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Neurobiology of Disease

Alterations in Functional Cortical Hierarchy in
Hemiparkinsonian Rats

Borbala Néra Javor-Duray,' Martin Vinck,> Marcel van der Roest,! “Erwan Bezard,>* Henk W. Berendse,’

Thomas Boraud,** and Pieter Voorn!
Department of Anatomy and Neurosciences, VU University Medical Center, Amsterdam Neuroscience, 1081 BT Amsterdam, The Netherlands, 2Ernst
Striilngmann Institut for Neuroscience in Cooperation with Max Planck Society, 60528 Frankfurt am Main, Germany, *Université de Bordeaux, Institut des
Maladies Neurodégénératives, Unité Mixte de Recherche 5293, F-33000 Bordeaux, France, “Centre National de la Recherche Scientifique, Institut des
Maladies Neurodégénératives, Unité Mixte de Recherche 5293, F-33000 Bordeaux, France, and *Department of Neurology, VU University Medical Center,

Amsterdam Neuroscience, 1081 HV Amsterdam, The Netherlands

Parkinson’s disease and experimentally induced hemiparkinsonism are characterized by increased beta synchronization between corti-
cal and subcortical areas. This change in beta connectivity might reflect either a symmetric increase in interareal influences or asymmet-
ric changes in directed influences among brain areas. We assessed patterns of functional and directed connectivity within and between
striatum and six cortical sites in each hemisphere of the hemiparkinsonian rat model. LFPs were recorded in resting and walking states,
before and after unilateral 6-hydroxydopamine lesion. The hemiparkinsonian state was characterized by increased oscillatory activity in
the 20 - 40 Hz range in resting and walking states, and increased interhemispheric coupling (phase lag index) that was more widespread
atrest than during walking. Spectral Granger-causality analysis revealed that the change in symmetric functional connectivity comprised
profound reorganization of hierarchical organization and directed influence patterns. First, in the lesioned hemisphere, the more ante-
rior, nonprimary motor areas located at the top of the cortical hierarchy (i.e., receiving many directed influences) tended to increase their
directed influence onto the posterior primary motor and somatosensory areas. This enhanced influence of “higher” areas may be related
to the loss of motor control due to the 6-OHDA lesion. Second, the drive from the nonlesioned toward the lesioned hemisphere (in
particular to striatum) increased, most prominently during walking. The nature of these adaptations (disturbed signaling or compensa-
tion) is discussed. The present study demonstrates that hemiparkinsonism is associated with a profound reorganization of the hierar-
chical organization of directed influence patterns among brain areas, perhaps reflecting compensatory processes.
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Parkinson’s disease classically first becomes manifest in one hemibody before affecting both sides, suggesting that degeneration
is asymmetrical. Our results suggest that asymmetrical degeneration of the dopaminergic system induces an increased drive from
the nonlesioned toward the lesioned hemisphere and a profound reorganization of functional cortical hierarchical organization,
leading to a stronger directed influence of hierarchically higher placed cortical areas over primary motor and somatosensory
cortices. These changes may represent a compensatory mechanism for loss of motor control as a consequence of dopamine

depletion. j

ignificance Statement

has been established as an important pathophysiological mecha-
nism in Parkinson’s disease (for review, see Stein and Bar-Gad,
2013). However, neither the pathophysiological and functional
relevance nor the origin of these changes is as yet clear. Animal
experimental evidence has shown that loss of nigral dopaminer-

Introduction
Abnormal synchronization of neuronal oscillatory activity in the
beta frequency range within and between cortex and basal ganglia
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gic neurons results in excessive beta band oscillatory activity and
increased coupling (Degos et al., 2009; Brazhnik et al., 2012; De-
jean et al., 2012; Javor-Duray et al., 2015). Studies in patients
suggest that dopamine depletion might also induce compensa-
tory mechanisms that counteract disturbances in motor control
(Silberstein et al., 2005; Stoffers et al., 2008; Beeler et al., 2013;
Pollok et al., 2013). In a previous paper, we found support for
such mechanisms by showing in the hemiparkinsonian rat model
enhanced interhemispheric coupling between primary motor
cortices and directional information flow from the nonlesioned
toward the lesioned hemisphere (Jévor-Duray et al., 2015).

Compensatory processes likely involve other components of
cortex-basal ganglia networks in addition to primary motor cor-
tex (Sabatini et al., 2000; Lalo et al., 2008; Palmer et al., 2009;
Helmich et al., 2010; Michely et al., 2015; Oswal et al., 2016).
Structural connectivity studies have elucidated an elaborate net-
work of interconnected cortical regions and basal ganglia sectors
involved in motor control. These regions not only encompass
motor and premotor areas but also somatosensory and prefrontal
cortices (Mao et al., 2011; Bedwell et al., 2014; Groenewegen et
al., 2016). Interestingly, on the basis of structural connectivity
data, a cortical circuit model has recently been proposed in which
information flow is directed from somatomotor and sensory areas to
association areas in prefrontal and temporal cortex, defining a hier-
archical organization (Chaudhuri et al., 2015). Modeling based on
structural connectivity among visual, parietal, and frontal areas has
been shown to correlate very well with functional modeling (Markov
et al., 2014; Bastos et al., 2015; Michalareas et al., 2016). Together,
these findings suggest that directional connectivity and hierarchical
functional organization might play an important role in changes
affecting networks encompassing frontal association and motor re-
gions that occur as a consequence of loss of dopamine. Because func-
tional (synaptic) as well as morphological plasticity is regulated by
dopamine (Lovinger, 2010; Villalba and Smith, 2013), dysfunctional
dopaminergic neurotransmission may lead to both functional and
structural neural circuit changes in striatum as well as in cortex (Fris-
ton et al., 2012; Beeler et al., 2013).

Recent studies show that changes in directional connectivity
may occur in neurological disorders (Dauwan et al., 2016; Zari¢
etal., 2017). Such changes have not yet been reported in (exper-
imental models of) Parkinson’s disease. Therefore, in the present
study, we sought to establish the functional relationships of the
rat primary motor cortex and pathological changes thereof in-
curred by unilateral depletion of dopamine. To this end, we used
the hemiparkinsonian rat model because its neurophysiological
characteristics closely resemble those observed in Parkinson’s
disease patients, including changes in the pattern of oscillatory
activity, disturbances in connectivity patterns, and response to
therapy (Brazhnik et al., 2012; Q. Li et al., 2012; Javor-Duray et
al., 2015). Moreover, the model allows studying interhemispheric
responses to asymmetric nigral degeneration, which is found in
most early-stage Parkinson’s disease patients (Scherfler et al.,
2012; Mostile et al., 2015). Functional and effective connectivity
patterns were defined by recording LFPs from 14 cortical and
striatal brain areas across the two hemispheres in freely behaving
normal and hemiparkinsonian rats, at rest and during locomotor
activity. Hemispheric asymmetries were examined at three levels:
power, connectivity, and Granger causal (GC) influences. For
determining the hierarchical position of an area in the network,
the pattern of directed influences was established by using GC
influence data to calculate the “directed asymmetry index,” a
measure that has been successfully used in correlating functional
to structural hierarchical modeling among visual, parietal, and
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frontal areas (Markov et al., 2014; Bastos et al., 2015; Michalareas
et al., 2016).

Materials and Methods

Animals. Male Wistar rats (~300 g, Harlan) were kept under standard
housing conditions at a constant temperature (22 * 1°C), humidity
(relative, 56%), and 12 h reverse light-dark cycle (daylight period 19:00—
7:00). Food and water were available ad libitum throughout the experi-
ment. All behavioral sessions were conducted during the dark phase, at
the same time of the day. The study was approved by the Animal Ethical
Committee at the VU University of Amsterdam, and it was conducted in
accordance with Dutch (Wet op de Dierproeven, 1996) and European
regulations (Guideline 86/609/EEC).

Recording device and surgery. A custom-made recording device was
designed to allow simultaneous multielectrode recordings from in total
14 cortical and striatal brain areas (see Fig. 1A). The design allowed
long-term LFP recordings from the same location throughout the course
of the experiment; all areas were recorded bilaterally: that is, both in the
lesioned (left) and the nonlesioned (right) hemisphere. Subcortical elec-
trodes were implanted in dorsolateral striatum (1.0/3.0/3.9, target coor-
dinates given relative to bregma, dorsoventral relative to dural surface in
millimeters: anteroposterior/mediolateral/dorsoventral based on Paxi-
nos and Watson, 2005). The cortical recording sites spanned both cau-
dally located primary and somatosensory areas: the caudal forelimb area
in the primary motor cortex, motor forelimb area (M1FL) 1.0/2.2/2; the
caudal hindlimb area in the primary motor cortex, motor hindlimb area
(MIHL) —1.8/1.6/2; and the primary somatosensory areas for hind
limbs, STHL —1.8/3.0/2; but also more rostrally and medially positioned
frontal areas. These included the mPFC (3.2/0.7/3.5), secondary motor
areas (M2:2.0/1.5/2), which is also referred to as the vibrissal-frontal eye
system (Gioanni and Lamarche, 1985; Neafsey et al., 1986), and the ros-
tral motor area (RMA: 4.0/2.5/2) that has been considered a nonprimary
motor area (Donoghue and Wise, 1982). The recording device was
constructed from a custom-made electrode holder (3D printed, 11 mm
diameter, 11 mm height) allowing precise positioning of the 14 stainless-
steel wires (50 wm diameter), according to the coordinates of the targeted
brain areas.

Inhalation anesthesia with isoflurane was used to initiate and maintain
anesthesia throughout the implantation procedure: mixed isoflurane
2.5%-1.75% in O, (0.3 L/min) /N,O (0.6 L/min). Placement holes for
electrodes and the cannula (used for neurotoxin injection later in the
experiments) were marked and drilled in the skull, which was fixed in the
stereotactic frame (Kopf). All electrodes were placed in the correspond-
ing locations (in the range of anteroposterior —1.8 to 4.0, mediolateral
0.7 to 3.0; dorsoventral for cortical electrodes 2 mm; for mPFC, striatum
3.5, 3.9 mm below dura; see Fig. 1A4). The electrode holder device was
fixed to the skull with dental cement and anchor screws. A common
reference/ground wire for all electrodes was attached to a stainless-steel
screw placed above the left cerebellar hemisphere. Next, the guide can-
nula for the subsequent 6-OHDA injections was placed above the medial
forebrain bundle (at 18° anteroposterior angle, anteroposterior —7, me-
diolateral 1.9, dorsoventral 7 mm from dural surface). After surgery, the
animals were allowed to recover for 7 d.

6-OHDA lesion procedure. For the duration of the 6-OHDA injection,
animals were anesthetized with isoflurane (2.5%). The injection needle
was inserted in the guide cannula (extending 1 mm from end of cannula);
8 ng 6-OHDA (Sigma) in 3 ul 0.9% saline NaCl stabilized with 0.05%
ascorbic acid was injected with a Hamilton needle (rate: 0.250 pl/min).
After completing the injection, the injector was left in place for 3 addi-
tional minutes to prevent the solution from flowing back up the guide.

Multielectrode recordings in behaving animals. The animals were re-
corded in the active period of the day in two behavioral conditions: rest
(quiescence) and walk (locomotion). To record rest-related signals, the
rats were placed in a home-like cage and were allowed to explore the
environment freely. To acquire movement-related signals, the animals
were trained (in 3—6 sessions) to execute a simple task to walk in an
elongated behavioral box, encouraged by sucrose pellets at both ends of
the 1-m-long corridor (for details, see Javor-Duray et al., 2015). After the
postoperative recovery period, we performed serial recordings of freely
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moving and behaving animals before and >14 d after the 6-OHDA in-
jection, when effects of the neurotoxin are expected to be complete. For
resting (sitting) measurements, animals were placed in a home cage
(50 X 30 cm Plexi Faraday cage), recorded for 20 min, followed by a
behavioral task session (maximum 20 min, depending on their perfor-
mance). The electrode position was fixed over the course of experiments
enabling comparison of the same neuronal population over time. The ac-
quired LFPs, sampled at 1 kHz, were amplified 20X (HST/16V-G20), fol-
lowed by a preamplifier (PBX/32sp-r G50/16fp-G50, Plexon) with 50X gain.
The signal was bandpass filtered to generate LFPs (0.7-170 Hz). Video re-
cordings (Cineplex, Plexon) and behavioral data (MEDPC), both synchro-
nized with the LFPs, were stored for offline analysis.

Resting and movement intervals were selected using Cineplex Markup
software (Plexon). Two major behavioral patterns were distinguished:
rest (closest possible to the human resting state); awake, sitting animal,
without any major motor activity (washing-grooming, etc.) involving
>1 limb/shoulder girdle (considered as an alert state); and walk, animal
standing on 4 limbs, performing step by step motion (only clear
locomotion-associated signal was included in the analysis). We com-
pared behavioral parameters of presessions and postsessions with
Welch’s t test (two-tailed, p < 0.05), presented as mean * SD. For the
analysis of electrophysiological data, if a single recording session pro-
vided <60 s of walking behavior, we pooled recordings from consecutive
days.

Histology. Electrode placements were validated by postmortem histo-
logical analysis of the brains. After the final recording, the rats were
anesthetized with isoflurane, the recording sites were marked by passing
a direct current through every electrode. Then the animals were injected
with medetomidine (0.25 ml/kg, i.p.), ketamine (10% 0.7 ml/kg, i.p.),
and perfused intracardially with buffered 4% PFA. After perfusion, the
brains were removed and immersion-fixed in the same fixative. Coronal
brain sections (40 wm) were cut from substantia nigra (anteroposterior:
—6.6 to —4.5 mm) for electrode placement validation (anteroposterior:
—3.5 to —4.0 mm). Slides from all structures were stained with cresyl
violet for tracing the electrode tracts. Slides from substantia nigra were
immunostained for tyrosine hydroxylase (TH) for quantitative assess-
ment of dopaminergic cell loss (see Fig. 1B). Briefly, free-floating brain
tissue sections were incubated with mouse-anti rat TH (Incstar) diluted
1:2000 in TRIS-buffered saline. Washings between incubation steps were
in the same buffer. After incubating with biotinylated-horse-anti-mouse
IgG (Vector Laboratories; 1:100), peroxidase was visualized using an
ABC immunoperoxidase kit (Vector Laboratories; 1:200) and DAB-
tetrahydrochloridedihydrate (Sigma; 0.5 mg/ml) as chromogen.

The extent of the 6-OHDA lesions was quantified independently by
two observers using an ordinal 5-point scale to assess microscopically the
number of dopaminergic cell bodies that was present in ventral tegmen-
tal area and substantia nigra at the end of the experiment. The lesioned
side was compared with the nonlesioned side. In no case had the neuro-
toxin injection affected the noninjected side. The scale used was as fol-
lows: 1, no effect of lesion; 2, >50% of the dopaminergic cell bodies are
present; 3, <50% but >10 cells are present; 4, <10 cells are present; 5,
not a single cell present. Six or seven coronal sections through the mes-
encephalon, covering a range of bregma anteroposterior —6.20 to —4.30,
were rated per animal, and ratings were averaged to obtain a final score.
Interrater consistency was calculated using Cohen’s k agreement be-
tween the evaluations of the two raters. Quantification of cell loss showed
an average score of 3 in ventral tegmental area in 3 of 5 cases, meaning
that <50% of the dopaminergic cell bodies were still present. In 2 cases,
more cell bodies were preserved (average scale 1.2, 1.3) in the ventral
tegmental area. In all cases, substantia nigra was virtually depleted of
TH-immunopositive neurons (see Fig. 1B). Agreement between the two
independent observers, as calculated using Cohen’s k measure, was 0.467
for substantia nigra (p = 0.020) and 0.7 for ventral tegmental area
(p = 0.001).

Data analysis. All data were analyzed using custom-made MATLAB
scripts (B.N.J.-D., M.V.) and the Fieldtrip toolbox (Oostenveld et al.,
2011). The analysis of power and coherence spectra was performed as in
Javor-Duray et al. (2015). For a given behavioral period (e.g., quies-
cence), we divided all available LFP recordings into segments of 2 s (see
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Fig. 1C). The 50 Hz line noise artifact was removed from the data by
fitting a 50 Hz sinusoid to the data and subtracting this (Fries et al., 2008).
For every segment, we then estimated the power spectral density and
cross-spectral density by using the Discrete Fourier Transform in com-
bination with multitapering, using a spectral resolution of 2 Hz in case of
the sitting period, and 6 Hz in case of the walking period (we used a
coarser frequency resolution, as fewer observations were available). The
relative power spectra were computed by dividing the power with the
total power. The phase lag index (PLI) (Stam et al., 2007) was computed
as follows. The direct PLI estimator is defined as follows:

N

. 1
U =2 sgn(S{X3)), ()

j=1

Instead, we computed the unbiased estimator of the PLI (Vinck et al.,
2011) as follows:

QsC’) S ax, x), )

j=1k=(j+1)
where
d(U, V) = sgn(3{U})sgn(3{V}). (3)

The PLI computes the nonequiprobability of phase leads and lags, with a
value of 0 indicating that there are no systematic phase leads and lags and
avalue of 1 indicating that one channel is always phase leading or lagging
the other channel.

GC flow was computed using nonparametric spectral density estima-
tion (using spectral matrix factorization) according to Dhamala et al.
(2008). It has been shown that additive noise (e.g., because of a common
reference, or volume conduction) can distort GC measures, leading to
erroneous conclusions about who is the causal driver and recipient
(Vincketal., 2015). As a control, we therefore computed GC measures on
time-reversed signals (Haufe et al., 2013; Vinck et al., 2015), which has
been shown to be a conservative control for signal-to-noise ratio differ-
ences and common noise (Vinck et al., 2015). To establish that GC flow
from area A to B is stronger than GC flow from area B to A, we required
not only a significant GC asymmetry for the actual data (A—B > B —
A), but also a significant GC asymmetry for time-reversed signals in the
opposite direction (B —>A > B —A).

Results of relative power, PLI, and GC analyses were compared be-
tween presessions and postsessions with a two-sampled t test (two tailed,
p<0.05).

To assess the spatial distribution of dopamine cell loss-induced
changes in functional connectivity and directionality, we estimated the
average PLI and GC changes over the beta frequencies and computed
significant changes with a two-sampled ¢ test (two tailed, p < 0.05).

Hierarchical ordering within the lesioned hemisphere. The extent to
which an area tended to be a “driver” or a “receiver” within the lesioned
hemisphere was quantified as follows:

1. For each m out of M areas within the lesioned hemisphere, we
computed the GC influence from that area toward each other
area, and from all the other areas toward that area. This yielded
GC-in,, ) and GC-out,, | values for area m and k (i.e., GC inflow
and GC outflow values).

2. For each area combination, we then computed the directional
asymmetry index (DAI) as DAL, = (GC-in,,; — GC-out,, )/
(GC-in,, ;. + GC-out,, ), as in Bastos et al. (2015) and Micha-
lareas et al. (2016).

3. Wethen averaged these DAI values across the M areas (excluding
the m-th area itself), yielding an average DAI, | value for all M
areas.

The DAI, values range from —1 to 1. A value of 1 indicates that an area
tends to be a receiver (i.e., sits at a top of the cortical hierarchy) (Bastos et
al., 2015; Michalareas et al., 2016). These values are shown in Figure 7A,
B. As a measure of hierarchical ordering, we computed the variance
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Var{DAI,,} across the M areas, which is shown
in Figure 7C. We also computed, for each m-th
area, the average GC-in,,, and GC-out,, values
by averaging the GC-in,, , and GC-out,,, val-
ues across the M areas.

Hierarchical ordering between hemispheres.
The extent to which an area within the nonle-
sioned hemisphere tended to be a “driver” or a
“receiver” with respect to the lesioned hemi-
sphere was quantified as follows:

1. For each m out of M areas within
the nonlesioned hemisphere, we com-
puted the GC influence from that area
toward all other areas in the lesioned
hemisphere, and from all the other ar-
eas in the lesioned hemisphere toward
that area. This yielded GC-in,,; and
GC-out,, | values for area m (in nonle-
sioned hemisphere) and k (in lesioned
hemisphere).

2. For each area combination, we then
computed the DAI as DAI, , = (GC-
ing, GC-out,, . )/(GC-in,, +
GC-out,, ).

3. We then averaged these DAI values
across the M areas in the lesioned
hemisphere, yielding an average DAI,,
value for all the M areas in the nonle-
sioned hemisphere. These values are
shown in Figure 8B.

To quantify the change in GC between areas
induced by the 6-OHDA lesion, we computed
the average GC flow from the nonlesioned to
the lesioned hemisphere and from the lesioned
to the nonlesioned hemisphere by averaging
GC-in,,; and GC-out,, across all the left-
right area combinations. This yielded, per ses-
sion, an average GC value from left to right,
and from right to left. We then examined
whether these values differed between prele-
sion and postlesion and whether there was an
interaction with behavioral state (see Fig. 8A).

Figure 1.

Results
6-OHDA-induced subtle parkinsonism
We induced dopamine cell loss by performing 6-OHDA injec-
tions in 5 rats and compared the behavioral and electrophysio-
logical outcome measures between the prelesion period and the
postlesion period. The start of the postlesion period was defined
as 14 d after the 6-OHDA injection (see Materials and Methods).
We first examined whether the 6-OHDA lesion led to changes
in spontaneous or task behavior. We found that walking speed
decreased significantly after the lesion (0.440 * 0.075 m/s vs
0.335 = 0.134 m/s, prelesion vs postlesion, p = 0.009, t test, t =
2.06). Performance in a pellet-chasing task (see Materials and
Methods) decreased significantly for the number of collected pel-
lets (prelesion: 33 * 9; postlesion: 18 * 16 pellets, p < 0.01, t =
2.01). The relative time spent in the monitored behaviors did not
change for quiescence and showed less time in the postlesion
condition (i.e., time spent locomoting relative to the length of the
recording session; quiescence: 0.477 = 0.248 vs 0.583 % 0.1966, p =
0.048, Z = 1.72, Mann—Whitney U test; locomotion: 0.188 =+ 0.082
vs 0.159 = 0.093, p = 0.105, Z = 1.24, a = 0.05, Mann—Whitney U
test). Thus, we found moderately disturbed performance in the mo-
tor task after the 6-OHDA injection.
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Electrode placements and 6-OHDA lesion. A, Localization of recording electrodes in sagittal rat brain sections at 4
lateral-to-medial levels indicated in millimeters relative to midline (for details, see Materials and Methods: Recording device and
surgery). B, Representative coronal section immunostained for TH at the level of substantia nigra. There is an absence of immu-
nopositive neurons in substantia nigra in the 6-OHDA-injected side of the brain (right). SN, Substantia nigra; Str, striatum.

6-OHDA-induced changes in oscillatory power

We first examined changes in relative power spectra from all 14
brain areas. In total, we analyzed data from on average 3/3.4
prelesion, and 4.8/3.4 (quiescence/locomotion) postlesion con-
dition recording sessions per rat (n = 5), with 586 * 288 s and
97 *= 24 s of data per session for quiescence and locomotion,
respectively.

Both during quiescence and locomotion, we observed signif-
icant increases in relative power for the high beta-low gamma
frequencies in most recorded brain areas, particularly in the le-
sioned hemisphere, with a characteristic ~30 Hz peak emerging
in the power spectra after the lesion had developed (Figs. 1, 2).
For the remainder of the manuscript, we will focus our analyses
on the 20—40 Hz band that we refer to as the “beta” band. The
increase in beta power tended to be least pronounced in the most
caudal areas (M1HL and SIHL) but encompassed both primary
and nonprimary frontal areas (Fig. 2). We also found that the beta
power increase depended on the behavioral state. After the 6-OHDA
lesion, average beta power in the nonlesioned (left) hemisphere in-
creased during quiescence, but not during locomotion (Fig. 2; p =
0.03 for interaction lesion X behavior, 2 X 2 ANOVA; p = 0.31 for
main effect of lesion). Furthermore, compared with the prelesion
baseline, we observed a nonsignificant trend for the increase in beta-
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Figure2. Changesin LFP power after nigrostriatal dopamine degeneration. Average relative power (shading represents SEM over recording sessions) at baseline (pre, black) and lesioned (post:
>14 dafter 6-OHDA injection) conditions for quiescence (red) and locomotion (green). Horizontal red and green bars indicate significant increments prelesion and postlesion respectively. Black bars
indicate significant decrements (p << 0.05). x-axis, frequency (Hz); y-axis, relative power (log,, transformed). *p << 0.05 two-way ANOVA, main effect of behavior, ***p << 0.01 Student’s t-test,
#0.05 < p < 0.10 two-way ANOVA, main effect of behavior.
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power as to be larger during quiescence than locomotion in the
lesioned hemisphere (Fig. 2; p = 0.0711 for interaction lesion X
behavior, 2 X 2 ANOVA, p = 0 for main effect of lesion). Thus,
dopamine cell loss led to an increase in beta power in many cortical
areas and the dorsolateral striatum of the lesioned hemisphere, es-
pecially during quiescence.

6-OHDA-induced changes in LFP-LFP phase synchronization
Next, we used a symmetric, nondirected measure of connectivity,
namely, the PLI (see Materials and Methods) to study how nigrostri-
atal dopamine cell loss altered functional connectivity between brain
areas. We computed the PLI for all possible combinations of the 14
recorded brain areas (Figs. 3, 4). Both during quiescence and loco-
motion, we observed that dopamine cell loss induced significant
increases in PLI predominantly in the beta frequencies (Figs. 3, 4).
We observed an increase in beta PLI for many area combinations
within the lesioned hemisphere, whereas we did not observe this for
the nonlesioned hemisphere (Figs. 3, 4). Further, we observed a sig-
nificant increase in beta PLI between the two hemispheres, especially
for pairs of areas in which at least one area was a more rostral cortical
area (Figs. 3, 4). In summary, we found a strong increase in beta
interhemispheric coupling and beta coupling within the lesioned
hemisphere after nigrostriatal dopamine depletion.

Alterations in directed influences within the

lesioned hemisphere

The coherence analysis revealed prominent changes in functional
connectivity among sites within the lesioned, but not within the

nonlesioned, hemisphere (Fig. 3). A change in beta connectivity
between two areas (e.g., area R-RMA and R-M1FL) could reflect
symmetric increases in directed influences (i.e., similar changes
in directed influences from area R-RMA to R-MIFL and area
R-MIFL to R-RMA). Alternatively, it might reflect asymmetric
changes in directed influences among brain areas (e.g., a larger
increase in the directed influence from area R-RMA to R-M1FL
than from area R-M1FL to R-RMA).

To test for this, we performed a spectral GC analysis for all
different area combinations separately. For each pair of areas and
each frequency, this analysis yielded a directed influence from
area 1 to area 2 (e.g., R-RMA — RM1FL), but also from area 2 to
area 1 (e.g., RMIFL — R-RMA) (Figs. 5, 6). To quantify the
extent to which an area tends to be a “driver” or a “receiver” with
respect to another area, we computed the DAI (see Materials
and Methods) (Bastos et al., 2015), defined as [GC,,, — GC, ]/
[GC,, + GC,,,] where GC stands for GC influence. The DAI
ranges between —1 and 1, with 0 indicating symmetric inter-
actions, DAI 1 indicating that an area is only a “receiver,” and
DAI —1 indicating that an area is only a “driver.” The DAI
values were first computed for each area combination sepa-
rately. For a given area, we then averaged its DAI values by
averaging across all the combinations with the other areas (see
Materials and Methods). The pattern of directed influences
from and to the other brain areas defines the hierarchical
position of an area in the network. If an area had a high average
DAI value, then it was positioned at a high hierarchical level
(i.e., receiving many GC influences), whereas a low average
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DAl value indicated that it was positioned at a low hierarchical
level. Previously, Bastos et al. (2015) and Michalareas et al.
(2016) have shown that, within the occipitoparietal cortex of
primates, DAI values show very good overlap with anatomi-
cally based measures of hierarchy (Markov et al., 2014).

We found that, before the 6-OHDA lesion, there was a strong
hierarchical organization in which some areas tended to be “driv-
ers,” whereas other areas tended to be “receivers” (Fig. 7). Areas that
were located more rostrally tended to be located at the top of the
hierarchy (i.e., “receivers”), whereas areas located more caudally
tended to be located at the bottom of the hierarchy (i.e., “drivers”).
We found that the hierarchical ranking of areas was well preserved
between quiescence and locomotion conditions (Fig. 7).

We further found that the 6-OHDA lesion caused a profound
change in the hierarchical organization of neuronal interactions
in the beta frequency-band. The more rostral areas that were
positioned at the top of the hierarchy before the lesion showed a
decrease in their hierarchical level after the lesion (i.e., a decrease
in average DAI). Conversely, the more caudal areas that were
positioned at the bottom of the hierarchy before the lesion in-
creased their hierarchical level after the lesion (i.e., increase in
average DAI) (Fig. 7A). This pattern of changes resulted in a
strong negative correlation between an area’s hierarchical level
prelesion and the change in hierarchical level from prelesion to
postlesion (Fig. 7B). The effect of these changes in DAI values was

that the cortical hierarchy (see Materials and Methods) flattened
after the 6-OHDA lesion (Fig. 7C).

The lesion-induced decrease in DAI values for areas at the top
of the cortical hierarchy might correspond either to a reduction
in GCinflow from other areas toward these areas or to an increase
in GC outflow from these areas toward other areas. To disentan-
gle these two scenarios, we computed the change in both GC in
and outflow between prelesion and postlesion. We then corre-
lated these change values with the prelesion hierarchical level
(Fig. 7D,E). We found that the decrease in DAI values for the
areas at the top of the hierarchy was caused by an increased di-
rected influence onto the other areas, whereas the increase in DAI
values for the other (more caudal) areas was caused by an increase
in received GC influence (Fig. 7D, E).

We also found that the pattern of changes in directed influ-
ences was largely dissociated from changes in beta-oscillatory
power. First, we found no significant correlation between the
change in hierarchical level from prelesion to postlesion and the
change in beta power from prelesion to postlesion (r = —0.63,
p = 0.12 for quiescence, r = —0.65, p = 0.11 for locomotion). For
example, areas RMA and M1FL both showed a prominent in-
crease in beta-oscillatory activity (Fig. 2), whereas the GC influ-
ence strongly increased from R-RMA to R-MI1FL (Figs. 5, 6).
Second, we found similar changes in hierarchical ordering for the
quiescence and locomotion condition (Fig. 7A), even though the
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beta power increase was more pervasive in the quiescence than in
the locomotion condition (Fig. 2).

In sum, we conclude that dopaminergic cell loss leads to a
marked alteration in cortical hierarchical organization, resulting
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in an increased drive from “top-down” frontal areas onto the
primary motor and somatosensory regions.

Alterations in directed interhemispheric influences

Similar to the case of intrahemispheric influences, we asked
whether the change in beta connectivity (PLI, Fig. 2) between the
right (lesioned) and left (nonlesioned) hemisphere might reflect
either a symmetric increase in interhemispheric influences or
an asymmetric change in directed influences among the two
hemispheres.

We observed that, both during quiescence and locomotion,
there was a strong increase in the directed GC influence in the
beta-band from the left to the right hemisphere (Figs. 4-6, 84;
p = 0.005 for lesion, p = 0.384 for state, p = 0.153 for interaction
state X lesion). However, we found that, only during quiescence,
the directed influence from the lesioned to the nonlesioned hemi-
sphere tended to decrease, whereas during locomotion, it did not
change (Fig. 8A; two-way ANOVA, p = 0.0092, p = 0.036 for
interaction state X lesion, main effect state, p = 0.98). The
change in GC influence values between hemispheres occurred
despite the fact that beta-band power was higher in the lesioned
than the nonlesioned hemisphere (Fig. 2). Thus, we found that,
similar to the case of change in directed influences within the
lesioned hemisphere, there was dissociation between the pattern
of beta-power changes and the change pattern of directed influ-
ence changes.

Similar to the analysis in Figure 7, we then computed DAI values to
examine the pattern of directed influences across areas (see Materials
and Methods). In this case, we first obtained a directed influence from
area 1 toarea 2 (e.g, L-RMA —R-MIFL), but also from area 2 to area 1
(e.g., R-MI1FL — L-RMA). We then computed the DAI value for
both areas, for example, [GC, gya—rmire — GCrmirr—r-rmal/
[GCl _rma—rmirr T GCruiri—1-rMal- We then obtained a single
average DAI value for each area in the left hemisphere by averag-
ing these DAI values across all combinations with areas in the
right hemisphere. A high DAI value indicates that an area in
the left tended to receive strong GC influences from the areas in
the right hemisphere.

We found that the changes in directed influences from prele-
sion to postlesion showed substantial area specificity, similar to
the analysis of symmetric connectivity. In particular, directed
influences from the more rostral, nonprimary frontal areas in the
left hemisphere toward areas in the right hemisphere tended to
increase (Fig. 8B). These areas were positioned at the top of the
hierarchy both within each hemisphere, but also with respect to
the interhemispheric interactions (Fig. 8B). This resulted in a
strong linear correlation between the prelesion hierarchical level
and the change in DAI (Fig. 8B).

Together, these findings show that the increase in functional
connectivity between hemispheres indeed reflects asymmetric
changes in directed influences. Quiescence, but not locomotion,
was characterized by a reduction of directed influence from the
right to the left hemisphere. Directed influences toward the right
hemisphere tended to increase, especially for those areas in the
left hemisphere that were positioned higher in the cortical hier-
archy (RMA, mPFC, M2).

Discussion

Increased local oscillatory activity in the high beta-low gamma
frequencies was observed in multiple brain areas in both the le-
sioned and unlesioned hemispheres of the hemiparkinsonian rat
model. We present three main findings. First, in the prelesioned
state, we established a functional hierarchy in cortical organiza-
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tion. Second, an increased directional influence from the nonle-
sioned toward the lesioned hemisphere was found in the “beta”
frequencies in both rest and walk conditions. Third, cortical areas
that were positioned higher in the hierarchy tended to increase
their directed influence on areas positioned lower in the hierar-

chy after unilateral dopamine cell loss. This only occurred in the
lesioned hemisphere.

The present findings are consistent with increased beta-
oscillatory activity in the basal ganglia and cortex of the rodent
model (Mallet et al., 2008; Degos et al., 2009; Brazhnik et al., 2012;
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Q.Lietal,,2012, M. Lietal., 2016) and asymmetric appearance of
the beta peak (Q. Lietal., 2012). Furthermore, our observation of
increased interregional coupling in the beta band confirms pre-
vious corticocortical and corticosubcortical functional connec-
tivity results obtained in the unilateral 6-OHDA model (Degos et
al., 2009; Brazhnik et al., 2012, 2016; Javor-Duray et al., 2015; M.
Lietal., 2016). The GC analysis of the present data showed bidi-
rectional influences with corticostriatal predominance, which is
consistent with findings in rodents (Nakhnikian et al., 2014; Beli¢
etal,, 2016) and with increased corticobasal ganglia directionality
as observed in Parkinson patients (Lalo et al., 2008; Litvak et al.,
2012; Kato et al., 2015; Oswal et al., 2016).

Concerning GG, our findings of the lesioned hemisphere lag-
ging behind the nonlesioned hemisphere in the beta frequencies
are in line with data in Parkinson patients showing a greater delay
of premovement suppression of beta activity in the hemisphere
most affected by nigral dopaminergic cell loss (Defebvre et al.,
1996; Alegre et al., 2005). For the subthalamic nucleus, the latter
observations have been suggested to represent bilateral control
over single-sided movement, and the present results are likely
related to a similar process (Alegre et al., 2005).

With respect to hierarchical influences, in the prelesion con-
dition, we found that mPFC, the rostral motor area, and M2 were
at the top of the cortical hierarchy, whereas the primary motor
regions were at a lower place, similar to information flow patterns
in human subjects (Hillebrand et al., 2016). Our approach for
establishing a hierarchical organization has previously been
shown to correlate very well with structured connectivity pat-
terns demonstrating anatomical hierarchy among visual, pari-
etal, and frontal areas (Bastos et al., 2015, Michalareas et al.,,
2016). Indeed, the present findings correspond well with struc-
tural connectivity because strong reciprocal connections exist be-
tween the prefrontal cortex, the rostral motor area, and the more
caudal portions of M1 (Bedwell et al., 2014). Such a functional
and structural hierarchical organization comprising the motor
system is in accordance with a recently proposed functional
framework encompassing the entire primate cortex on the basis
of anatomical measurements of hierarchy (i.e., structural con-
nectivity determined by tracing intracortical connections)
(Chaudhuri et al., 2015). The lower hierarchical position of S1
hindlimb area (S1) and M1 that was found in the present study is
consistent with the organization described for the visual and mo-
tor systems (Markov et al., 2014; Bastos et al., 2015; Chaudhuri et
al., 2015; Michalareas et al., 2016). It puts M1 and S1 low in the
hierarchy, almost at the same level as V1. This might seem sur-
prising given that M1 is the main output of corticospinal projec-
tions, but it is likely that the anterior cortical areas exert
modulatory influences over M1, while M1 exerts strong driving
influences over these areas (see below). Thus, our data suggest
that, in normal conditions, the anteriorly located areas are situ-
ated higher in the hierarchy, that they are primarily driven by the
more caudal portions of M1, and that they in turn exert modula-
tory control of the primary motor cortex.

The 6-OHDA lesions in the present experiments led to a dis-
ruption of network hierarchy. Although the following conclu-
sions are based on findings in cortex and therefore focus on the
cortical network, a note of caution is in order because it cannot be
ruled out that changes in GC between two cortical regions are
influenced by a “third driver,” for instance, the thalamus (Sher-
man and Guillery, 2011). If we restrict our conclusions to cortex,
while bearing in mind the above reservations, the present data
suggest a flattening of cortical network hierarchy. With respect to
interhemispheric interactions, it went from symmetric to asym-
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metric, whereas for intrahemispheric interactions, it went from a
strongly asymmetric to a more symmetric functional hierarchy.
We found that, after the lesion, the areas at the top of the hierar-
chy assumed the same hierarchical position as the other areas,
which led to a more bidirectional pattern of communication
among the areas. The change in hierarchical ordering primarily
came from an increase in drive from the higher-ranking areas,
rather than a loss of drive from areas lower in the cortical hierar-
chy. These changes were largely independent of changes in beta-
oscillatory power, as the nonlesioned hemisphere showed less
beta-oscillatory activity and there was no correlation between the
hierarchical level and power changes in the beta band. Thus, our
findings appear to reveal a new aspect of cortical interactions
orthogonal to the increase in beta-oscillatory power. The orthog-
onality of both had already been established by Javor-Duray et al.
(2015), who showed that coupling increases much earlier than
the increase in beta-oscillatory power.

Finally, we found that the above processes tended to occur
both during locomotion and quiescence, suggesting a plastic re-
organization of cortical interactions rather than transient activa-
tion patterns occurring only during specific behaviors (Schwab et
al., 2013; Brazhnik et al., 2014; Deffains and Bergman, 2015). A
new state of interactions is supported by recent findings on the
role of striatal dopaminergic axons in the exquisite timing of
motor activity (Howe and Dombeck, 2016). These refined pro-
cesses are possibly represented in our results on causal influences.
We did find, however, that during locomotion, there was no
decrease of causal influences from the lesioned to nonlesioned
hemisphere, showing some state dependence of the observed
patterns.

What are the functional implications of these findings? We
propose two possible scenarios. In the first scenario, the observed
changes are (directly) incurred by the dopamine depletion lead-
ing to inefficient signaling in cortex and basal ganglia (Beeler et
al., 2013). The second scenario views the changes in directed
interactions as compensatory. Under this account, the equilib-
rium of the system in the dopamine-depleted state is character-
ized by a stronger influence from the nonlesioned hemisphere
toward the lesioned hemisphere, which is also related to motor
activity. Consistent with this, in Parkinson’s disease patients, a
stronger activation of the less affected hemisphere is present dur-
ing unilateral motor activity than in healthy controls (Wu et al.,
2015b). Furthermore, motor disturbances in asymmetrically
dopamine-depleted rats appear later than in symmetrically le-
sioned cases (Degos et al., 2009), possibly as a consequence of
interhemispheric interactions, such as the changes in direction-
ality observed in the present study.

In the framework of predictive coding in the motor system,
“action minimizes proprioceptive prediction errors,” relying
heavily on the accuracy of the prediction errors (Friston et al.,
2012). The reconfiguration of the functional network (hierarchy)
as observed in the present study, with areas higher in the cortical
hierarchy increasing their control of the primary areas within the
lesioned hemisphere, would be brought about by unreliable pre-
diction errors, as a consequence of dopamine depletion (Friston
et al., 2012; Adams et al., 2013; Shipp et al., 2013; Colder, 2015).
In an overarching view of dopamine function, encompassing
(among many other roles) dopamine’s role in reward prediction
error, Friston et al. (2012) proposed that fluctuating levels of
dopamine signal changes in the precision of prediction errors
(i.e., the reliability of proprioceptive information in action selec-
tion). Modeling changes in accuracy of prediction errors (simu-
lating dopamine lesions) has been shown to induce parkinsonian
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behavioral symptoms (Friston etal., 2012). Unreliable prediction
errors in Parkinson’s disease will lead to behavioral deficits and
make patients more reliant on top-down prediction (Friston et
al., 2012; Galea et al., 2012); in other words, this might lead to the
higher cortical areas attempting to control the areas lower in the
cortical hierarchy (Galea et al., 2012). Basal ganglia malfunction
will further exacerbate errors in predictive coding (Colder, 2015).

The state of top-down control resembles that in the early
stages of learning a motor task, when initial top-down cortical
control, from frontal and cingulate areas to sensorimotor system,
is lost over time as task execution becomes automated (Bassett et
al., 2015). Interestingly, in Parkinson’s disease, there is a greater
reduction in automated movement than intended voluntary
movement (for review, see Wu et al., 2015a). Automatic motor
behavior is associated with reduced activity in the nonprimary
frontal motor areas and reduced connectivity to motor areas (Wu
etal., 2015a). However, in Parkinson’s disease, motor skills revert
to the early learning stage (Bassett et al., 2015; Wu et al., 2015a).
Thus, if Parkinson’s disease puts patients permanently in the ini-
tial learning stage, more top-down control might be recruited to
compensate for this.

The current study provides new insight into the interhemispheric
dynamics in the asymmetrically dopamine-depleted brain that may
be of relevance to Parkinson’s disease patients, many of whom ini-
tially display asymmetrical nigral degeneration before generalization
to both sides of the brain (Scherfler et al., 2012). Our results provide
evidence for an increased drive from the nonlesioned toward the
lesioned hemisphere (in particular to striatum), most prominently
during walking, suggesting a compensatory influence exerted by the
nonlesioned side on the hemisphere with lesion-induced basal
ganglia dysfunction. The lesion-induced change in symmetric func-
tional connectivity involved a profound reorganization of hierarchi-
cal organization and directed influence patterns. In the lesioned
hemisphere, nonprimary motor areas at the top of the cortical hier-
archy increased their directed influence onto the primary motor and
somatosensory areas, which may represent a compensatory mecha-
nism for loss of motor automaticity as a consequence of dopamine
depletion.
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