model, These differences may be related to differences in animal
which mimics a key feature of PD, dopamine depletion models, recording techniques, and, most importantly,
in the striatum. Yet it differs from human PD disease in that our recordings were obtained during voluntary
several features, including neurodegeneration of other, motor task performance, whereas the primate studies
nondopaminergic neurons; acute versus insidious onset examined synchrony during rest or passive limb
of dopamine depletion; and unilateral versus bilateral, manipulation.
albeit asymmetrical, dopamine depletion in human Striatal dopamine deficiency is expected to increase
disease. activity of the indirect pathway.>* Thus, our findings
A leading theory regarding the pathogenesis of PD are consistent with a previous study showing
attributes motor disability to reduced driving of the M1 suppressed firing of most M1 neurons in response to
network by the cortical-BG loop.?®*” Interestingly, both optogenetic activation of the striatal medium spiny neu-
the classical rate model* and center-surround model*%*’ rons belonging to the indirect pathway.?”
anticipate reduced firing of M1 neurons in PD.*° Consis- Previous studies have shown the importance of the
tent with this prediction, we observed reduction in cortico-BG loop in action initiation and selection of
movement-related firing of layer 5 PT neurons, which motor tasks.>*** Consistent with these reports, we
may have resulted from loss of direct thalamocortical demonstrated that experimental PD markedly disrupted
(TC) input activation of M1 PT neurons.>'? These initiation of the reach-to-grasp task. The attenuated
results are consistent with findings of previous studies in movement-related activation of layer 5 PT neurons in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)- the parkinsonian M1 probably contributed to impaired
treated primates,'®>* which also demonstrated reduced action initiation in experimental PD. Yet our combined
activation and attenuated motor parameter encoding of results indicated that in addition to disrupting task initi-
PT neurons. However, in contrast to previous primate ation, experimental PD also intrinsically affected the
studies, we observed cell-type-specific effects of experi- M1 network.
mental PD. Although activation of layer 5 PT was atten- Consistent with the involvement of M1 in the patho-
uated, experimental PD did not significantly affect the genesis of PD, previous studies have described various
initial activation phase of layer 2/3 PNs. Rather, it abnormalities in the M1 of parkinsonian patients and
decreased the amplitude of the second inhibitory phase PD models, including increased beta activity of local
that normally followed and outlasted forelimb move- field potentials and electroencephalogram,'®3%#147
ment. These findings indicate that the hypothesis attenuated motor parameter encoding and increased
claiming global suppression of M1 in PD is over- pairwise synchronization of M1 neurons in MPTP-
simplified. The mechanisms underlying the differential treated monkeys,'¢-3%3¢%1 55 well as functional imag-
effects of experimental PD on different cell populations ing abnormalities in the M1 of PD patients.’”
in M1 are still unclear. It may be related to differential At the population level M1 can be regarded as a
innervation of layer 5 PT and layer 2/3 neurons by TC dynamic system generating temporally precise

FIG. 5 PD disrupts intra-trial activation synchrony, intertrial activation reproducibility, and cross-day temporal recruitment stability of layer 5 PT neurons
during the reach-to-grasp task. (A) Averaged pairwise Pearson’s correlation coefficient between the activity of recorded layer 5 PT neurons within each
trial is calculated for control (gray) and PD nonfreeze conditions (time window is —1 to +2 seconds relative to tone). The synchrony comparisons within
single animals and across all animals are presented. For each trial, the Pearson’s correlation coefficient was calculated for all possible neuronal pair
combinations and averaged over the entire individual trials. Next, an average value for all trials within a daily session is obtained. (B) Averaged temporal
Pearson’s correlation coefficient between all possible pairs of trials for each single layer 5 PT neuron (same time window as in [A]). The comparison is
made between activity traces in control (X axis) and PD nonfreeze trials (left panel) or freeze trials (middle panel). The rightmost panel summarizes the
results using box plots for all animals combined. Midlines represent the median. (C, D) Exemplary layer 5 PT neuronal averaged activity from a single
mouse sorted by the time of peak response in the first control session (left panel in [C]). After the neuronal order was determined, it was then copied to
the following 3 color maps showing the activity of the same set of neurons (242 neurons) in control and PD conditions. The averaged activity of all trials
in the session is shown in a color map. The black lines connect the different neurons’ peak activity points. (C) Two consecutive control sessions.
(D) Nonfreeze and freeze trials in 1 PD session. (E, F) For each PT neuron presented in (D), the averaged absolute activity peak time in seconds (E) and
the averaged relative rank among other neurons within the field of view (F) is calculated. Then, a comparison of the 2 metrics is made between the
2 control sessions, control and nonfreeze trials and finally between control and freeze trials. (G, H) Box plots summarizing the results of the 2 metrics
shown in (E, F) for the different possible session-type combinations. Midlines represent the median (7 mice, 1128 layer 5 PT neurons; *P < 0.05,
**P < 0.01, **P < 0.001). [Color figure can be viewed at wileyonlinelibrary.com]
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sequences of output motor commands in layer 5 PT
neurons to control dexterous movements,'?-!!:13:2453
Performance of learned dexterous motor tasks in this
dynamic system depends on the initial state of M1 net-
work, external inputs to M1, and the internal dynamics
of the M1 network.*>»>? Our data indicate experimental
PD disrupts both external driving and internal dynam-
ics of M1. Disruption of action initiation resulted from
attenuated external driving of M1 by TC inputs carry-
ing BG information, but what is the source of impair-
ment of internal population dynamics of the PT
subnetwork in experimental PD? M1 has been strongly
implicated in motor learning, especially of dexterous
movements.’* It undergoes structural plasticity changes
as well as network changes such as temporal sharpen-
ing and increased synchronized activation of subgroups
of neurons.>>? We speculate that the M1 network in
PD may undergo a “delearning” process, caused by loss
of connectivity generated during learning, and
expressing as impaired internal dynamics, diminished
activation temporal accuracy, and loss of stability of
the PT subnetwork. Consistent with this possibility are
the increased turnover of dendritic spines in the parkin-
sonian M1"® and our findings regarding loss of stability
of temporal recruitment and motor encoding of layer
5 PT neurons after induction of experimental PD.>®

A recent provocative article®® hypothesized that M1
contributes to the neurodegenerative process of PD via
the activity of corticostriatal inputs. This hypothesis is
primarily based on somatotopical manifestations of PD
symptoms that cannot be attributed to the neurodegen-
erative process of the dopaminergic neurons in the sub-
stantia nigra, which has no known somatotopic
representation. Here we propose an alternative expla-
nation for the somatotopic symptomatology, secondary
changes induced by PD to M1.

Further studies are required to dissect the mecha-
nisms responsible for the changes induced by PD to the
M1 PT network and to establish new treatment strate-
gies, possibly by novel cortical or thalamic neuro-
stimulation paradigms, to counterbalance these changes
and improve motor disability in PD patients. @
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