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Abstract

Objective—Studying the brain in large animal models in a restrained laboratory rig severely
limits our capacity to examine brain circuits in experimental and clinical applications.

Approach—To overcome these limitations, we developed a high-fidelity 96-channel wireless
system to record extracellular spikes and local field potentials from neocortex. A removable,
external case of the wireless device is attached to a titanium pedestal placed in the animal skull.
Broadband neural signals are amplified, multiplexed, and continuously transmitted as TCP/IP data
at a sustained rate of 24 Mbps. A Xilinx Spartan 6 FPGA assembles the digital signals into serial
data frames for transmission at 20 kHz though an 802.11n wireless data link on a frequency shift
key modulated signal at 5.7-5.8 GHz to a receiver up to 10 m away. The system is powered by two
CR123A, 3-V batteries for 2 hours of operation.

Main results—We implanted a multi-electrode array in visual area V4 of one anesthetized
monkey (Macaca fascicularis) and in the dorsolateral prefrontal cortex (dIPFC) of a freely moving
monkey (Macaca mulatta). The implanted recording arrays were electrically stable and delivered
broadband neural data over a year of testing. For the first time, we compared dIPFC neuronal
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responses to the same set of stimuli (food reward) in restrained and freely moving conditions.
Although we did not find differences in neuronal responses as a function of reward type in the

restrained

and unrestrained conditions, there were significant differences in correlated activity.

This demonstrates that measuring neural responses in freely-moving animals can capture
phenomena that are absent in the traditional head-fixed paradigm.

Significance—We implemented a wireless neural interface for multi-electrode recordings in
freely moving non-human primates which can potentially move systems neuroscience to a new
direction by allowing to record neural signals while animals interact with their environment.

Keywords

freely-moving monkey; wireless; cortex; electrophysiology

INTRODUCTION

The neural underpinnings of complex behavior have been typically investigated in non-
human primate models, which offer several key evolutionary advantages over other
mammalian species. However, these investigations are currently performed in the laboratory
environment under artificial conditions in which animals are totally or partially restrained
and tethered to a recording system via a cable that carries electrical signals from electrodes
inserted in the brain (e.g., Dragoi et al., 2002, Gutnisky and Dragoi, 2008, Jog et al., 2002,
Felsen and Dan, 2005, Lewen et al., 2001). While tremendous advancements in neuroscience
have been achieved by using recording devices transmitting data via constraining cabled
electronics, it remains unclear whether phenomena observed in laboratory conditions, such
as changes in neuronal responses during adaptation, learning, or decision making can be
replicated when animals behave in their natural environment. Indeed, the responses of
individual neurons in many brain areas are sometimes different in natural environments
compared to when they are measured in laboratory conditions. For instance, the responses of
neurons in many visual cortical areas are sparser (less dense) and more reliable when natural
scenes or movies are presented than when artificial stimuli are being used (Vinje and
Gallant, 2000, Froudarakis et al., 2014). These difficulties can be overcome by using a high
fidelity wireless technology capable of transmitting broadband signals from large
populations of neurons while animals are unrestrained (Borton et al., 2013, Schwarz et al.,
2014, Szuts et al., 2011, Wilson et al., 2003, Yin et al., 2013, Yin et al., 2014).

Several wireless recording systems have been developed for a variety of freely moving
animal models such as rodents (Rizk et al., 2007, Szuts et al., 2011, Lee et al., 2013), sheep
(Rizk et al., 2009), and non-human primate (Borton et al., 2013, Miranda et al., 2010, Ryou
and Wilson, 2004, Schwarz et al., 2014, Foster et al., 2014, Foster et al., 2012, Chestek et al.,
2011, Chestek et al., 2009) using commercial off the shelf electronics. However, there are
still limitations in the development of the wireless technology in terms of trade-offs between
power consumption, performance in data transmission, quality of signals, and device size.
For instance, despite their low cost, these early systems have a high power consumption,
which makes it difficult to run freely behaving experiments for extended periods of time.
Comparing implantable systems to external systems, additional limitations include the
number of channels that can be placed in multi-electrode array (MEA) devices and the
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capacity of transmitting high quality, multiunit signals (Greenwald et al., 2011, Yin et al.,
2013, Yin et al., 2014). In particular, one of the main challenges of previous wireless
systems has been the development of a cost efficient and reusable wireless transmitting
device that sends large amounts of neural signals across time in unconstrained, mobile
animals (Schwarz et al., 2014, Borton et al., 2013). Whereas our recording system (based on
the Atheros 802.11n chipset running custom firmware) does not offer solutions to all of the
limitations of the previous wireless systems, it does represent a tradeoff between
consumption power and size of wireless transmitter while improving the signal transmission
distance.

Here we report the development of a compact 96-channel neural interface wireless system
that meets the requirements to ensure the recording of extracellular spikes and local field
potentials (LFPs) from cortical areas in freely-moving non-human primates. Our system
allows the wireless transmission of neural signals over longer distances by increasing the
power of the wireless transmitter, and using a Multiple-Input Multiple-Output (MIMO)
configuration and omnidirectional antennas that are more conducive to common animal
environments than other reported systems (further discussed in the next section). We
demonstrate the performance of our wireless technology for brain research by acquiring
broadband neural recordings from nonhuman primates in visual area V4 and dorsolateral
prefrontal cortex (dIPFC). The broadband transmitter was attached to a skull-mounted
titanium pedestal that connects to a microelectrode Utah array (Blackrock Microsystems,
LLC). The wireless transmitter incorporates several low power custom integrated circuits
and includes the benefits of the 802.11n IEEE wireless data link, rather than the existing
radio topologies currently used for wireless neural recordings. The acquisition of neural
signals was possible through implanted conventional microelectrode Utah arrays implanted
in visual cortex and dIPFC — our analyses indicated that the wireless system performs
similarly to the corresponding 96-channel wired recording configuration. To illustrate the
capacity of our broadband wireless system for unrestrained animal experimentation, we
recorded brain signals from dIPFC in macaque monkey, an area that shows decision related
activity in complex tasks (Passingham and Wise, 2012). The flexibility of the wireless
system for acquiring broadband neural recordings from unrestrained non-human primates
recommend our neuro-technology as a new tool that can potentially transform neuroscience
by allowing neuronal recordings in experimental naturalistic conditions.

Configuration of a high fidelity signal transmission wireless telemetry

The wireless transmission system consists of three major components (Fig. 1): (/) a multi-
electrode array (MEA) connected (Fig. LA-middle and B) to a (/) skull-mounted pedestal
(Fig. 1A-left); (/ij) a removable, wireless CerePlex radio transmitter (Fig. 1A-right and C)
that attaches to the pedestal and transmits neural signals to a radio receiver connected to a
conventional multichannel recording system. The other end of the wireless data link consists
of the CerePlex radio receiver that processes the data stream and transfers the data using the
fiber optic data link format used by the Cerebus Neural Signal Processor (Blackrock
Microsystems, LLC).
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The MEA consists of a Utah Array assembly (Fig. 1B; Platinum: ~0.4 MQ @ 1 kHz;
insulation: Parylene-C; electrode lengths 1.5 mm; electrode pitch 400 um) implanted in the
brain enabling 96-channel recording of extracellular spikes and local field potentials (see
Methods and surgical procedures; Supplemental Figure S.1). The skull-mounted transmitter
pedestal (Fig. 1A-left) is connected to the MEA via a wire bundle (25 um Pt/Au lead wires
between electrode array and connector; wire bundle length: 20-130 mm length potted with
medical-grade silicone elastomer), and it has two stainless steel ground wires. The wireless
transmission system that includes the transmitter pedestal was implemented to be carried by
a monkey (Fig. 1C). Fig. 1D shows system schematics of the receiving and processing
devices.

A challenge for recording neural signals wirelessly during animal movement is to maintain a
reliable and high throughput data link with low energy consumption. The transmitter that we
implemented (Fig. 1A-right) consists of several low power, custom integrated circuits that
digitize the neural signal at 20 kHz and transmit it over an 802.11n wireless data link. Two
3V batteries (battery size CR123A) power the transmitter (detailed technical descriptions of
the transmitter are provided in Supplemental Table T.1). The external case of the wireless
device and its attached fan are used for heat dissipation. There are insulating layers between
the wireless radio and the digitizing head stage that interfaces with the pedestal. This was
done to keep the pedestal out of thermal contact with the radio. Internal testing was
performed to ensure that the pedestal would not heat up and cause damage to the animal.

The use of the 802.11n wireless protocol for data transmission provides several advantages
over existing radio topologies in the neural recording space. First, the radio wireless
transmitter sends multiple data streams simultaneously in a dual antenna through 2x2
MIMO configuration. This allows for faster data transfer (a theoretical maximum transfer
rate of 270 Mbps) with better signal integrity in obscured environments that could cause
multipath problems. Increasing the data rate to 270 Mbps does not change the power
consumption. The reduced data rate (relative to the theoretical maximum) used for the
experiments discussed in this paper was chosen to match the electrode configuration and
data recording system. Second, the transmission range of our wireless system is about one
order of magnitude greater than that of the other existing systems (Supplemental Table T.2).
Thereby these features enable robust post-hoc analysis of the acquired data. Although not
implemented in this version, data encryption (WPA2 and AES) is easily implemented with
the 802.11n transmitter ensuring security of the neural transmitted data. This technology
represents a significant increase in the maximum net data rate from 54 Mb/s (802.119) to
150 Mb/s with a channel width of 40 MHz, 802.11n standardized support for multiple-input
multiple-output, frame aggregation, and security improvements, among other features. The
system can be used either in the 2.4 GHz or 5 GHz frequency bands (IEEE, 2009). In
particular, real world bit error rates (BER) in standard lab settings vary greatly due to
multipath issues. A comparison of theoretical BER vs signal-noise-ratio across the different
varieties of 802.11 (a/b/g/n) radios can be found in Khanduri and Rattan (2013).

A detailed block diagram of the transmitter CerePlex digital wireless system is shown in Fig.
1E. Electrode signals from 96 electrode channels are fed into a custom-designed, amplifier
application-specific integrated circuit (ASIC). The ASIC band pass filters each electrode
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signal from 0.03 to 7.5 kHz, and then multiplexes the 96 channels from three banks of 32
channels into 3 single channels at 960 kSps. Each channel is converted to a 12-bit digital
signal using off the shelf ADC chips (AD7984BRMZ). A Xilinx Spartan 6 FPGA then
assembles the digital signals into serial data frames. Each frame includes a sync sequence,
status flags, serial data, and packet footer. The serialized data frames are collected by an
ARM processor (TI OMAP3503) running a real-time Linux kernel and then passed as
TCP/IP data to an Atheros 802.11n chipset running custom firmware. The system described
here uses commercially available electronics as opposed to the custom ASIC used in other
comparable wireless systems (e.g., (Yin et al., 2014, Borton et al., 2013).

Because of electromagnetic interference, wireless telemetry systems must be designed to
avoid signal loss and be designed for high fidelity signal transmission in open, more
complex environments. These desired features of a wireless system were the main
motivations for the design of our wireless system as explained below. The described
circuitry guarantees continuous transmission of TCP/IP data at a sustained rate of 24 Mbps.
The Atheros chipset uses a dual band Wi-Fi chip antenna (Johnson Technology
2450AD46A5400E) to transmit the data. The receiver system uses standard 2400 MHz
omnidirectional Wi-Fi antennas to receive the transmitted signals. The radio frequency (RF)
receiver transmission range (radio power 15 dBn) can be extended from 32 ft by in-line
positioning of additional antennae in 6.5 ft increments. The electronic operating
environment of the system ranges from 10° to 40°C, 5 to 95% relative humidity (non-
condensing) with a sampling frequency of 20 kHz. The receiver uses the exact same
topology found in the transmitter (Atheros chipset, ARM processor, and FPGA) to remove
the TCP/IP wrapper from the data, and then converts the data into a format compatible with
the Cerebus Digital Hub for fiber optic transmission to the Cerebus Neural Signal Processor.
In brief, the proposed wireless configuration has the potential to achieve spatial coverage
within spatially complex environments with high fidelity signal transmission.

Wireless transmissions are comparable to wired recordings

We assessed the performance of our wireless transmission system by transmitting a well-
defined signal generated by the Blackrock Neural Signal Simulator and comparing it to that
recorded by our system after receiving it wirelessly. The simulator generates identical
signals consisting of both spikes and LFP in all of its 96 channels. Fig. 2A shows the
transmitted and received spike trains from an example channel consisting of a burst of 99
spikes with 3 different waveform shapes lasting 1 second, resulting in a firing rate of 99
spikes/second during the burst period. The LFP generated by the simulator is a linear
combination of 1, 3, 9, and 20 Hz sine waves and was found to remain almost identical after
being transmitted and received by the wireless system (Fig. 2B). We compared the
transmitted and received signals and observed almost identical signals (Fig. 2A-B), which
highlights the fidelity and uninterrupted collection of broadband neural data. The signal
generated by the simulator (i.e. the transmitted signal) was estimated by measuring it with
the wired recording setup.

To verify the quality of the spike waveforms recorded with our wireless system, we recorded
the simulated signal using both wired and wireless setups and performed cluster analysis of
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spike waveforms (w/f 1600 psec; pre-threshold 300 psec; A/D Freq. 30 MHz). In particular,
the difference between the classified waveforms was small comparing both clusters (i.e.,
wired and wirelessly transmitted waveforms), reporting an average difference of 1.47 %
waveforms per cluster (Fig. 2C). The waveform shapes and resulting principal component
clusters from the wired and wireless recordings were also almost identical to each other
(difference in waveform amplitude between the two methods range +5 pV) (Fig. 2D). To
compare the signal quality, we applied a well-established spike sorting technique indicating
that this similarity is also evident when comparing the main eigenvalues of the principal
component analysis (PCA, Fig. 2E) used for clustering the wired signal and wirelessly
received waveforms. Next, we examined the fidelity of our wireless system as a function of
distance. By using a omnidirectional antenna in the receiver and maintaining a line of sight
between the wireless transmitter and the receiver, the transmission quality remained very
high (~98% of detected waveforms) over a 10 m distance (Fig. 2F), beyond which the signal
started to slowly degrade.

Since the low amplitude analog signals are digitized prior to transmission, no interference
issues from external radio frequency sources were detected during tests. Using standard
methods, we calculated the random noise in the system by comparing the received raw
signal from an individual channel to the average of the 96 nominally identical output
channels of the neural signal generator. Similarly, the systematic noise was determined by
comparing the average of 96 received signals to the average of 96 output channels of the
neural signal generator. The random noise and systematic noise were found to be 2.89

UV ms. (rm.s.: root-mean-squared) and 2.65 PV, . respectively. When added in quadrature
(square root of the sum of the squares) the resultant total noise due to the system was 3.93
UV, ms., Which is well below the biological noise inherent in extra-cellular recording(Lopez
et al., 2012) (a detailed description of the performance of our wireless system is shown in
Supplemental Table T.2; our system had an overall lower noise level (UV;n.s) When
compared to other systems (see Borton et al., 2013 for comparisons).

Wireless recordings in anesthetized, restrained, and freely-moving conditions

We first tested the quality of the LFP signals acquired using our wireless system by
recording LFP responses of visual cortical (area VV4) neurons of one anesthetized monkey
using drifting oriented gratings (see Methods), and compared the wireless and wired
recordings (Fig. 3A). Broadband (1-250 Hz) LFP signals (Fig. 3B) were recorded from 96
channels while moving luminance-contrast grating (6 orientations x 2 directions) stimuli
were presented for 200 ms with 50 repetitions in pseudorandom order. By computing the
complex Morlet wavelet transform of the LFP signal, we found strong responses to visual
stimuli in both low and high frequency bands (Fig. 3C). By examining the mean stimulus-
evoked gamma power for each of the 12 stimuli, we found a strong preference for the
orientation and direction of the stimuli (Fig. 3D). The quality of the LFP signals and the
responses to stimuli obtained by recording with our wireless system was found to be as good
as that of the wired system.

We next tested the suitability of our wireless recording system for freely moving non-human
primates. We recorded single units and LFPs from 96 electrodes chronically implanted in
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dorsolateral prefrontal cortex (dIPFC) in one animal using the wired (Fig. 4A-left) and
wireless (Fig. 4A-right) recording techniques (using the same skull-mounted pedestal).
Single units were extracted and sorted from the 96-channel uninterrupted raw data (Fig. 4B
for both conditions). Across all the recording sessions, we identified single and multi-unit
spiking activity (using principal component analysis) from 35.4% (34 out of 96) of the
channels (an example is shown in Fig. 4C). For restrained and freely moving conditions, Fig.
4D shows examples of raster plots representing stable single unit activity from 16 electrodes
for a period of 5 s — waveforms were found to be very similar for both restrained and
unrestrained recording conditions (Fig. 4E). This indicates that our wireless recording
system yields single unit data that is comparable to the direct, wired recording system.

To assess the stability of our chronic recordings, we analyzed spike waveforms from
electrodes across 37 days (Fig. 4F; a total of 165 single units were detected across 10
sessions). The example in Fig. 4F shows that the spike waveforms of the neurons recorded
wirelessly were remarkably stable even after 37 days. Supplemental Figure S.2 shows the
probability distribution of impedance values of electrodes. Based on this distribution, we
identified good quality single units during one session recorded 12 months after the initial
implant surgery. This figure indicates that a high impedance (>0.6 MQ) was observed in
most of the electrodes even after several months since the implant (mean impedance 0.73
+0.17 MQ).

Wireless monitoring of population activity during free exploration

Cortical neurons typically exhibit correlations in their firing on time scales from
milliseconds to seconds (Cohen and Kohn, 2011, Smith and Sommer, 2013). We thus
measured the cross correlation between pairs of dIPFC neurons recorded from the same or
different channels while the monkey was freely moving in its cage. While most pairs
(73.7%) showed peaks near zero lag (Fig. 5A-bottom) to indicate synchronized firing, pairs
with correlation peaks displaced from the zero lag were observed less often (Fig. 5A-top).
We measured the strength of synchronized firing between two neurons using a correlation
index defined as the ratio of the mean value in a 40-ms central window around 0 s delay
relative to the baseline (mean value around delays of +1 s) (Szuts et al., 2011). Across all the
recorded pairs (Fig. 5B), the correlation index was biased to positive values, possibly due to
changes in the visual input as the animal moves in its environment (most correlation values
were greater than 1 to indicate that central peaks were found most frequently) or to
influences from other brain areas (Niell and Stryker, 2010).

We next examined how the correlation index varies as a function of the distance between the
dIPFC neurons (see also (Leopold et al., 2003); correlations were computed regardless of the
kinematics or gaze of the animal). We found a peak in the correlation index between dIPFC
cell pairs from the same electrode, and a sharp decline in mean correlation index between
neurons separated by 400 um or more (Fig. 5C-inset). Similar results were found when
examining spike train correlations as a function of distance (Supplemental Fig. S.3 and Fig.
S.4). Nonetheless, correlations remained high when they were measured on different
electrodes to indicate that correlated firing extends over large distances during free behavior.
Whereas our preliminary tests were not designed to explore possible mechanisms, such
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patterns may be caused by stimulus-induced correlations during the viewing of natural
scenes or optic flow from the animal’s movements, or by long-range cortical networks.
Additionally, we found that the variance of the correlation index increases with the distance
between electrodes (Fig. 5C).

We have also measured the correlations in LFP power by computing (Fig. 5D) the Pearson
correlation of band-limited LFP power between two electrodes as a function of electrode
distance (in the 400-4400 um range). We found that LFP correlations decrease as a function
of electrode distance — LFP power correlations for low frequencies (2-12 Hz encompassing
delta, theta, and alpha frequencies) decreased slowly with distance, whereas high frequency
(12-100 Hz, i.e., beta and gamma frequencies) LFP power correlations decreased more
rapidly.

Reward modulation of neuronal activity in restrained and unrestrained conditions

A fundamental drawback of conventional electrophysiological techniques is the necessity of
unnatural levels of movement restraint (Gilja et al., 2010). However, it is unknown whether
and how this movement restriction impacts cell responses during stimulus encoding. As a
preliminary experiment to justify the use of wireless neuronal recordings in freely moving
animals, we compared neuronal responses in restrained and freely moving conditions when
different food rewards, i.e., preferred and non-preferred food (see Methods), were presented
to the animal (this experiment represents an ethologically relevant task associated with
foraging, (Glavis-Bloom et al., 2013). This investigation was motivated by evidence that
prefrontal cortex is involved in acquiring and maintaining information about stimulus
context (Watanabe et al., 2002, Funahashi et al., 1989) and reward expectancy (Hikosaka
and Watanabe, 2000, Leon and Shadlen, 1999, Rainer et al., 1999). Indeed, in order to select
the best foraging targets (i.e., preferred and non-preferred food sources), an animal must
integrate uncertain sensory cues (reward location and timing) with memory of past reward
events (Glavis-Bloom et al., 2013), and these features are typically attributed to prefrontal
cortex (PFC) (Passingham and Wise, 2012). Although previous studies have measured PFC
responses to different types of reward (Ryou and Wilson, 2004), neuronal recordings were
performed under highly-restrained conditions (Squire et al., 2013, Wallis, 2007, Wallis and
Miller, 2003, Sakurai and Takahashi, 2006).

We examined the changes in dIPFC responses in two conditions: (/) head-fixed and
movement restrained condition (Fig. 6A-top) and (/) when the animal freely roamed in its
cage (Fig. 6A-bottom, see Methods). In both conditions, the animal was first visually
exposed for 10 s to food reward (preferred: grape slice, and non-preferred: cucumber slice)
provided by the experimenter in pseudo randomly interleaved trials ~20 cm away from the
cage (reward presentation; Fig 6A, see Methods). Reward presentation was cued by a
specific sound that was identical for both types of reward. In the freely moving condition,
the monkey was able to roam through the cage during the entire reward presentation.
Behavioral events were recorded with a video camera facing the front of the cage and
synchronized to neural events by impulses sent to the recording device. The monkey
performed 24 trials per reward type per session (5 restrained and 5 freely moving sessions),
and each reward type represented one trial (timeline in Fig. 6B). As expected, the animal
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consumed the preferred reward more often than the non-preferred reward (A<0.001,
Wilcoxon rank-sum test; Fig. 6C). Overall, in the freely moving condition we were able to
observe a variety of behaviors that were unavailable in the restrained condition, such as
moving close to the experimenter when the preferred reward was presented, and moving
away from the experimenter when the non-preferred reward was presented to the monkey.
We quantified the movement of the animal in Fig. 6E by video recording the movements of
the monkey in the freely-moving condition, and then tracking the movements of the
monkey’s head offline by using the transmitter as the reference point (see Methods).
Although the animal was allowed to freely move in its cage during reward presentation, we
did not observe a significant difference between the extent of movement (Fig. 6D) associated
with the preferred and non-preferred reward types during reward presentation (Fig. 6E,
P>0.1, Wilcoxon rank-sum test; see Methods).

Reward-dependent changes in neuronal correlations in the unrestrained condition

We further examined neuronal responses to the two types of reward in the restrained and
unrestrained conditions (Supplemental Fig. S.5 shows the probability distribution of the
average firing rates of neurons). Fig. 7A depicts the firing rate histograms for one example
neuron responding to both types of reward (the evoked response lasts for about 1 s; see also
refs. 40-42). Surprisingly, we did not find a significant difference between the mean firing
rates for the two reward types after stimuli were presented (as the neural response to reward
was characterized by a strong onset transient followed by a decrease to baseline firing, we
focused the analysis on the first 2000 ms after stimulus presentation). Indeed, the population
average firing rates for the two rewards types (Fig. 7B, 1000 ms following stimulus onset)
were not significantly different from each other during the restrained (~=0.43; preferred:
1.95+0.25 Hz, non-preferred: 2.05+0.27 Hz; meanzsem, /7=86) and freely moving
conditions (P=0.62; preferred: 1.86+0.38 Hz, non-preferred: 1.96+0.39 Hz, 7=79; Wilcoxon
sign-rank test), and similar results were obtained when we extended the size of the window
in which spikes were counted for the entire 10 s interval when stimulus was presented. This
indicates that the firing rates of the dIPFC neurons remained unchanged during reward
presentation, irrespective of reward type and regardless of whether the monkey was
restrained (1.99+0.24 Hz) or unrestrained (1.91+0.37 Hz, £>0.3, Wilcoxon rank-sum test).

Since we did not find any difference in neuronal responses as a function of reward type in
the restrained and unrestrained conditions, we reasoned that possible differences could be
detected in the population activity. Therefore, we measured pair-wise correlations between
the responses of cells recorded from different electrodes for the first 2000 ms following
stimulus presentation in the two behavioral conditions. Fig. 7C shows the average Pearson
correlation values associated with the two reward types as a function of expanding window
size starting from the time when the reward was first presented. Surprisingly, when the
animal was freely moving, correlations dropped significantly when reward was non-
preferred. Indeed, the mean correlation coefficient associated with the two types of reward
were significantly different from each (Fig. 7D-right; 0.8 s: £=0.038; 0.9 s: A=0.008; 1.0 s:
P=0.017; 1.1 s: P=0.029, Wilcoxon sign-rank test). However, when the monkey was
restrained neuronal correlations associated with the preferred and non-preferred rewards
were not statistically different (Fig. 7D-left; ~>0.1, Wilcoxon sign-rank test). Importantly, in
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the freely moving condition, the difference in correlations between the responses associated
with the two types of reward disappeared when correlations were computed before reward
was presented (window size: 1000 ms; P=0.86; Wilcoxon rank sum test; Supplemental
Figure S.6). Furthermore, when trials were shuffled for each of the preferred and non-
preferred reward conditions correlation coefficients became almost zero (Fig. 7C, dashed
lines). That is, despite the fact that preferred and non-preferred reward evoked similar firing
rates irrespective of whether the animal is restrained or unrestrained, significant changes in
neuronal correlations reflected the animal’s reward preference only in the unrestrained
condition. These changes in correlations between neuronal responses to preferred and non-
preferred reward are likely to reflect the animal’s subsequent intention to access the reward
and/or interact with the experimenter, which can both differ depending on reward type.
Overall, these results indicate that our wireless recording system provides the unprecedented
opportunity to examine neuronal populations during free movement and hence uncover new
reward encoding strategies that can only be revealed in unrestrained animals.

DISCUSSION

We designed and tested a wireless transmission, neural interface system enabling high
quality broadband neural recordings of neuronal data with performance comparable to
conventional wired recording systems. By illustrating examples of unrestrained and
restrained non-human primate wireless recordings in visual and prefrontal cortex, we
demonstrate the potential of our wireless transmission system to collect single units, LFPs,
and population activity in freely moving conditions. The main advantage with this new
device is the larger transmission range and possibly improved fidelity in data transmission in
more complex environments.

From an engineering perspective, the system described here has efficient telemetry and
performance, which enables adaptable recordings from populations of neurons in more
naturalistic scenarios. The system is based on the 802.11n wireless data link standard that is
more robust in signal transmission (i.e. no interference from multipath signals generally
caused by presence of metal in the vicinity of the setup) than previous existing radio
topologies used for neural recordings. Our wireless system represents a platform that can be
used in the very near future to investigate neural processes in multiple areas of the non-
human primate brain in free moving conditions while animals explore their naturalistic
environment. Having an external replaceable power source (battery) represents an advantage
of our system in comparison to other implantable systems as our system allows an easy
battery replacement after they are fully discharged. To exemplify, the system recently
reported by (Yin et al., 2014)) was designed with a goal of ultra-low power consumption in
order to facilitate a fully implantable wireless system, including a battery and charging
circuitry. In the externally mounted version, the charging circuitry is replaced by a larger
battery that allows for long data recording sessions. However, the lower power has a direct
detrimental effect on the practical range of the wireless signal. The system described in (Yin
et al., 2014) uses directional antennas in a SIMO configuration to provide a practical range
of 1-2 m with line of site and requires an environment that reduces multipath issues (using
specially built plastic cages and removing metal from the animal environment). Our system,
however, increases the power which also improves the range of the wireless signal up to 10
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m to the receiver. It also uses a MIMO configuration and omnidirectional antennas that are
conducive to common animal environments. These features of our system enable us to
design better experiments where monkey will be free to move unrestrained in a larger and
more natural environment. The telemetry being omnidirectional, only one antenna can be
used to cover a large space (a sphere of radius around 10 m). As our system is tolerant to
multipath signal transmission, and quality of transmission is not affected by presence of
metals in the vicinity of the experimental setup. This allows us to employ most commonly
used metal cages for the experiment as for the reported experiments involving freely moving
monkey. The digitizing front end of the system used by (Yin et al., 2014)) was designed with
a lower power budget, at a cost of increase in noise in its range of transmission (i.e. ~2 m) as
shown in Table T.2 compared to the system discussed here. In order to improve our system
features, a reduction in power consumption will be considered as the next phase in our
system design (see Supplemental Table T.2 for power consumption comparisons). This
technical improvement is currently under development (Blackrock Microsystems) with a
new second generation wireless system that leverages the greater range offered by the
system described here, but at lower power consumption. This improvement will further
enhance the utility of our current setup with recordings extended in time.

We illustrate the benefit of performing neural recordings in freely moving conditions by
focusing on reward encoding in prefrontal cortex. Until now, technical limitations have
prevented detailed comparisons between neuronal responses and coding strategies in
restrained and unrestrained conditions. Using an unconstrained non-human primate model,
our broadband wireless system enabled us to study reward coding during freely moving
conditions in a natural relevant foraging task. Despite the fact that neuronal responses to
preferred and non-preferred reward do not differ, we found that neuronal spike-count
correlations are significantly lower for non-preferred reward, but only when the monkey is
unrestrained. This effect likely reflects the animal’s subsequent intention to directly access
the reward and possibly interact with the experimenter. Clearly, these different reward
encoding strategies between the restrained and unrestrained conditions could have only been
revealed by using a wireless system recording neural signals while animals are freely
moving in their environment. In addition, commensurate wireless eye tracking for primate is
still needed to fully understand the described natural behavior (Shepherd and Platt, 2006,
Kano and Tomonaga, 2013).

We have validated a robust system that will become commercially available, which allows
high-yield reliable broadband transmission of neural signals from freely moving non-human
primates. Overall, the results presented here demonstrate that our wireless recording system
provides a flexible platform to examine neuronal responses underlying natural behavior in
non-human primate models, and subsequently allow neuro-prosthetic interventions requiring
free moving conditions.

METHODS

Descriptions on methods and any associated references are available in the online version of
the paper.
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ONLINE METHODS

Surgical procedures

All surgeries involving the insertion of the Blackrock Microsystem 100-channel chronic
(Utah) array (Blackrock, 2009) into area V4 and dIPFC were performed in accordance with
protocols approved by the Institutional Animal Care and Use Committees at UT-Houston
Medical School. The multi-electrode array (MEA) was implanted in dIPFC according to
MRI and stereotaxic specifications (Paxinos et al., 2000, Saleem and Logothetis, 2007)
(Supplemental Figure S.1). MEA is 4.4 mm by 4.2 mm containing 100 electrodes (0.8 mm
length) with 400 um equidistant spacing between electrode sites. During the surgical
procedure, the array was enclosed within the craniotomy and attached under the skin to an
external connector pedestal (~16.5 mm height, ~9 mm diameter). The titanium pedestal that
connects to a microelectrode Utah array (multielectrode array, MEA) was affixed to the skull
with screws and contains the connections to the recording equipment. The MEA was
biologically inert and can function implanted in the cortex for two or more years.

MRI acquisition

Brain images of the animal were obtained using a high-definition platform GE SignaHDxt
3.0T MR (General Electrics, Milwaukee, WI, USA) scanner at the MD Anderson Cancer
Center using high-density coils with the head positioned in the center of the coils. Gradient
specifications of the machine are: amplitude 50 mT/m, slew rate 150 T/m/s; magnet FOV:
48x48x48 cm. The animal was anesthetized with a mixture (4: 1, v/v) of ketamine (ketamine
hydrochloride, 10-20 mg/kg i.m.) and xylazine (0.2-0.4 mg/kg i.m.). The animal was placed
in a nonferrous stereotaxic head holder. His head was aligned in the scanner using the laser
landmark alignment system. We ensured that the planes of the MR unit were parallel to
those of the stereotaxic instrument. Duration of the scan was approximately 20-30 min. The
animal received 5-8 scans.

Anesthetized monkey preparation

General animal preparation and experimental procedures were carried out using methods
described previously (Xiao et al., 2003, Wang et al., 2007, Lim et al., 2009). All procedures
were consistent with the guidelines of the Society for Neuroscience for the use of laboratory
animals and approved by the Animal Welfare Committee of University of Texas at Houston.
One long-tailed macaque monkey (Macaca fascicularis) was prepared for semichronic
recording by sterile implantation of a 96-channel microelectrode array into V4. The animal
was anesthetized with Ketamine (25 mg/kg) and pre-medicated with atropine (0.5 mg/kg,
I.M.), intubated and catheterized and then deeply anesthetized using isoflurane gas
anesthesia (1-2% in oxygen). A ~10x15 mm craniotomy, approximately 18 mm anterior to
the external occipital protuberance, was performed using a dental drill. The prelunate gyrus,
lunate sulcus, and dorsal tip of the inferior occipital sulcus were then visualized through the
closed dura to ensure array placement into parafoveal V4. The 96-channel Utah
microelectrode array was carefully positioned immediately over the cortical region of
interest. Following implantation, a sheet of artificial dura (Gortex, Gore Industries) was
placed over the array and under the original dura. The dura will then be sutured closed and a
second sheet of artificial dura was placed over the dura. Semi-chronic recording sessions
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began by induction with ketamine and atropine pretreatment. The monkey was then
catheterized, intubated, EKG electrodes are placed on the extremities, and then installed in
the stereotaxic headholder. Each recording session lasted a total of 12-24 hours. Anesthesia
and paralysis were maintained by a constant intravenous infusion (6-12 pg/kg/hr. Sufentanil
and 0.01 mg/kg/hr. Vecuronium bromide and dexamethasone (0.1 mg/kg/hr.) in Lactated
Ringer’s with 5% dextrose at a rate of 10 ml/kg/hr. The eyes were brought into convergence
and focused on the screen of a Trinitron monitor by custom-fit contact lenses and a prism.
The whole screen (19°x14°) covered the visual field of the recorded portions of V4 (2°-7°
along the vertical meridian).

Visual stimuli were used to test the wireless system in both anesthetized and awake states
(wired and wireless recordings), and were generated using custom software implemented
using the Visage visual stimulation environment (Cambridge Research Systems) and
presented on a Trinitron cathode ray tube monitor. Stimuli consisted of 12 luminance-
contrast oriented (6 orientations x 2 directions) gratings of 2 cycles/degree spatial frequency
that were moved at 2 cycles/second perpendicularly to the long axis. The stimuli had average
luminance of 14 cd/m?2 and were presented for 200 ms each on the Trinitron monitor with a
background luminance of 14 cd/m2. Stimulus luminance was calibrated using a J17
LumaColor meter with a J1803 luminance head (Tektronix, Beaverton, OR, USA).

Spike sorting and LFP data processing

Spiking data were run through an offline-sorting program (Plexon, Dallas, TX, USA) and
spikes were manually sorted into single-unit channels based on several parameters, including
principal components, the peak and valley timing, voltage, and energy. The unfiltered LFP
recording was first treated to remove line noise at multiples of 60 Hz by using Chebyshev
type Il notch filters. To visualize various frequency components (scales) of the LFP signal as
a function of time, we calculated the Scalograms using continuous complex Morlet wavelet
transform (“‘cwt’ function of Matlab). To compute LFP power in gamma band, we first
applied a band pass Chebyshev type Il filter to the signal and then squared it.

Behavioral experiments

All experiments (restrained and unrestrained conditions) were performed in accordance with
protocols approved by National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals (ILAR, 2011). One male rhesus monkey (Macaca mulatta) was trained
under restrained and unrestrained movement conditions. Restrained: the monkey was head-
fixed and movement restrained in a polycarbonate primate chair (Crist instruments Co. Inc.);
unrestrained: the animal performed free roaming in a four-panel cage (78.500”H x 28.000”D
x 54.125”W). The movements of the monkey in the cage for the freely-moving condition
were video recorded. Each behavioral event indicated as ‘reward presentation’ and ‘reward
access’ in Fig. 6A-B was recorded as a manually triggered pulse originated by the
experimenter. The synchronization of the set of pulses to the spike recording was considered
for the analyses reported in this work. The movements of the monkey’s head during the
experiment were tracked from the recorded video using the transmitter as the reference
point.
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Reward experiments

The monkey was exposed to preferred (a half grape piece) and non-preferred reward (a
quarter of cucumber slice). The experimenter presented the reward to the monkey (RP, cued
by a brief sound) for 10 s from a distance of 20+2 cm, within an area of 5x5 cm in front of
the cage; the onset of reward presentation triggered a pulse to the recording device. After
reward presentation, the experimenter approached the monkey for 3 s in which the animal
was allowed to access and grab the reward (one trial consisted of one reward presentation).
The monkey performed 24 trials per reward type within one hour in each recording session
(we collected 5 restrained and 5 freely moving sessions). In the unrestrained experiments,
the monkey was able to roam within its cage without any restriction. Its behavior was
recorded with a video camera facing the front of the cage. The distance between the animal
and the receiver varied from 2 to 4 m. We recorded neuronal activity wirelessly from cells in
dorsolateral prefrontal cortex; 165 isolated single units were recorded in total. Recordings
from dIPFC neural populations during free movement were compared to those in the
movement-restrained condition (see main text).

Data analysis and interpretation

All analyses of the data were performed using custom software written for MatLab
(MathWorks, Natick, MA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Configuration of a high-fidelity signal transmission wireless telemetry. (A) A multi electrode

array (middle) is connected to a skull mounted pedestal (left). A removable wireless
CerePlex radio transmitter (right) attaches to the pedestal and transmits neural signals to a
radio receiver connected to a conventional multichannel recording system. (B) Utah array
assembly. (C) The wireless transmission system that includes the transmitter pedestal was
implemented to be carried by a monkey. (D) Schematics of the data acquisition system. (E)
A detailed block diagram of the transmitter CerePlex digital wireless system.
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Figure2.
Wireless transmissions are comparable to wired recordings. Performance of the data

transmission system based on a Blackrock neural signal simulator and compares it to that
recorded by our system after receiving it wirelessly. (A) Transmitted and received spike
trains from an example channel. (B) Example of the transmitted and received local field
potentials generated by the simulator. (C) Example of the recorded simulated signal using
both wired and wireless setups and performed cluster analysis of spike waveforms. (D) The
waveform shapes and (E) resulting principal component clusters from the transmitted and
received signals. (F) Performance of the transmission based on the percentage of detected
wave forms at 10 m distance between the receiver and transmitter.
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Wireless recordings in anesthetized condition. Quality of the LFP signals acquired using our
wireless system by recording LFP responses of visual cortical (area VV4) neurons of one
anesthetized monkey, and compared the wireless and wired recording. (A) Schematics of the
drifting oriented gratings used as stimuli (see methods). (B) Broadband (1-250 Hz) LFP
signals were recorded from 96 channels while moving luminance-contrast grating. (C) For
both wired and wireless recordings, results showed strong responses to visual stimuli in both
low- and high-frequency bands, and (D) a strong preference for the orientation and direction

of the stimuli (see main text).
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Wireless recordings in restrained (wired) and freely moving (wireless) conditions. Tests of
our recording system for freely moving, non-human primates by recording single units and
LFPs from 96 electrodes chronically implanted in the dIPFC in one animal. (A) The wired
(left) and wireless (right) recording conditions. (B) Single units were extracted and sorted
from the 96-channel uninterrupted raw data for both conditions. (C) Example of the
identified single- and multi-unit spiking activity (using principal component analysis). (D)
Examples of raster plots representing stable single-unit activity from 16 electrodes for a
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period of 5 s. (E) Waveforms were found to be very similar for both restrained and
unrestrained recording conditions. (F) Plot showing that the spike waveforms of the neurons
recorded wirelessly were remarkably stable even after 37 days.
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Figureb.

Wireless monitoring of population activity during free exploration. Measure the cross-
correlation between pairs of dIPFC neurons recorded from the same or different channels
while the monkey was freely moving in its cage. (A) Most pairs (73.7%) showed peaks near
zero lag (bottom) to indicate synchronized firing pairs. Correlation peaks displaced from the
zero lag were observed less often (top). (B) Across all the recorded pairs, the correlation
index was biased to positive values. (C) Correlation index as a function of the distance
between the dIPFC neurons. Plots indicating a peak in the correlation index between dIPFC
cell pairs from the same electrode, and a sharp decline in the mean correlation index
between neurons separated by 400 um or more (inset). (D) Correlations in LFP power by
computing the Pearson correlation of band-limited LFP power between two electrodes as a
function of electrode distance (in the 400-4400um range). The LFP correlations decrease as
a function of electrode distance (see main text).

J Neural Eng. Author manuscript; available in PMC 2018 June 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Fernandez-Leon et al. Page 24
A
N\
o g
Q
'z
E \!
tn
) .
o
Reward presentation (RP) Reward access (RA)
(&)}
£
>
(o]
E
=
Q
&
L
Reward presentation (RP) Reward access (RA)
Reward
B Sl ‘}))I RP |RA| Reward consumption (RG)I
timeline I i | ; I ‘)
(one trial) 10s 3s 1 min time
C D Head movement E  Head movement
(Freely moving) (Freely moving)
s n.s.
100 500 - 120 -
§ . 23 =
T = =
25 s s
28 8 8
o E = (=
X a 5 = 8
C 2R Preferred’ B
8 o Nen-preferred o 0
Prefered Non-preferred 0 500 Preferred Non-preferred
Distance (a.u.)
Figure®6.

Experiments examining changes in dIPFC responses in two conditions: (A) head-fixed and
movement-restrained condition (top) and when the animal freely roamed in its cage
(bottom). (B) The monkey performed 24 trials per reward type per session (five restrained
and five freely moving sessions), and each reward type represented one trial. (C) Plot
showing that as expected, the animal consumed the preferred reward more often than the
non-preferred reward. (D) We quantified the movement of the animal by video recording the
movements of the monkey in the freely moving condition then tracking the movements of
the monkey’s head of offline by using the transmitter as the reference point (see section 4).
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(E) We did not observe a significant difference between the extent of movement associated
with the preferred and non-preferred reward types during the reward presentation
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Reward-dependent changes in neuronal correlations in the unrestrained condition. (A) Plots
showing firing-rate histograms for one example neuron responding to both types of reward.
(B) Results indicating that the population average firing rates for the two reward types (1000
ms following stimulus onset) were not significantly different from each other during the
restrained and freely moving condition, and similar results were obtained when we extended
the size of the window in which spikes were counted for the entire 10 s interval when the
stimulus was presented. (C) Pearson correlation values associated with the two reward types
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as a function of expanding window size, starting from the time when the reward was first
presented (see main text). (D) The mean correlation coefficient associated with the two types
of reward was significantly different from each other (right). However, when the monkey
was restrained, neuronal correlations associated with the preferred and non-preferred
rewards were not statistically different (left).

J Neural Eng. Author manuscript; available in PMC 2018 June 12.



	Abstract
	INTRODUCTION
	RESULTS
	Configuration of a high fidelity signal transmission wireless telemetry
	Wireless transmissions are comparable to wired recordings
	Wireless recordings in anesthetized, restrained, and freely-moving conditions
	Wireless monitoring of population activity during free exploration
	Reward modulation of neuronal activity in restrained and unrestrained conditions
	Reward-dependent changes in neuronal correlations in the unrestrained condition

	DISCUSSION
	METHODS
	ONLINE METHODS
	Surgical procedures
	MRI acquisition
	Anesthetized monkey preparation
	Stimuli
	Spike sorting and LFP data processing
	Behavioral experiments
	Reward experiments
	Data analysis and interpretation

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

