
 
Page 1 of 17 

 

 

 

 

 
 
 
Deliverable number:  D1.1 
Deliverable Title:   Wireless neural recordings 
Type (Internal, Restricted, Public):  Report (internal) 
Authors:   Naubahar Agha, Attila Trunk, Alexander Gail 
Contributing Partners:  DPZ  
 
 
 
 

 

 

 
 
Project acronym:                Plan4Act 
Project Type:                        RIA 
Project Title:  Predictive Neural Information for Proactive Actions: From Monkey  Brain 

to Smart House Control 
 
Contract Number:               732266 
 
Starting Date:                       01-01-2017 
Ending Date:                         31-12-2020 
 
 
         Contractual Date of Delivery to the EC:   31-12-2017 
         Actual Date of Delivery to the EC:   31-12-2017 
         Update      21-06-2018 
  

Ref. Ares(2018)3289030 - 21/06/2018



 
Page 2 of 17 

 

Content 
1. EXECUTIVE SUMMARY 22. INTRODUCTION 23. WIRELESS RECORDINGS DURING A WALK-AND-REACH TASK IN 

THE REACH CAGE 54. CONCLUSIONS 15 

1. Executive summary 
This deliverable describes the proof-of-concept for wireless neural recordings in freely moving rhesus 
monkeys. We established and developed the hard- and software for registering behavioral and neural data 
while the animals participate in a controlled experiment. Animals can move freely within a Reach Cage, in 
which we trained them to perform spatially and temporally well-structured, goal-directed walk-and-reach 
movements upon visual instruction. At the same time, we conduct high-bandwidth recordings form a large 
number of chronically implanted intra-cortical floating microelectrode arrays in the parietal reach region 
(PRR), dorsal premotor cortex (PMd), and primary motor cortex (M1). As a result of the successfully 
completed first task, we provide high-dimensional neural datasets from an unrestrained animal while 
performing structured cognitive behavior. This data can be used by the project partners for constraining 
their computational models and designing the first controllers. The possibility of recording large-scale 
intracortical activity from freely moving rhesus monkeys during memory-guided, goal-directed walk-and-
reach movements in the Reach Cage1 is a unique experimental setting. We created with it an 
unprecedented opportunity to explore the neural basis of the spatial cognitive planning processes when 
rhesus monkeys move through an interactive environment. This is a first fundamental step towards 
proactive decoding in the Smart House situation. 

2. Introduction 

2.1 State-of-the-art 
Sensorimotor neuroscience with non-human primates aims at investigating how prospective motor goals 
are encoded in interconnected cortical sensorimotor areas. For forelimb movements, areas of particular 
interest are the parietal reach region (PRR), dorsal premotor cortex (PMd) and the arm region of the 
primary motor area (M1) (Andersen & Cui, 2009). These types of studies began from numerous important 
insights into neural correlates of visually guided reaching movements, for instance force encoding (Cheney 
& Fetz, 1980)  direction encoding (Georgopoulos, Schwartz, & Kettner, 1986), spatial reference frames of 
reach goal encoding (Batista et al., 1999; Buneo et al., 2002; Pesaran et al., 2006), context integration (Gail, 
2006; Westendorff, Klaes, & Gail, 2010), obstacle avoidance (Kaufman, Churchland, & Shenoy, 2013; 
Mulliken, Musallam, & Andersen, 2008), and decision making (Cisek, 2012; Klaes, Westendorff, Chakrabarti, 
& Gail, 2011). Because of the physical restraint, arm movements were restricted to the immediately 
reachable space and well-controlled planning and execution of goal-directed movements could not be 
investigated in monkeys in larger environments. For example, to date it was not possible to investigate 
naturalistic goal-directed movements that require the monkey to walk towards a target and thus to 
investigate how monkeys plan to acquire a reach goal beyond the immediately reachable space.  
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In conventional experiments, single unit activity is recorded either with chronically implanted multi-
electrode arrays or depth-adjustable single electrodes. Signals are processed by a head-mounted 
instrumentation amplifier (‘headstage’) and routed to a data acquisition system via cables. Such tethered 
connections make it impossible to record from freely moving primates, at least in the case of larger species 
such as macaques. A few studies showed that tethered recording of freely moving monkeys can be possible 
with smaller species such as squirrel monkeys (Ludvig, Tang, Gohil, & Botero, 2004) or marmosets 
(Nummela, Jovanovic, Mothe, & Miller, 2017). Using wireless recording technology in combination with 
chronically implanted arrays, recent studies achieved recordings of single unit activity in nonhuman 
primates investigating vocalization (Hage & Jurgens, 2006; Roy & Wang, 2012), simple uninstructed 
behavior (Gilja, Chestek, Nuyujukian, Foster, & Shenoy, 2010; Schwarz et al., 2014), locomotion (Foster et 
al., 2014; Yin et al., 2014), chair-seated translocation (Rajangam et al., 2016), and sleep (Yin et al., 2014). An 
experimental environment for monkeys performing well-structured, goal-directed sensorimotor tasks 
without physical restraint, while at the same time registering behavioral and neural data, is missing to date 
(see review Händel & Schölvinck, 2017).  

Typical neuroscientific studies with non-human primates are carried out with animals being seated in 
primate chairs, performing highly stereotyped and controlled behaviors. For example, often only one hand 
has access outside the chair to interact with experimental devices such as a manipulandum or a 
touchscreen (Klaes et al., 2011; Kuang et al., 2016). Limiting the range of possible movements in this way 
has the advantage that the neuronal underpinnings of arm movements can be correlated with the 
behaviour more easily. On the other hand, such experimental setups prevent studying more complex motor 
behaviour and the underlying neuronal correlates. Recent technological developments in wireless 
electrophysiological recordings provide opportunity to investigate the neural correlates of motor behaviour 
in larger unrestricted experimental settings with non-human primates (Fernandez-Leon et al., 2015; Yin et 
al., 2014; Capogrosso et al., 2016; Rajangam et al., 2016). Wireless, unconstrained neural monitoring allows 
neuroscience studies to progress into new arenas such as naturalistic open-world behaviour (foraging), 
movement (locomotion, effort, etc.), social interaction, sequence of actions which initiate and terminate at 
varying locations and combinations of any such behaviours. In Plan4Act we advance the development of 
experimental settings for unconstraint non-human primates (Calapai et al. 2017; Berger et al. 2017) in a 
way that the animals still perform well-controlled behavioural tasks and movement patterns. Having full 
body tracking to determine the exact behaviour the animal is performing would be extremely useful in this 
unconstraint setting to associate behaviour with neural activity. Unfortunately full body position tracking 
technology is not robust enough to incorporate efficiently into such studies; thus, it is imperative to 
observe and measure physical behaviour and temporally correlate it to the neural activity. These 
developments will serve as the basis for studying the neural representation of proactive behaviour and 
types of movement that are also relevant for patients in a smart house environment. We aim to understand 
motor goal encoding in sequences of actions to use underlying neural signals for proactive control of brain-
machine interfaces in a larger arena without physical movement constraints. Primary motor cortex (MI), 
dorsal premotor cortex (PMd) and the parietal reach region (PRR) in the posterior parietal cortex are well 
known to reflect movement choices and sustained movement planning activity as cognitive signals prior to 
action selection. As such these areas are well suited to extract preliminary movement intentions from the 
neural activity in these areas. In addition, the supplementary motor area (SMA) has been known to show 
selectivity for sequences of action, thus making it an additional prime target for studying encoding of action 
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sequences and hierarchical decision making (Tanji & Shima 1994; Tanji 2001). Recordings in M1, PMd, and 
PRR are compatible with our established recording techniques and implant technologies, and were 
conducted in the first group of animals in the current reporting period. In future, we also try to achieve 
recordings in SMA. This will require development of new implant approaches to fit all required elements of 
the implant system onto the skull. 

More specifically, an important goal of the project is to collect neural data from multiple areas of the brain 
in non-human primates while they are engaged in a behavioural task that requires them to conduct a 
sequence of individual actions in order to achieve their behavioural goal (e.g. receive a reward). The study 
entails presenting the animal with a decision tree. The animal begins at point A and then has to decide 
between multiple options (B1,B2,B3,B4). Once a choice has been made at stage B, the animal then has to 
decide between a second set of options for stage C (C1,C2,C3,C4). The sequence of actions will be needed to 
investigate the neural basis of proactive action planning in the next phase of the project (as shown in Figure 
1). The original proposal discussed alternate choice options (progressing from A -> B ->C and switching to A 
-> B -> D). As we want the multiple options available to be variable in nature, we decided to give them 
equivalent standing within a single stage, which is why we number the equivalent options within one stage 
(C1 vs C2) instead of progressing in letters (C vs D). This representation gives these choices within each step 
an equal value representation (in nomenclature). This will allow us to test and analyse the neural 
representation of the planning behaviour for two sequential movements, i.e.: can we determine decision 
(or intent to choose) the target at step C before the choice at step B has been executed? To use the now 
gainable knowledge towards the development of proactive Smart Home control, the nature of the required 
actions in the animal experiments should mimic the type of action needed in Smart Home environments.  
As a first goal, we utilized a walk and reach task in the primate environment as a model for approaching a 
set of switches (e.g. for switching lights or controlling shades) and selecting one of them in the smart home 
environment. 

A 
 
 
 
 
 
 
 
 
 
 
 

 

B 

 
Figure 1 A: Process flow representation of a multiple choice decision tree. B: Multiple choices overlaid on a schematic 
of the Reach Cage behavioural and neural recording environment. 
 

A 

Stage 
B 

B3 B2 

C3 C2 

Stage 
C 

B4 B1 

C4 C1 



 
Page 5 of 17 

3. Wireless and Behavioral recordings During a Walk-and-reach task in the 
Reach Cage 

3.1. Setup and training of two primates in a freely-moving, behaviour and neural recording 
environment (Reach Cage) 
Towards the goal of a large, freely moving environment for neural and behavioural recording, we 
developed a Reach Cage in which animals can be trained to obtain reward after conducting, first, a 
translocating walking movement towards an array of possible reach targets, to then, second, touch one of 
the four reach targets. The correct targets are instructed by illuminating the targets at an early time in each 
trial so that the animals can plan the movement before being asked to actually conduct the sequence of 
movements (See Figure 2). We have designed, built, and tested an instrumented cage environment for a 
freely-moving primate (Figure 3B). This Reach Cage environment consists of an experimental arena and a 
real time visuo-haptic interaction system [Macaque Cage Query Extension (MaCaQuE)] (Figure 3). The 
visuo-haptic interaction system consists of: a) multiple touch targets [MaCaQuE Cue and Target box (MCT)] 
distributed in three-dimensional space for the primate to interact with and b) the Teensy (PJRC, Sherwood, 
USA) microcontroller. The controlling software is programmed using Arduino-C. The microcontroller 
interfaces between MCTs and an external computer for real-time experimental control (Berger and Gail 
2018)1. It is also controlling the peristaltic reward pumps (OEM M025 DC, Verderflex, Castleford, UK). The 
semi-transparent front of the MCT can be backlit in computer-controlled precision with coloured RGB-LEDs 
for each target individually. The touch of an MCT by the animal is registered by a capacitive proximity 
sensor within each target. This precise, reliable, submillisecond processing speed of each touch and release 
action allows us to investigate exact timings of the animal’s behavior during the structured visually guided 
Walk-and-Reach task. Custom software, written in C++ running on a Mac Mini (Apple Inc., Cupertino, USA), 
controls the illumination of the MCT boxes, registers their touches, gives audio feedback (high-pitched tone 
and low-pitched tone for correct and incorrect behavior, respectively) to the animal whether the behavior 
was correct or not and controls fluid reward accordingly. 
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Figure 2. A: Sequence of steps involved within the experimental task. B: Example of motion tracking data in three 
dimensional space (shown from top down view) within the Reach Cage environment. Grey shapes represent the 
individual touch targets distributed throughout the environment. Colored lines indicate motion trajectories of the 
wrist of a non-human primate as it reaches from the start location to each of the 8 target positions. C: Arm movement 
timing and velocity recorded from the animal performing a reaching movement to each target. 
 

 

 
 

Figure 3. A: Blown apart view of the MaCaQuE Cue and Target box (MCT) showing illumination LEDs and proximity 
sensor. B: 3D-rendering of the Reach Cage (~2m x ~1m x ~1m) with the black cylinders representing the touch targets 
and the red lines illustrating the recorded wrist movements. C: Schematic of the MaCaQuE system including multiple 

MCTs as well as  the real time controller (Interface Unit) 
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The Reach Cage environment also uses Plexon CinePlex Tracking motion capture (Plexon, Dallas, USA) 
technology to track wrist and head position in three dimensional space while the animal moves its arm and 
reaches for the targets. The animal’s physical behaviour is recorded, time stamped and correlated with 
neural data which was recorded simultaneously through a wireless system (see below).  The commercially 
available motion capture system records high frame-rate video from four angles around the Reach Cage. 
The resolution for the video is 640 x 480 pixels at speeds of 60 frames per second in order to capture fast 
behavioral movements. In order to track arm movements during the recording session, we have dyed the 
fur on the animal’s wrist dark red, to provide good contrast and specific location information for the wrist 
as the animal reaches (Figure 4A). As a secondary reference point for the video tracking software we used 
the 3D printed enclosure that sits on the top of the animal's head protecting the wireless device (Figure 8). 
The color of that enclosure differs from the color of the dyed fur so that the video tracking software is able 
to isolate and identify the colored targets (wrist and head) among the background "noise". With this setup, 
we are able to track the animal's arm movement (Figure 2B and 4C) as well as the animal’s location within 
the experimental arena in three-dimensional space, over 60 times a second, during the recording session. 

 

 

 
Figure 4. A: Rhesus monkey conducting a trained visuomotor task in the Reach Cage. The animal is visually instructed 
by illumination of the reach targets. The touch of the targets is registered by proximity sensors. B: The animal’s hand 
trajectories can be obtained in real-time from video-based motion tracking of the animal’s wrist. The wrist is stained 

with red hair dye for this purpose. C: 3D-rendering of the Reach Cage (2m x 1m x 1m) with the black cylinders 
representing the touch targets and the red lines illustrating the recorded wrist movements. 

 

3.2 Testing and Benchmarking of the Reach Cage 
Our Reach Cage environment was tested by observing the recorded time periods between samples of 
behavioral data as well as observing timing pulses from the video recording data which are all synchronized 
to the recorded neural data. Our MaCaQuE system utilizes a Teensy 3.2 Microcontroller powered custom 
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printed circuit board which polls each MCT proximity sensor to record behaviour, the video recording 
system works at 60 Hz (or frames per second), while the neural recording system records events at 30 kHz. 
These varying clock speeds create a challenge in synchronization of multiple data sources. Our collected 
data across the varying sources is checked and compared with each other to observe time delays or drifts in 
synchronization and data sampling. We addressed the issue of synchronization by sending a "start 
recording" synchronization TTL pulse from the Cineplex video system which then proceeds to send pulses 
every 15 frames (4 pulses a second for 60 fps recording). At the same time, we send behavioural events 
themselves as synchronisation pulses as they are time stamped and ID'd by each specific behaviour and 
when it occurred directly into the neural recording system. This allows us to build the macaque system as a 
flexible platform whereby we can incorporate any number of behavioural sensors (in the future) which 
would then also be synchronised and ID'd by the system and provided with the neural data at time of 
recording. This allows robust record keeping of timing between the varying systems (behavioural, video 
position tracking, neural recording) within the MaCaQuE system. We monitor and observe delays on the 
order of microseconds between synchronization of the varying clocks which is similar to commercially 
available behavioral and neural recording synchronized systems (Plexon: 25 µs2, Blackrock: 3 µs3).  

 To test the robustness and primate-readiness, we trained two rhesus monkeys to conduct task in the fully 
constructed Reach Cage environment. If the animal was able to remove or access something which it 
should not (such as cabling, or reward delivery piping) then it was reinforced, redesigned and retested. The 
capabilities of the wireless system (TBSI Recording system4) was verified by signal transmission quality 
defined as the receiver box being able to obtain wireless digital signals (loss of lock), the quality of digital 
signals collected within the file (consistent noise floor), and the amount of variation within the signal across 
time (RMS). In order to test whether we can simply receive signal from the transmitter to the receiver, the 
initial test was positioning two antennas above the cage and mounting the wireless headstage on to the 
animal. The animal was then allowed to freely roam within the cage and the robustness of the wireless link 
was determined by observing the loss of lock signal during the recording period. The transmission distance 
of the TBSI wireless headstage is defined as up to 4 meters.4 Even though the Reach Cage environment is 
approximately 2 meters (in length), there is a lot of metal in the walls and structural support which deflects 
radio frequency signals. This allows the possibility of losing signal as the animal walks around the cage and 
passes by different metal structures in the environment. Verification for transmission distance was done by 
observing the loss of lock signal as the transmitter was positioned around the cage in various locations. 
After this test proved that the receiver was able to obtain signals from the transmitter throughout all 
locations, the transmitter was then attached to the head of the primate and it was allowed to freely roam 
within the environment as the loss of lock signal was observed. The loss of lock signal is a digital channel 
that is defined as high when an entire packet of information (all 32 channels) is received from the receiver 
side. This channel is pulled low if there is any interference or loss of signal between the transmitter and the 
receiver during a single packet transmission. Figure 5 shows an example of the loss of lock channel between 
a good (low noise) recording (Figure 5A) vs a poor recording day (Figure 5B). This signal was also used to 
verify whether the recording from a single trial was viable and the data valid and consistent enough to use 
for analysis. We defined a good trial by over 98% of the loss of lock signal remaining high. This guaranteed a 
high calibre data set with low interference and consistent signal during experimental trials. 
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Figure 5. A: Loss of lock signal example: transmission between wireless transmitter of neural signals to the 
receiver during an experimental trial. High signal status signifies the receiver was able to receive the entire 
packet of channels sent from the transmitter, low status signifies interference between the transmitter and the 
receiver. B. An experimental trial recording with many transmission interference artefacts causing inconsistent 
signal transmission. 
 

The signal quality of the recorded neural signals is observed during each recording session to determine 
whether the transmitted data is valid. This signal quality is categorized by the status of the noise level 
within the entire recording session. The Root Mean Square of the recorded data is observed over time (bin 
size of 10 seconds) to determine the general quality and variability of the source signal within each channel. 
Peaks of 20 or 30 µVs above the average usually signify loss of transmission or other artefacts which can 
make the channel (or the data from that time) invalid. Figure 6 shows two example RMS plots which show a 
channel with good data transmission over the course of an hour (Figure 6A) and a channel with a lot of 
artefacts (Figure 6B). Only channels with a consistent RMS (like Figure 6A) are used, others (like Figure 6B) 
are not considered for analysis. 

 
Figure 6 A: Top plot showing RMS values remaining stable over the course of an hour long recording. B: Bottom plot 
shows RMS values fluctuating as artefacts are introduced into the recording(potentially due to loss of recorded signal, 
or animal motion). 
 
Observing the RMS also has the added benefit of demonstrating the noise floor of the recorded data. The 
noise floor is defined as the basic level of the recorded signal without any “desired” or neural activity signal. 
If the noise floor is too high, it can signify problems with the electrical pathway, or even drown out the 
main signal source (neural spikes). Figure 6 shows the normal noise floor (~100 µV) in a given recording. If 
the noise floor deviates from this, it is usually significant (on the order of 100s of µVs) and is easy to 
observe (and then the recorded data is not used for analysis). 
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Video playback frame-by-frame allows us to verify the timing of the recorded behavioural activity with the 
timing of the positional tracking. Occasionally, all these various recording methods are checked visually to 
see if they align temporally and the synchronization is valid. The recorded neural data is then checked 
utilizing the methods outlined above to verify if the neural data is also valid. This gives us the confidence of 
knowing our data is valid and aligned and able to be used for drawing neurological conclusions. 

 
Figure 7. Process flow of forming a custom fit implantable chamber for a non-human primate. The process begins 
by taking CT/MRI scans of the animal for its brain and skull dimensions and shape. These are fed into software 
packages such as 3DSlicer in order to combine all of the scan images into a digital mesh of the biological part. The 
skull images are then extracted and turned into a 3D reconstructed model of the skull. The dimensions are used to 
design the chamber for housing the implantable devices and connectors. This chamber is then fitted on top of the 
skull and the intersecting components are Boolean subtracted by using Rhino software. The finished model is a 
perfectly skull-fit 3D model of the chamber. Initially, this model is 3D printed by a local, desktop, thermoplastic 
extrusion 3D printer for reference. Once the design looks workable, it is sent to a company to be milled out of 
biocompatible PEEK material and sterilized for implantation. 
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3.2. Development of implant system for wireless recordings 
We successfully designed and constructed a multi-component implant system to contain the FMA 
connectors (Omnetics, Commerce Cir E, USA) and for protecting the wireless head-stages against dirt and 
mechanical impact in the freely moving animal (Figure 8). The housing construct (“chamber”) was designed 
in 3D and custom-fit to the shape of the skull of each individual animal based on anatomical CT scans. The 
original version of the chamber was designed by 3D CAD modelling software Autodesk Fusion 360 
(Autodesk, San Rafael, USA). This process involved designing and constructing shapes that would need to 
be small enough to fit on top of the animal’s skull, while also being large enough to hold the connectors 
attached to the intracortical arrays. This designed chamber was fit on top of the digitals can of the skull in 
order to make sure it fit within the correct shape and size of the skull. This digital skull was recreated by 
combining and interpolating through a CT scan and forming a digital mesh file with the shape of the animals 
skull. The skull was then used as a cutting tool into the chamber so that the bottom of the chamber 
matches the exact contour of the biological tissue. This would allow the chamber to fit perfectly on to the 
skull of the animal and avoid any loose fitting or potentially hazardous implants. Figure 7 shows the process 
flow and the design of the chamber with attachment screw holes on the side. Once the design is finalized 
and verified, the chamber is sent to a milling company in order to be physically crafted. The finished 
chamber consists of biocompatible Teka-PEEK material and was produced with a 5-axis milling machine.  
Adaptor and connector mounts were 3D-designed and -printed to hold the printed circuit board (PCB) of 
the wireless head-stage and the Omnetics connectors of the electrode implants, respectively. Two different 
sized protective caps allowed the use of the 32-channel and the 128-channel head-stages in the freely 
moving animals in the Reach Cage.  

 

Figure 8. Novel wireless implant system. 1. Custom-fit, bio-compatible housing construct; 2. Adapter mount; 
3. Connector mount; 4. Pre-implanted titanium head fixation implant; 5. 32-channel wireless head-stage (TBSI); 6. 128-
channel wireless head-stage (TBSI); 7. Flat cap for empty chamber; 8. 3D-printed protective enclosure for 32-channel 

head-stage; 9. Enclosure for 128-channel head-stage. 
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3.3. High-dimensional neural datasets collected from two freely-moving animals during a 
sequential behavioural task (walk and reach)  

We successfully implanted two animals with 6 floating-microwire arrays (FMA; Microprobe, Gaithersburg, 
USA), 32 channels each, in 3 different brain areas (parietal reach region PRR, dorsal premotor cortex PMd, 
and the hand/arm region of primary motor cortex M1) during the reporting period (Figure 10). For both, 
Monkey L and K, all arrays were implanted on the right hemisphere and proved to be functional. Our 
custom designed implant system allows us to use 32-channel headstage (Triangle Biosystem International 
TBSI, Durham, USA) for wireless neural recordings. The 32-channel wireless headstage is mounted on the 
animal's head and streams multiplexed, broad-band (suited for simultaneous extraction of local field 
potentials and single-unit isolation of neural spiking activity) analogue data wirelessly for over 4 hours per 
battery charge. Beside the wireless headstage, the current recording set-up also involves two wireless 
receiver antennas mounted on the Reach Cage. One is located the start buttons and the other one is 
located above the far targets. The antennas are oriented appropriately, we do not experience signal loss 
and can record broadband signals throughout the recording session.  

This example signal trace shows a stable signal during the analysed stages (go cue, button release, target 
acquisition) of a certain trial for the recording session (Figure 9). The signal quality is high and the high 
bandwidth of the wireless transmission allows real-time as well as offline filtering of the neurophysiological 
signal to simultaneously extract both, local field potentials and well-isolated spiking activity from multiple 
individual neurons. All arrays yield neural signals with patterns of activity that are clearly linked to the 
walking and reaching behaviour of the animal. If present, artefacts or signal loss resulted in strong signal 
modulation or high voltage peaks clearly exceeding neuronal signals and easily detectable by eye during the 
recording. In addition to subjective measures, in order to objectively analyse any signal loss during the 
recording session TBSI built in signal lock is also recorded with the neural data. This output shows either 
low or high voltage dependent whether the system experiences signal loss or not, respectively. Although 
the signal quality is stable we experience artefacts when the animal moves its head very close to metal, 
particularly when drinking from the reward bowl mounted on metal bars of the frame for the experimental 
arena. However, in terms of neural data analysis, these time intervals are out of interest. 

The total of 192 implanted electrodes across the sensorimotor cortex allows us to collect high-dimensional 
neural data sets during well-structured behaviour in freely moving animals. Current recordings yield 32-
channel data subsequently from each of the six FMAs (1 per session) of each animal during a walk-and-
reach task. 
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Figure 9. Individual raw signal traces from four electrodes. Each trace shows few seconds duration during the walk-
and-reach movement. The signals contain both, local field potentials and spiking activity. 

In the Reach Cage two animals are trained to perform a visually instructed goal-directed reach behaviour 
task in the Reach Cage. More specifically they perform a simple sequence of actions: hold start button (A) -
> walk to touch targets (B) -> touch one of the indicated targets (C) (see Figure 1B). In order to initiate the 
certain trial the animal has to touch and hold [for 400 ms – 800 ms (fixation hold)] two starting buttons that 
are placed on the floor pointing upwards (start buttons). No further physical constraint on its posture is 
applied. After initiating a trial one of the eight targets turns on indicating the target the animal has to touch 
to achieve the desired reward. The animal still needs to remain its hand on the start buttons for 1000 ms – 
2200 ms. At the onset of the go cue the animal is allowed start its movement toward the target. The touch 
targets are arranged in two rows and are mounted on the ceiling pointing to the starting position (Figure 
1B). The near row of four targets is placed approx. 10 cm from the start buttons. Thus these targets are 
placed within reach. The far row of four targets is placed to the back of the cage at a distance of approx. 
100 cm from the starting buttons. In order to reach one of the far targets the animal has to walk toward it. 
One MCT is placed outside the cage and serves as go signal for the animal. The reward system consists of 
two peristaltic reward pumps, two spoon-sized metal bowls. These metal bowls are placed symmetrically 
on the cage side walls approx. 50 cm from the starting buttons. Immediately after the certain trial was 
accomplished liquid reward is delivered to one of the two bowls. In order to eliminate any spatial bias 
toward the left or right reward bowl, the side of delivery for the reward is randomized. After training for 
over a year on the task outlined within the Reach Cage, both animals currently perform more than 100 
trials a day and have achieved up to a maximum of 90% success rate with one and 65% with the other. We 
are able to isolate and identify incorrect trials by the animal choosing the wrong target versus the animal 
not actually performing the trial after it has begun. This allows us more precise error-checking methodology 
by determining that the animal understands the task vs the animal just doesn’t want to perform the task. 
Once we get a good number of trials for the animal performing the task at each target, we are able to 
compile the data and observe its validity (as outlined in the previous section).  

The large amount of data collected from the wireless recording system is maintained by the Cerebus neural 
recording platform (Blackrock Microsystems, Utah). This platform inherently supports recording from over 
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128 channels at 30kHz sampling rate. This large data volume is then saved to a local file server which 
houses recordings across all sessions. This data set is then accessible by MATLAB scripts specifically written 
to parse through and extract neural event data from the raw brain recording data. This is a condensed 
version of neural recording data which only contains timestamps of neural event data synchronized with 
the behavioural data (which are also timestamps of behavioural activity). These are synchronized with 
three dimensional tracking data (which are X,Y,Z coordinates). All of this data is stored within a single file 
structure for easy and fast analysis. The analysis of this data is done by custom written MATLAB scripts that 
work on the condensed version of the data. 

 
Figure 10. Extracellular single-unit recordings while a monkey performs a delayed walk-and-reach task in the Reach 
Cage. A: Example cells modulated to the task. Top plots are a raster plot, for which each spike is shown as one line, on 
top of the corresponding per target averaged spike densities. Time axes are aligned cue onset and go cue (cell A and B) 
or start button release and target acquisition (cell D). Shaded area represents the 95% bootstrap confidence interval. 
B: Raster plots of 15 units per area during trials towards the near mid left target (top) and the far mid left target 
(bottom). Time axis is aligned to start button release (dashed line). For each unit 31 - 49 trial repetitions are shown. 
Array placement is indicated on a brain sketch (left). 
 

We have performed basic proof-of-concept analyses on the data collected from individual neurons (see 
Figures. 9, 10 and 11 for examples), as well as neuronal populations. We are able to analyse neural 
response patterns from a large number of neurons precisely aligned with the co-registered behaviour of 
the animal to investigate cognitive processes during planning and control of sequential walk-and-reach 
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movements. Figure 11 shows the activity for an example cell. The activity of that cell is clearly modulated 
by certain task events as spiking as well as low-frequency components of the activity changes after cue on, 
go cue, move start and move end. More specifically, the example in Figure 11 shows a neuron which was 
modulated in its response as soon as the monkey was instructed about the target of the movement (“cue-
on”) that the animal should make later in the trial after a random instructed delay period (“go-cue”). The 
neuron fired more strongly for planned far-away reach targets (blue) than near (orange) targets while the 
monkey was planning to make such this movement.  The planning activity was further modulated by the 
individual horizontal target positions (four traces for each target group). When the animal used its arm for 
walking, the neuron was inactive, but not during reaching towards the near targets. The variety of response 
patterns across the neurons collected from the different brain areas is very large and prohibits early 
conclusions and a comprehensive review in the context of this report. Extracting the information from 
these response patterns which allow proactive decoding of intended sequential actions, is a main task for 
the next reporting period.   

 

  

Figure 11. Example of a single unit (neuron) recorded from brain area PMd from Monkey K showing average neural 
responses when reaching towards targets near to the animal (orange) and far from the monkey (requiring a walk 
movement before the reach; blue). Vertical dashed lines mark events during the task to which the neural data is 

aligned in each column. 

4. Conclusions 
The project goals of task 1.1 (Wireless neural recordings) were successfully accomplished in the current 
reporting period as planned. The newly developed approach and system for wireless recordings turned out 
to be highly useful and marks a major advance towards the overall goals of the project. Several large 
behavioural and neural data sets are available for further detailed analyses of the neural underpinnings of 
sequential motor behaviour, including the possibility for testing for neural signatures of proactive motor 
planning. The data sets have been shared with project partners to perform other tasks in parallel. These 
data sets serve as important and sufficient resource for the planned tasks in the other work packages while 
we prepare for collection of neural data during more advanced sequential action tasks in WP1. 
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Footnotes 

1. By the time of the revision of Deliverable 1.1 a detailed description of the Reach Cage was made available as OpenAccess 
resource in the BioRxiv repository (Berger and Gail 2018) 

2. Plexon technical specifications: https://plexon.com/products/cineplex-behavioral-research-system-2/#cineplex-technical-
specs 

3. Blackrock technical specifications: http://blackrockmicro.com/neuroscience-research-products/neural-data-acquisition-
systems/cerebus-daq-system/ 

4. TBSI Wireless Recording system: https://www.trianglebiosystems.com/w-series-systems.html 

 

https://plexon.com/products/cineplex-behavioral-research-system-2/#cineplex-technical-specs
https://plexon.com/products/cineplex-behavioral-research-system-2/#cineplex-technical-specs
http://blackrockmicro.com/neuroscience-research-products/neural-data-acquisition-systems/cerebus-daq-system/
http://blackrockmicro.com/neuroscience-research-products/neural-data-acquisition-systems/cerebus-daq-system/
https://www.trianglebiosystems.com/w-series-systems.html

	1. Executive summary
	2. Introduction
	2.1 State-of-the-art

	3. Wireless and Behavioral recordings During a Walk-and-reach task in the Reach Cage
	3.1. Setup and training of two primates in a freely-moving, behaviour and neural recording environment (Reach Cage)
	3.2 Testing and Benchmarking of the Reach Cage
	3.2. Development of implant system for wireless recordings

	Figure 5. A: Loss of lock signal example: transmission between wireless transmitter of neural signals to the receiver during an experimental trial. High signal status signifies the receiver was able to receive the entire packet of channels sent from the transmitter, low status signifies interference between the transmitter and the receiver. B. An experimental trial recording with many transmission interference artefacts causing inconsistent signal transmission.
	4. Conclusions
	References

