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The mesencephalic reticular formation (MRF) is formed by the pedunculopontine and cuneiform nuclei, two neuronal structures thought
to be key elements in the supraspinal control of locomotion, muscle tone, waking, and REM sleep. The role of MRF has also been
advocated in modulation of state of arousal leading to transition from wakefulness to sleep and it is further considered to be a main player
in the pathophysiology of gait disorders seen in Parkinson’s disease. However, the existence of a mesencephalic locomotor region and of
an arousal center has not yet been demonstrated in primates. Here, we provide the first extensive electrophysiological mapping of the
MRF using extracellular recordings at rest and during locomotion in a nonhuman primate (NHP) (Macaca fascicularis) model of bipedal
locomotion. We found different neuronal populations that discharged according to a phasic or a tonic mode in response to locomotion,
supporting the existence of a locomotor neuronal circuit within these MRF in behaving primates. Altogether, these data constitute the
first electrophysiological characterization of a locomotor neuronal system present within the MRF in behaving NHPs under normal
conditions, in accordance with several studies done in different experimental animal models.

Key words: locomotion; mesencephalic locomotor region; mesencephalic reticular formation; microelectrode recording; nonhuman
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(s )

We provide the first extensive electrophysiological mapping of the two major components of the mesencephalic reticular forma-
tion (MRF), namely the pedunculopontine and cuneiform nuclei. We exploited a nonhuman primate (NHP) model of bipedal
locomotion with extracellular recordings in behaving NHPs at rest and during locomotion. Different MRF neuronal groups were
found to respond to locomotion, with phasic or tonic patterns of response. These data constitute the first electrophysiological
evidences of a locomotor neuronal system within the MRF in behaving NHPs. j

ignificance Statement

Since this fundamental finding, the functional realm of the MRF
was enlarged to the control of muscular tone, sleep—wake mech-
anisms, arousal, and REM sleep (Garcia-Rill, 1991; Inglis and
Winn, 1995; Kobayashi and Isa, 2002). The MRF is mainly com-
posed of the pedunculopontine nucleus (PPN, or nucleus tegmen-
talis pedunculopontinus) and the cuneiform nucleus (CfN, or

Introduction
More than 50 years ago, a locomotor center was discovered in the
mesencephalic reticular formation (MRF) (Shik et al., 1966).
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nucleus cuneiformis), which contain heterogeneous cell popula-
tions intermingled with fiber tracts (Wang and Morales, 2009;
Martinez-Gonzalez et al., 2012). The precise anatomical delinea-
tions of the PPN and CfN and their terminologies remain un-
clear, especially in human and nonhuman primates (NHPs) and
highly controversial (Alam et al., 2011). The PPN is reciprocally
connected with a wide range of functionally diverse brain struc-
tures, including the basal ganglia (BG) (Lavoie and Parent, 1994a;
Martinez-Gonzalez et al., 2011). In primates, projections from
the BG and motor cortical areas cover a large area in the MRF
(Shink et al., 1997; Matsumura et al., 2000; Rolland et al., 2009,
2011).

The original functional description of the MRF was related
to transitions in brain states (Moruzzi and Magoun, 1949) and
it was later identified as the CH5 cholinergic group (Mesulam
et al., 1984, 1989), which is suggested to form the cholinergic
arm of the reticular activating system (RAS). In rodents, dif-
ferent PPN neurons that send ascending and/or descending
projections to thalamic and pontine nuclei modulate their
activity during transition between wakefulness to sleep
(Mena-Segovia et al., 2008; Ros et al., 2010). Furthermore,
neurons of the PPN and intralaminar thalamic nuclei are
thought to be involved in the maintenance of the optimal state
of arousal required for task performance (Garcia-Rill, 1991;
Kinomura et al., 1996; Steriade, 1996; Kobayashi et al., 2002).
It was generally accepted that PPN and CfN constitute the
mesencephalic locomotor region (MLR) (Garcia-Rill and
Skinner, 1987a, 1987b; Ryczko and Dubuc, 2013), although
some authors now consider this area as a “rythmogenic” cen-
ter rather than a locomotor one (Garcia-Rill, 2015). Locomo-
tion would depend on tonic and phasic modulation of the
ponto-medullary reticular formation under the MLR control
via parallel glutamatergic and cholinergic pathways (Le Ray et
al., 2011). The only electrophysiological study of the MLR in
NHPs was undertaken in decerebrated preparations (Eidel-
bergetal., 1981). Recently, lesion of the PPN cholinergic neu-
rons in NHPs were found to induce locomotor and postural
deficits (Karachi et al., 2010).

Based on a presumed MLR in humans and data suggesting a
role of the PPN in the pathophysiology of Parkinson’s disease
(PD) (Pahapill and Lozano, 2000), deep-brain stimulation (DBS)
of the PPN has been proposed to treat gait disorders (Mazzone et
al., 2005; Plaha and Gill, 2005). However, several studies have
pointed out the lack of experimental data regarding the role of the
PPN and surrounding structures in the control of locomotion, in
gait disorders, and its relevance as a DBS target in pathological
context (Galvan and Wichmann, 2008; Ferraye et al., 2010; Alam
et al., 2011; Pereira et al., 2011; Grabli et al., 2012; Ryczko and
Dubuc, 2013). Interestingly, a recent study using optogenetic
stimulation of the MLR in the mouse provided convincing results
underlying a concurrent regulation oflocomotion and brain state
(Lee et al., 2014). In the present study, based on the fact that
locomotion in primates is unique and relies mainly on a supraspi-
nal control characterized by these animals’ ability to use natural
bipedal locomotion, we exploited a bipedal model of locomotion
in NHPs (Goetz et al., 2012) by means of microelectrode record-
ings (MERs) to identify and characterize a locomotor circuit in
behaving animals.

Materials and Methods

Animals

Two macaques (Macaca fascicularis; CRP) were used in this study (Mon-
key K: male, 9 years old, 9 kg; Monkey T: male, 3 years old, 5.5 kg). All
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experiments were performed in accordance with the recommendations
of the European Community Council Directives of 1986 (86/609/EEC)
and the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals and were approved by the Ethics Committee of Ré-
gion Rhone-Alpes. Animals were kept with other congeners, allowing
social behavior, in standard conditions of temperature (23 * 1°C), hu-
midity (65 * 4%), and light (12 h light/dark cycle). They had access ad
libitum to food and water and were given fresh fruits and vegetables every
day. All animals included in this study naturally adopted bipedal posture
in their cage or during locomotion with a handling stick. Bipedal loco-
motion was obtained after positive reinforcement training and proce-
dures developed in our previous study (Goetz et al., 2012). Importantly,
during locomotion, the primates were always able to perform precise
voluntary movements with their forelimbs such as delousing while the
hindlimbs were performing stepping. This indicated that the bipedal
locomotion behavior was under the control of an automatic process.
However, caution should be observed when extrapolating data from
treadmill experimental conditiond to overground locomotion (Goetz et
al., 2012) because we cannot assume that motivational aspects necessary
to trigger locomotion in the natural environment (Sinnamon, 1993; Jor-
dan, 1998) were fully controlled here. Nevertheless, the primates’ coop-
eration in the task was evidenced by the fact that, at any time during a
locomotion session, the animal was free to avoid the treadmill or not. For
a schematic description of the bipedal locomotion model, see Figure 3E.

MRI protocol

A combined in vivo and ex vivo MRI protocol was used to improve
deep-brain structures targeting and localization. MRI acquisitions were
performed in the Grenoble MRI facility IRMaGE.

In vivo MRI protocol (3T). MRI sequences were performed preopera-
tively and postoperatively under general anesthesia (ketamine 7 mg/kg,
i.m., and xylasine 0.6 mg/kg, i.m.) using a Philips 3T Achieva MRI scan-
ner. Fast spin echo multislices dual-echo images were acquired in axial,
coronal, and sagittal planes with 1.5 mm slice thickness and 0.45 mm
in-plane resolution to localize the area of interest and to control the
position of the implantable recording chamber.

Ex vivo protocol (3T). High-resolution MR images of the head were
obtained postmortem after removal of the recording chamber and head
holder using a Philips 3T Achieva MRI scanner (800 um slice thickness,
200 wm in-plane resolution).

Ex vivo protocol (7T). High-resolution MR images of the macaque
brain were obtained postmortem from perfused brains using Bruker Bio-
spin 7020 USR 7T MRI scanner. Multislices fast spin echo methods were
used. Images were acquired in axial, coronal, and sagittal planes with 480
pum slice thickness and 60 wm in-plane resolution to obtain efficient 3D
reconstruction allowing precise visualization in every direction (see Fig.
1C-F).

Surgical procedures

The primate was maintained under general anesthesia by alternative in-
tramuscular injection of ketamine (7 mg/kg, i.m.) and xylasine (0.6 mg/
kg,i.m.). Saline solution (NaCl 0.9%) was infused intravenously all along
the duration of the surgery. The head was fixed on a stereotaxic frame and
the body was laid on an electric blanket. Local anesthesia of the scalp and
muscle was performed before the surgical incision. Bi-orthogonal x-ray
ventriculography (see Fig. 1 A, B) was performed by injection of 2 ml of
contrast agent (Iopamidol 300 mg Iode/ml) to define the stereotaxic
coordinate system (Percheron, 1997). MRI-compatible titanium footed
head holder and recording chamber (Crist Instrument) were stereotac-
tically fixed to the skull with titanium screws. The center of the recording
chamber was positioned vertical to the PC plane on the right hemisphere
and was tilted ~10° laterally in the coronal plane. Three epidural tita-
nium screw electrodes were implanted in the frontal and parietal brain
region. Analgesic/anti-inflammatory therapies (ketoprofen, 2 mg/kg,
i.m.) and antibiotics (amoxicillin/clavulinic acid, 10 mg/kg. i.m.) were
provided during the 1 week postoperative period.

Imaging and histological assessment of microelectrode trajectories
The precise assessment of microelectrode trajectories and recording site
were performed with methods commonly used in NHP electrophysio-
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logical studies of the basal ganglia or PPN area in our laboratory and by
other groups using ventricular landmarks (Wichmann et al., 1994; Mat-
sumura et al., 1997; Devergnas et al., 2012). To improve the localization
of microelectrode trajectories and recording sites in the brainstem, we
combined these standard methods with MRI and histological data
obtained for each primate. Data calculation and visualization of the re-
cording site coordinates were computed using a preoperative MRI coreg-
istered to the recording chamber position in relation with the III'¥ and
IV " ventricle landmarks as defined on the preoperative and postopera-
tive ventriculography and further confirmed on ex vivo MRI sequences,
electrolytic lesions, and immunohistolologic methods. More precisely, at
the end of the surgery, a final biorthogonal X-rays were performed with
minitubes inserted inside the microdrive setup used for the further MER
sessions to calculate the trajectories of the microelectrodes in relation to
the anterior commissure (AC) and posterior commissure (PC) by merg-
ing X-rays and ventriculography according to the primate brain atlas
(Martin and Bowden, 1996). Before euthanasia, electrolytic lesions were
performed under general anesthesia with a direct current at 1 mA during
205 (DS8000; WPI). Then, a new biorthogonal ventriculography with the
microdrive containing minitubes was performed. Finally, the primate
was deeply anesthetized with a lethal intravenous dose of pentobarbital
(3 ml/100 mg) and perfused through the left cardiac ventricle with saline
solution followed by 4% paraformaldehyde (PFA 4%) fixative solution.
The head of the animal was removed and stored at 4°C in a PFA 4% bath
during 3 d to perform the ex vivo 3T MRI protocol. The brain was re-
moved and stored in a PFA 4% bath for 3 more days till the final ex vivo
7T MRI protocol. At the end of the MRI protocol, the brain was stored in
phosphate buffer solution and cryoprotected in increasing gradients of
sucrose (10, 20, and finally 30%). Adjacent coronal serial sections of 50
pum from both primates cut on a freezing microtome were processed for
either a Nissl stain or immunocytochemistry for choline acetyltransferase
(ChAT).

Visualization on MRI

Neuronal activities were plotted as colored dots on 7T MRI sequences
according to their stereotactic coordinates in the sagittal and coronal
(perpendicular to AC-PCline) planes. In the axial plane, the distribution
densities of the phasic and tonic responder neurons were computed as
follows: neurons from the two primates were pooled together according
to their stereotactic coordinates and were considered as a cloud of points.
These points were convolved with an isotropic Gaussian kernel (0.6 mm
SD, maximum amplitude of 1) and plotted on the 7T primate MRI in a
transverse plane of the brainstem parallel to the ponto-mesencephalic
junction (PM]).

MER procedures and data acquisition

MER were performed using a microdrive setup (FlexMT and Multi
Drive; Alpha Omega Engineering). Beveled minitubes were lowered
through the dura matter to avoid any damage of the microelectrode when
piercing the dura mater. Two to three tungsten microelectrodes (imped-
ance: 2-3 M{); FHC) were lowered independently. The extracellular sig-
nal was amplified, sampled at 50 kHz, and analogically bandpass filtered
(300-6000 Hz). The ECoG signal was amplified, sampled at 6 kHz, and
analogically bandpass filtered (1-300 Hz). EMG recordings were ob-
tained simultaneously with MER from surface electrodes adapted to pri-
mate’s morphology (Covidien). Before electrode placement, the skin was
prepared by shaving and cleaning with an ether solution. EMG signals
were amplified, sampled at 6 kHz, and band-pass filtered (1-100 Hz).
EMG recordings were obtained from right and left hindlimb quadriceps
muscle group (rectus femoris).

The first cortical neuronal activity defined the null depth of the trajec-
tory. The precise electrophysiological mapping of the MRF was started
from the caudal part of the inferior colliculus (IC, or colliculus inferior) to
the pontine nuclei (nuclei pontis) just below the superior cerebellar pe-
duncle (SCP, or pedunculus cerebellaris superior). Baseline activity was
recorded for 1 min in bibedal standing position while the primate was
awake, at rest and without any movement.
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Video recording and treadmill onset/offset markers

The treadmill was controlled by a home-made software based on Labview
system (National Instruments) that allowed us to tune the treadmill
velocity and to synchronize the treadmill onset/offset with a visual prep-
aration cue, electrophysiological recordings, and video acquisition using
transistor—transistor logic inputs to the acquisition station. During loco-
motion sessions, videos were acquired perpendicular and parallel to the
treadmill axis at 50 frame/s.

Locomotion recording protocol

A locomotion session was composed by the following three periods:
prelocomotion (Pre-Loc) for 1 min, locomotion (Loc) for 15 s (20 s in
Primate T), and postlocomotion (Post-Loc) for 1 min. Pre-Loc corre-
sponded to the baseline neuronal activity while the primate was at rest in
a standing position (bipedal posture). Treadmill velocity was 0.4 m/s.
The electrophysiological (MER, ECoG, and EMG) and video recordings
started simultaneously with the locomotion protocol sequence. A visual
signal (LED light) placed in front of the primate was automatically acti-
vated 1.5 s before the treadmill onset and offset.

Passive movement protocol

At the end of each locomotion session, we evaluated the neuronal re-
sponse in relation to passive movements of the two hindlimbs. This test
consisted of flexion, extension, and rotation of the joints (ankle, knee,
hip, wrist, and elbow). Furthermore, nonpainful cutaneous touch tests
and manual pressure tests on the calf, thigh, and dorsal muscle were also
performed.

Signal processing and statistical analysis

Spike-sorting processing. Isolation of the single-unit activity from the raw
signal was performed using a template-matching algorithm (Spike 2;
CED Software) to evaluate spike discharge characteristics; that is, the
firing rate (FR) and firing pattern using standard methodology used in
MER primate BG studies (Wichmann et al., 1994). Semiautomatic spike
isolation was systematically verified and corrected on the basis of the
quality of the spike waveforms and by principal components analysis.
Calculation of the neuronal refractory period on interspike interval (ISI)
was systematically performed and served as an exclusion criterion when
it was found to be <2 ms (Fee et al., 1996). The resulting spike train
representing the activity of a single-unit neuron had to contain a mini-
mum of 500 events to be included in the study. In the text, the terms
“neuronal activity” or “neuron” always refer to single-unit neuronal
activity.

Baseline FR analysis. FR analysis was performed using homemade soft-
ware developed under MATLAB Station version 7.9.1-R2009b (The
MathWorks). The baseline period corresponded to the period preceding
the locomotion session (Pre-Loc) while the primate was in a bipedal
standing position without any hindlimb or forelimb movement and wide
awake. For each neuron, in each recording condition (i.e., baseline or
locomotion), we used the ISI data to calculate the mean, SD, and median
of the FR. Raster plots were constructed under Spike 2 software. To
evaluate whether pause in the neuron discharge was frequent, we calcu-
lated the pause index as proposed by Favre et al. (1999) as the number of
ISIs >50 ms divided by the number of ISIs <50 ms.

Firing pattern analysis. We determined the firing pattern characteris-
tics by a combined approach using data based on the interval IST and
autocorrelogram analysis further completed with burst detection meth-
ods (Abeles, 1982; Wichmann et al., 1994; Baron et al., 2011; Piallat et al.,
2011). Autocorrelation histograms of spike trains were calculated for 1 s
(1 ms bin width) using MATLAB software. Peaks were considered signif-
icant if they were found to be above the confidence line set at mean = 2
SDs. We classified single-unit activities as regular, irregular, or burst as
follows: regular activity was characterized by a tonic discharge with a
narrow peaked interval interspike distribution and a significant peak on
the autocorrelation function usually equal to the mean firing period (i.e.,
1/FR; see Fig. 2B). Irregular activity was characterized by a wide interval
interspike distribution and a flat autocorrelogram (see Fig. 2C). Burst
activity showed a wide or bimodal interval interspike distribution and a
significant single peak on the autocorrelation function (see Fig. 2A). In
addition, two different burst detection methods were used to complet the
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detection: the “Poisson surprise” method of Legéndy and Salcman
(1985). Applied to our data, using the Poisson surprise method, bursts
were defined as segments including at least 3 spikes with an S value of at
least 3. The Poisson surprise method was applied for each period of
locomotion session. Due to the fact that some neurons displayed some
long periods of pause that affected the mean FR, thus affecting the Pois-
son surprise S value, we complemented the burst detection with the
interval method that calculates the percentage of spikes in burst. The
method that we used was derived from the study of Baron et al. (2011).
For each neuron, independently of period of the locomotion session, we
selected the following final parameters: maximum initial interval signi-
fying burst onset: the median ISI during Pre-Loc period; longest ISI
allowed within a burst: median ISI/2 during Pre-Loc period; Minimum
number of events in a burst: 3. This allowed us to use a burst detection
method based on the baseline median rather than the mean FR. Based on
these two methods and the complementary ISI and autocorrelogram
analysis, the definition of the burst pattern group was statistically signif-
icant (mean surprise value) in the two primates using the two methods
(data not shown).

FR analysis during locomotion. We developed different statistical tests
using MATLAB Station version 7.9.1-R2009b (The MathWorks) to clas-
sify the neuronal response to locomotion according to the modulation of
the FR during locomotion and nonlocomotion periods (Pre-Loc and
Post-Loc) and/or in relation to quadriceps muscle group EMG activity.
The latter was band-pass filtered between 100 and 200 Hz and rectified.
Modulation of muscle activity was then obtained by convoluting the
absolute value of the band-pass-filtered EMG with a Hanning window of
1 s duration. The main frequency of EMG modulation (EMGf) was esti-
mated as the main frequency of the fast Fourier transform spectrum
(frequency resolution of 0.05 Hz). The main frequency of spike train
modulation during locomotion (FqLoc) was obtained similarly. Neu-
rons for which EMGf-FqLoc was <0.1 Hz and FqLoc was >0.1 Hz were
classified as phasic responder neurons.

The remaining neurons were classified according to the modulation of
their mean FR between Pre-Loc (FRmPreLoc), Loc (FRmLoc), and Post-
Loc (FRmPostLoc) periods. Three ratios of FR were used to describe the
pattern of response as follows:

< FRmLoc ) (FRmPostLoc) ( FRmLoc )
FRmPreLoc/’ \ FRmPreLoc )’ \ FRmPostLoc

The null distribution of each ratio was estimated from surrogate data
(n = 4999). Surrogate FR were obtained by randomly distributing the
same number of spikes for each session and neuron assuming the null
hypothesis of no temporal correlation between locomotion periods. Us-
ing a statistical threshold of p < 0.05 from surrogate distribution, classes
of neurons were then defined as follows:

Tonic increase responder neuron: a significant increase in FR during
Loc versus Pre-Loc and no significant difference between Pre-Loc and
Post-Loc FR.

Tonic decrease responder neuron: a significant decrease in FR dur-
ing Loc versus Pre-Loc and no significant difference between Pre-Loc
and Post-Loc FR.

Prolonged tonic increase responder neuron after Loc: a significant
increase in FR during Loc versus Pre-Loc, no significant difference be-
tween Loc and Post-Loc, and a significant diffrence between Pre-Loc and
Post-Loc.

Nonresponder: using the previous tests, no significant difference in FR
was found between the three periods.

Other statistical analyses were performed using SPSS version 20
(IBM) and Prism (GraphPad Software) software. We decided to ana-
lyze the data obtained in the two primates separately assuming that
the ability to adopt bipedal posture and locomotion and to develop
automatic skills to walk bipedally on a treadmill after a training pro-
tocol was individual for each primate included in the protocol and
could not reflect the overall M. fascicularis population. Therefore, we
decided not to pool electrophysiological data obtained in the two
primates, but rather to replicate the analysis and evaluate their simi-
larities. However, we decided to pool data relative to the stereotaxic
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coordinates comparison obtained in the two primates because they
are expressed in the same referential system.

Comparison of coordinates between groups of neurons was per-
formed using Kruskal-Wallis one-way ANOVA. If the null hypothesis
was rejected, post hoc tests were performed using the Mann—Whitney U
test with Bonferroni correction when number of comparisons was <5
(corrected threshold = 0.05/number of comparisons) and Dunn’s
multiple-comparison test when the number of comparisons was =5 to
identify significant differences between groups. Comparison between
two groups of coordinates were performed with the Mann—-Whitney U
test. Statistical values are indicated in the text.

Results

Electrophysiological mapping of the MRF at rest

A total of 69 trajectories through the rostral brainstem were per-
formed in two primates at rest (Primate K, n = 30; Primate T, n =
39). The electrophysiological mapping extended anteroposteri-
orly from +2 to —6 mm from the anterior border of PC. We
explored an area between 1 and 7 mm laterally from the midline
and rostrocaudally from the caudal level of the IC to the pontine
nuclei below the SCP. To map the entire MRF, on the axial plan,
we performed 1 trajectory every 1.4 mm* and assessed the precise
microelectrode position by calculating the stereotactic coordi-
nates of each recording site using ventricular, MRI, and histolog-
ical data (Fig. 1C,D).

For each trajectory, specific anatomical landmarks were
identified by their electrophysiological signature and were re-
ported on preoperative MRI to confirm the position of the
microelectrode in the MRF. Our observations were similar to
those from other electrophysiological recording studies of the
same mesencephalic area (Matsumura et al., 1997; Kobayashi
et al.,, 2002). The superior colliculus (colliculus superior)
served as a marker for the entrance in the brainstem. The
extent of the IC was easily recognizable and confirmed with
auditory spike responses. Then, after a short period of silence,
the entrance in the MRF was confirmed by the appearance of
neuronal activities described previously in other electrophys-
iological studies in the same area in NHPs. The area of interest
extended caudally to the fibers of the SCP easily identifiable as
high-frequency positive spike bursts. Nevertheless, the pres-
ence of some neurons intermingled between those fibers could
be detected. The transition from the mesencephalon to the
pons was marked by a change in neuronal activity with typical
“popcorn neurons” in the pons. The most medial trajectories
were characterized by the recording of fibers or neuronal ac-
tivities in relation to oculomotor movements due to activities
of the nucleus of the trochlear nerve (nervus trochlearis) or
fibers of the medial longitudinal fasciculus (fasciculus longitu-
dinalis medialis). Laterally, fibers of the medial and lateral
lemniscal system marked the lateral extent of the mesenceph-
alon. The MRF was generally characterized by paucity and
heterogeneity of neuronal activities. Typically, only a few neu-
rons were recorded along a single microelectrode trajectory
throughout the MRF. However, it was sometimes possible to
record a cluster of neurons a few hundred micrometers apart.
The neuronal density tended to increase as the microelectrode
reached the caudal half of the area.

Spike discharge characteristics: FR and pattern

We recorded 235 single-unit activities in the MRF in baseline
condition (91 neurons in Primate K and 144 neurons in Primate
T). Table 1 shows the spike discharge characteristics of the MRF
neurons, and the distributions of the baseline mean FR are pro-
vided in Fig. 2D. In both animals, the majority of neurons had a
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Figure 1.

Multimodal targeting procedures. 4, B, Biorthogonal ventriculography with the microdrive system. C, D, Reconstruction of the microelectrode trajectories (white diagonal lines) on

postmortem 7T MRI in sagittal and coronal planes according to I11 ™ ventricle landmarks (AC, PC). VAC, Vertical AC; VPC, vertical PC. E, F, Schematic representations of the different territories of the
MRF on postmortem 7T MRI sagittal and coronal slices. Different parts of the MRF are as follows: «, posterorostral; 3, posterocaudal; -y, anterorostral; &, anterocaudal; &, mediorostral; 6,

mediocaudal; A, latero—rostral; ., latero— caudal. IV, Nucleus of the trochlear nerve.

Table 1. Baseline spike discharge characteristics in the two primates
MRF

Baseline spike discharge activity

Number of
units (n) Firingrate (Hz) ~ Pauseindex  Pause ratio (ms)
Primate K 91 Mean 16.0 0.165 3.17
SD 15.7 0.13 3.17
Median ~ 11.1 0.15 1.43
Range  [04~984] [0~061] [0~ 41.99]
PrimateT 144 Mean 20.5 0.1 1.14
SD 17.7 0.1 246
Median ~ 15.1 0.05 0.23
Range [0.5~90.1] [0~053] [0~ 20.03]

Baseline recording refers to the recording period while the primate was in bipedal standing position at rest, awake,
and without any movement.

mean FR inferior to 40 Hz, with variations extending from 1 up to
100 Hz. Many neurons were characterized by pauses or silent
periods in the spike discharge activity highlighted by the wide
range of pause ratio and index in all conditions (Table 1), which
ultimately influenced the mean FR. Figure 2, A—C, provides ex-
amples of the three different patterns (irregular, regular, and
burst) characterized by their firing properties (ISI and autocor-
relogram). The relative proportion of neurons per pattern sub-
group per primate is shown in Figure 2G. Interestingly, in
addition to neurons firing irregularly, a large proportion of burst-
ing neurons and neurons with a regular firing pattern were found
in the two primates. In addition, by comparing the FR of the
different pattern groups (Fig. 2H ), we found that regular neurons
had a wide FR distribution and tended to have a higher FR than
burst and irregular neurons.

Spatial distribution of the discharge FR and patterns

According to the X, Y, and Z coordinates (AC-PC stereotactic
system) of each recording site, in the two primates (pooled data),
the distribution of the neuron coordinates in relation to the base-
line FR band frequency of 10 Hz did not show any regional dif-
ferences in baseline FR, except for a significant post hoc test
difference in anteroposteriority for FR between 40 and 50 Hz
compared with some other FR bands (Fig. 2E).

In regard to the firing pattern groups in relation to the coor-
dinate distribution in the two primates (Fig. 2F), no significant
difference in laterality was found between patterns (p = 0.3692),
but there was a significant difference occurred in the Y antero-
posterior coordinates (p < 0.001). When looking at post hoc tests
with Bonferroni-corrected threshold, we found that burst and
irregular neurons were located more anterior than the regular
neurons (p < 0.0001 and p < 0.005, respectively). However, no
significant difference was found between the Y coordinates of the
burst and irregular neurons (p = 0.018). A significant difference
in the Z rostrocaudality coordinates was noted between groups
(p = 0.0289). Post hoc tests indicated that only burst neurons
were significantly located more caudal than the regular neurons
(p = 0.0162). No significant difference was found between Z
coordinates of the burst and irregular neurons (p = 0.441) or
between irregular and regular neurons (p = 0.294).

Electrophysiological mapping of the MRF during locomotion

In both primates, the MERs were started only when locomotion
was under automatic control; that is, “nonvoluntary” (See Mate-
rials and Methods). We could record and analyze 255 single-unit
activities during locomotion (91 in Primate K and 144 in Primate
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Figure2.

Baseline spike discharge characteristics. A-C, Neuronal pattern characteristics of the different subgroups. 4, Burst neuron characterized by asignificant single peak in auto correlograms
(ACr) and a wide ISI distribution. B, Regular neuron characterized by a narrow ISI distribution and a typical ACr with a first significant narrow peak followed by series of smaller peaks. C, Irreqular
neuron characterized by a flat ACr and wide ISI distribution. Left upper corner of images, ACr; right upper corner, ISI. Bottom half are raw data. D, Distribution of (Figure legend continues.)
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T). During locomotion, the majority of the responding neurons
had an FR >15 Hz corresponding to the beta-/gamma-band ac-
tivity. Statistical tests allowed us to define three different groups
of cells: phasic, tonic, and nonresponder neurons. The evolution
of the FR during locomotion is shown in Figure 3, C and D, and
the number and percentage of neurons per group of response
during locomotion session is provided in Table 2.

Phasic responder neurons

A significant proportion (36.3%, n = 33, and 17.4%, n = 25) of the
neurons recorded during locomotion in Primate K and Primate T,
respectively, changed their spontaneous spike discharge activity into
a rhythmic activity characterized by discharge of bursts of spikes
(Table 2). In those 58 neurons, the rhythmicity (i.e., the frequency of
bursts) was time locked with the quadriceps EMG rhythmicity. Fig-
ure 3A shows an example of the evolution of spike discharge activity
of one phasic responder neuron. Raster plots of the phasic respond-
ers aligned on the treadmill onset are displayed in Figure 4, A and B.
Interestingly, some neurons were silent or had a very low activity
before and after the locomotion, whereas other neurons had a sus-
tained tonic activity at rest and shifted to a phasic rhythmic spike
discharge activity during locomotion.

Tonic responder neurons

Based on statistical analysis, we could define three subgroups that
represented 122 neurons: “tonic increase,” “tonic decrease,” and
“tonic prolonged increase” responder neurons. The tonic increase
responder neurons were defined by an increase of the FR during
locomotion and by a decrease in frequency after the end of the loco-
motion session ( p < 0.05, permutation test) and represented 29.7%
(n=27) and 33.3% (n = 48) of the recorded neurons in Primate K
and Primate T, respectively (Table 2). An example of a tonic increase
neuron is provided in Figure 3B. Raster plots of the tonic increase
responders aligned on the treadmill onset are provided in Figure 4, C
and D.

In Primate K and Primate T, 11% (n = 10) and 14.6% (n = 21) of
the recorded neurons, respectively, were classified as tonic decrease
responders due to their lower FR during the locomotion period
compared with the Pre-Loc and Post-Loc periods ( p < 0.05, permu-
tation test). The tonic prolonged increase responder neurons (4.4%,
n = 4, in Primate K and 8.3%, n = 10, in Primate T) shared the
characteristics of the tonic increase ones because they significantly
increased their FR during locomotion ( p < 0.05, permutation test).
However, unlike the tonic increase responders, the tonic prolonged
increase responders maintained a similar prolonged increased re-
sponse at least during the 10 s Post-Loc period similar to that during
the Loc period.

Nonresponder neurons

A total of 55 neurons (18.6%, n = 17, in Primate K and 26.4% n =
38, in Primate T) did not significantly modify their FR during loco-
motion and were considered “nonresponders” (Table 2).

<«

(Figure legend continued.) ~ single-unit FR in the two primates. y-axis represents the number
of neurons and x-axis represents the mean FR. The center of the first bin is at 5 Hz and the bin
width is 10 Hz. E, Distribution of the X, ¥, and Z coordinates (in millimeters) of the single-unit FR
per 10 Hz bin. *Significant p << 0.05, post hoc test, Mann—Whitney U test with Bonferroni
corrected threshold. F, Distribution of the X, ¥, and Z coordinates (in millimeters) of the neuron
pattern subgroups. **Significant p < 0.01, post hoc test; p << 0.01, Mann—Whitney U test with
Bonferroni-corrected threshold. G, Relative proportion of neuron per pattern group in the two
primates. H, Mean FR per pattern group. In E-G;, the box plots summarize the distribution of the
neurons coordinates or FR, with the limits of the box representing the 25th and 75th quartiles
and the central line showing the median sample value. The whiskers extend to the minimum
and maximum values. For baseline recordings, see Table 1 and Materials and Methods.
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Passive movement response

All recorded neurons were tested for passive movement response. A
total of 11 neurons clearly responded to passive flexion/extension of
the leg or to manual pressure of calf or thigh muscle groups. In rare
cases, the response was related to pressure on the lower dorsal
muscle. Based on their electrophysiological characteristics, neurons
were clearly differentiated from fibers of the medial lemniscus or the
SCP. The response could be obtained by bilateral passive movement,
but prevailed on the side ipsilateral to the recording site. Impor-
tantly, those passive movement neurons were all included in the
phasic group.

Anatomical location of neuronal responses to locomotion
Knowing the exact X, Y, and Z stereotactic coordinates of every re-
corded neuron, it was possible to determine and compare their pre-
cise positions within the MRF. Their location was displayed onto a
7T MRI brain template using the same stereotaxic anatomical land-
marks and with the corresponding histological sections obtained
from the two primate brains (Fig. 5). Instead of forming distinctive
functional units, locomotion-responding neurons were scattered
throughout the MRF. When considering the coordinates of the pha-
sic responders versus the tonic responders neurons in the two pri-
mates (Fig. 3F), we found that the former tended to be located
significantly more anterior and more rostral than the latter (p =
0.0011 and p = 0.0016, respectively). Table 3 provides more details
on the spatial distribution of the responding neurons in the subareas
of the MRF. It reveals that 57.2% of phasic responder neurons oc-
curred throughout the rostro-caudal extent of the anteromedial part
of the MRF, which corresponds to the PPN pars dissipata and the
caudal aspect of the CfN, whereas the rest of this neuronal popula-
tion was scattered in the MRF. Indeed, visualization on MRI shows
that a large proportion of phasic neurons (red spheres) were distrib-
uted in the anterior part of the MRF just posterior to PC (Fig. 5SA1—
A3,BI-B3). At PC 1.5 mm, phasic neurons were more densely
distributed along the border of the SCP. Positive passive lower limb
movement neurons (yellow spheres), which also belong to the
phasic group, were intermingled with the latter ones.

The tonic responder neurons were chiefly scattered in the poste-
rior MRF (57.4%; Table 3), a region that harbors the PPN pars
dissipata and compacta and the posterior part of the CfN (Fig. 5CI-
C3,DI-D3). The use of ChAT immunostaining has allowed the
identification of the cholinergic PPN neurons (ChAT+) (Fig. 5E2—
E3,F2,F3,G2,G3) and their mapping on the corresponding MRI (Fig.
5EI,FI1,GI). A higher density of cholinergic neurons was found
in the posterior MRF corresponding to the PPN pars compacta
(Fig. 5G2,G3).

Axial images parallel to the PMJ allowed us to visualize the
region with the highest density of phasic and tonic neurons (Fig.
5HI1,H2,11-13,]1,K1,K2). Interestingly, both groups of neurons
were mainly located in the caudal MRF at the level of the PM].
Although the neuronal populations partly overlapped, the den-
sity of tonic neurons was slightly higher in the posterior part of
the MRF (encompassing the CfN and the PPN), whereas phasic
neurons prevailed in the anterior part of the MRF (encompassing
the PPN and the anterior CfN, which is referred to, in humans at
this level, as the subcuneiform nucleus).

Discussion

The present study has provided the first electrophysiological map-
ping of the MRF in behaving primates at rest and during bipedal
locomotion. Different neuronal populations were found to display
phasic or tonic firing pattern during locomotion, thus confirming
the existence of a locomotor neuronal circuit in the primate MRF.
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Figure3.  Neuronalresponse tolocomotion. 4, B, Examples of a phasic (4) and a tonicincrease (B)

In A and B, the first row displays the onset/offset treadmill information (transistor—transistor logic,

responder neurons. The red arrow at the top of Aindicates the events scale of a recording session.
or TTL, input). The second and third rows represent the raw EMG activities of the left and right

quadriceps muscle group, respectively. The fourth and fifth rows represent the raw neuronal activity and the neuronal spike train after single-unitisolation, respectively. The window in the left upper
corner shows the spike waveform of the neuron. The window in the right upper corner in A shows the auto-correlogram of the neuron with typical oscillations in relation with the phasic feature of
the spiking discharge during locomotion. C, D, Evolution of the FR during the three periods of a locomotion session per group. *p << 0.05. The box plots summarize the distribution of discharge
frequency (see Fig. 2£, G). E, Schematic representation of the recording procedure during bipedal locomotion. F, Diagram representation of the X, ¥, and Z coordinates of every responding neuron

during locomotion. Light and dark symbols represent the phasic and tonic responders, respectively
0.01, Kruskal-Wallis test). Lat, Lateral part of the MRF; Med, medial part of the MRF; Ant, anterior p
the MRF as represented in Figure 1, Eand F.

Electrophysiological characteristics of the MRF

We did not observe a clear electrophysiological distinction be-
tween the PPN and CfN, both structures being composed of
sparse and rather physiologically heterogeneous neuronal popu-
lations, as already reported for human and NHPs (Mesulam et al.,

, during locomotion. On each diagram, the black line represents the median (**significant p <
art of the MRF; Post, posterior part of the MRF; Rost, rostral part of the MRF; Caud, caudal part of

1984, 1989; Manaye et al., 1999). The single-unit activities were
characterized by a wide FR distributions, similar to that reported
in primates (Matsumura et al., 1997; Kobayashi et al., 2002;
Okada and Kobayashi, 2015) and in PD patients (Weinberger et
al., 2008; Piallat et al., 2009; Shimamoto et al., 2010) without any
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Table 2. Number of neurons (single unit) and relative proportion of the different groups of spike response to locomotion

Locomotion spike discharge response, n (%)

Number of units (n) Phasic Tonic increase Tonic decrease Tonic prolonged increase No response
Primate K 91 33 (36.3%) 27 (29.7%) 10 (11%) 4 (4.4%) 17 (18.6%)
Primate T 144 25 (17.4%) 48 (33.3%) 21 (14.6%) 12 (8.3%) 38 (26.4%)

Phasic responder neurons

Tonic increase responder neurons
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Figure 4.

Raster plot during locomotion. The four panels represent the raster plot of the phasic (4, B) and of the tonic increase responder (€, D) neurons in the two primates. Each row represents

the spike train of a neuron during a locomotion session. Spike trains are aligned on the treadmill onset (vertical red line). The x-axis represents time in seconds.

spatial correlation. Although the different neuronal populations
overlapped, a higher proportion of burst neurons was found in
the anterior MRF, whereas regular neurons, which could corre-
spond to the putative cholinergic PPN type II neurons in rat due
to their firing pattern similarities (Kang and Kitai, 1990; Takaku-
saki and Kitai, 1997), were often found intermingled with other
nonregular neurons in the posterior aspect of the MRF and could
be part of the so-called PPN pars compacta.

Functional implication for locomotion

In primate, clues for MLR are limited to decerebrate preparations
(Eidelberg et al., 1981) and lesioning studies (Karachi et al.,
2010). Here, in the behaving primate, we provide electrophysio-
logical evidence for the existence of a locomotor circuit distrib-
uted within the MRF. Indeed, neurons with rhythmic discharge
patterns coherent with EMG oscillations have been regarded as a

way to control step frequency (Garcia-Rill and Skinner, 1988),
strengthening the hypothesis of a rhythmic activation of ponto-
medullary tracts containing reticulo-spinal (RS) neurons that ul-
timately drives the cord to control the cadence of stepping (Drew
etal., 1986). Some neurons were found to modulate their activity
tonically during locomotion similar to the so-called “on/oft”
PPN neurons recorded in decerebrated preparations (Garcia-Rill
and Skinner, 1988) and confirming data in PD patients during
DBS implantation (Piallat et al., 2009). Those neurons could be
involved in the duration of stepping or muscular tone to initiate
or terminate locomotion via activation of the spinal circuitry by
the RS system (Armstrong, 1988). Neurons with a prolonged
increase response could represent a subpopulation involved in a
complementary function, such as the retention of attention after
locomotion. This response was not reported in decerebrate
preparation studies, possibly as a consequence of the precollicu-
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Figure5. Anatomical distribution of neuronal responses to locomotion. A7-A3 and B1-B3 display the localization of the phasic neurons of the two primates on 7T MRI coronal and sagittal slices,
respectively, perpendicular to the AC-PCplane according to their stereotaxic coordinates. Phasic neurons are represented as red spheres and those responding to passive movement are represented
as yellow spheres. Similarly, (7-€3 and D7-D3 display the localization of the tonicincrease (green spheres), tonic decrease (violet spheres), and tonic prolonged increase (blue spheres) neurons of
the two primates on 7T MRl in coronal and sagittal slices, respectively. Note that several neurons can be represented by one sphere. E-G, ChAT immunohistological localization of PPN cholinergic
neurons within the MRF (Primate T) and equivalent 7T MRI sequences in coronal plane. Localization of the different images (MRI and ChAT) is expressed in relation to the anterior border of PC. E1,
F1, and G1 are coronal MRI images acquired on 7 T MRI scanner from ex vivo brain. E3, F3, and G3 are enlargements of the dotted rectangles in E2, F2, and G2, respectively. Single arrowhead
indicates the medial longitudinal fasciculus; double arrowheads, superior cerebellar peduncle; single white arrow, decussation of the superior peduncle; double white arrows, posterior commissure
(posterior aspect); blue arrow, nucleus of the IV ™ cranial nerve; red arrows, positive CHaT-labeled neurons. Aq, Aqueduct of Sylvius; SC, superior colliculus. Scale bars, 1 mm. H—K, Caudo—rostral
distribution of the neuronal responses to locomotion in the transverse plane of the brainstem using map of density in the two primates. Transverse slices are expressed according to their distance
from the PMJ. Orientationis provided in H1. Leftimages are always more caudal than the nextimage on the right. H1-K17 and H2—-K2 represent the density of phasic neurons (orange area) and tonic
increase neurons (green area), respectively. 13 is an overlay representation on the two neuronal populations displayed in /7 and /2 at the level of the PMJ. Axis orientation is as follows: P, posterior;
A, anterior; C, caudal; R, rostral.

lar—premamillary transection. Finally, it is likely that some re-  clear, different structures of the pontine and medullary reticular
sponding neurons in the present study could also be involved in ~ formation involved in the control of postural tone receive cho-
the control of posture by modulating muscle tone during loco-  linergic and noncholinergic inputs from the MRF (Lai and Siegel,
motion (Mori, 1987; Lai and Siegel, 1990). Indeed, although the 1990, 1991; Lai et al., 1993; Takakusaki et al., 1996; Garcia-Rill et
anatomical substrate of the control of muscle tone remains un-  al., 2004).
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Table 3. Relative proportion of the responding neurons during locomotion (phasic and tonic) in the two primates according to their X, ¥, and Z coordinates in the different

parts of the MRF
MRF
Medial Lateral
Anterior Posterior Anterior Posterior
Unit (n) Rostral Caudal Rostral Caudal Rostral Caudal Rostral Caudal
Phasic 58 27.6% 29.6% 6.9% 6.9% 1.7% 19% 1.7% 6.9%
Tonic 122 17.2% 11.5% 23% 13.1% 4.9% 9% 11.5% 9.8%

Nonresponder neurons are not included in the table.

Phasic neurons that responded to passive movement could be
involved in sensorimotor processing due to the extensive dendrite
arborization of the PPN neurons toward surrounding fiber tracts
(Rye et al., 1987). Passive response of PPN neurons were also re-
ported in decerebrated preparations and were suggested to receive
spino-reticular input (Garcia-Rill and Skinner, 1988). Indeed, in
primate, the spino—mesencephalic tractus and part of the spino—
reticular tractus were found to reach different sites in the brainstem,
including the caudal mesencephalon (Wiberg et al., 1987; Yezierski,
1988; Craig, 1995). Another origin of this passive response could be
related to the close proximity with the SCP (Hazrati and Parent,
1992), which conveys information from the deep cerebellar nuclei,
which is considered to be another locomotor center (Mori et al.,
1999). The SCP also contains the ventral spino—cerebellar tractus
thought to convey information about premotoneuronal activity in
the cord. Indeed, recording during fictive locomotion in decerebrate
cats showed that ventral spino—cerebellar tractus cells discharge in a
phasic mode (Fedirchuk et al., 2013), similar to what we describe in
the present study.

Anatomo—functional description

The different neurons that responded to locomotion were scat-
tered throughout the caudal MRF at the level of the PMJ and
never formed two segregated neuronal populations. This is con-
sistent with studies showing that both PPN and CfN project to
ponto—medullary reticular formation and spinal cord in primates
(Castiglioni et al., 1978; Rolland et al., 2011). Although overlap-
ping, a relative higher density of phasic neurons was found in the
anterior part of the MRF, whereas the density of tonic neurons
was higher in the posterior half of the MRF at the PM]J level. This
latter region also showed a higher density of ChAT+ neurons. In
decerebrated preparations, a possible functional segregation in
the MREF territories involved in locomotion was detected: rhyth-
mic burst responses were found preferentially in the dorsal PPN,
whereas the on/off cells were observed within the PPN pars com-
pacta (Garcia-Rill and Skinner, 1988). Another studies in NHPs
(Eidelberg et al., 1981) showed that the rostral part of the MRF
(equivalent to dorsal in cat, including the CfN) was a site for
inducing locomotion at low-threshold stimulation, whereas in
humans, tonic responses to mimicked steps recorded during DBS
implantation were found preferentially in the subcuneiform nu-
cleus (Piallat et al., 2009).

Interspecies considerations

Althougth MER provides valuable functional data, caution
should be exerted when interpreting FR analysis in primates (Is-
rael and Bergman, 2008), which displays marked neuronal heter-
ogeneity and a complex cytoarchitecture. The lack of a clear
delineation between the PPN pars dissipata and the CfN in pri-
mates and humans is a further confounding factor. For this rea-
son, our group and others use the terms “PPN area” or “MRF” to

describe this region in clinical studies (Ferraye et al., 2010; The-
vathasan et al., 2010; Alam et al., 2011) because most of the data
are not restricted to the PPN per se, but rather also include the
CfN. Therefore, comparisons between anatomical and functional
data relative to the PPN in different species should be made with
great caution (Edley and Graybiel, 1983; Alam et al., 2011). Fur-
thermore, special attention should be paid to the variabilities in
brainstem anatomy (brainstem orientation), the brainstem cut-
ting plane, and the use of different anatomical planes to illustrate
the data.

Perspectives

Regarding the involvement of primate MRF neurons during lo-
comotion (present data), voluntary movement (Matsumura et
al., 1997), and attentional process (Okada and Kobayashi, 2015),
further electrophysiological studies at a different level of the mo-
tor command and the RAS will provide clues in the comprehen-
sion of motor control.

Interestingly, in primates, convergent projections from corti-
cal areas (motor and premotor areas; Matsumura et al., 2000;
Aravamuthan et al., 2007) and BG, particularly the different parts
of the GPi and the SNr (Shink et al., 1997; Parent et al., 1999;
Rolland et al., 2011), reach the MRF, suggesting that a single
neuron potentially receives convergent inputs from the different
functional BG loops (Shink et al., 1997) known to regulate goal-
directed and automatic movements. Further studies will be
needed to investigate whether MRF could be seen as a converging
structure on the motor path, as has been hypothesized (Redgrave
et al., 2010). This area of convergence on the motor path would
also provide a modulatory control over the BG and brain states
through strong excitatory projections to the SNc and intralami-
nar thalamic nuclei (Steriade et al., 1988; Lavoie and Parent,
1994b, 1994a).

Further studies investigating the role of the MRF neurons in
locomotion, waking state, and transition from wakefulness to
sleep in behaving primate are still needed. Indeed, an active role
of the MRF neurons during locomotion and attentional process
have not yet been described, but are expected in fine to provide
new elements in the comprehension of the pathophysiology of
gait disorders in PD known to be triggered by specific environ-
mental context and cognitive state.

Finally, our study provides rational and anatomo—functional
information for surgical strategies based on DBS electrode im-
plantation in the MRF because a lack in the literature has been
described regarding the functional role of the PPN/MREF in the
locomotion and related disorders and its anatomical characteris-
tic (Alam et al., 2011). It also demonstrates that single-unit activ-
ities can be recorded and extracted at the supraspinal level in
behaving primate during locomotion, which might be of interest
in the perspective of locomotor rehabilitation research (Noga et
al., 2003; Bachmann et al., 2013).
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