JOURNAL OF
NEUROSGIENGE
METHODS

www.elsevier.com/locate/jneumeth

I

ELSEVIER Journal of Neuroscience Methods 135 (2004) 35—41

Telemetric recordings of single neuron activity and visual
scenes in monkeys walking in an open field

Yanlin Lei#P-¢1 Ninglei Sur?¢, Fraser A.W. Wilsof, Xiusong Wang-?:¢, Nanhui Chef?,
Jianzhen YangP, Yanping Pend?, Jianhong WangP®, Shaohua TiaAP, Maohua WangP,
Yingda Miac®?, Weina Zht#, Hua Qi2°, Yuanye M&*b-*
2 Section of Cognitive Brain Research, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, Yunnan 650223, PR China
b Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of Sciences, Beijing, PR China
¢ Graduate School of the Chinese Academy of Sciences, Beijing 100039, PR China

d Departments of Psychology and Neurology, University of Arizona, Tucson, AZ, USA
€ Departments of Computer Science, Yunnan University, Kunming, PR China

Received 7 April 2003; received in revised form 26 November 2003; accepted 28 November 2003

Abstract

This paper describes a portable recording system and methods for obtaining chronic recordings of single units and tracking rhesus monkey
behavior in an open field. The integrated system consists of four major components: (1) microelectrode assembly; (2) head-stage; (3) recording
station; and (4) data storage station, the first three of which are carried by the monkey and weigh 800 g. Our system provides synchronized
video and electrophysiological signals, which are transmitted by a wireless system to a distance of 50 m. Its major advantages are that neuronal
recordings are made in freely moving monkeys, and well-separated action potentials with amplitude five times higher than the background
noise are usually recorded and readily kept for many hours. Using this system, we were able to study “place cells” in non-human primate
brains. The described methods provide a new way to examine correlations between single neuron activity and primate behaviors, and can also
be used to study the cellular basis of social behaviors in non-human primates.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ticularly in studies of hippocampal neurons. By modifying
the method tha©’Keefe and Dostrovsky (197 Driginally

In recent years, recording neuronal activity in the brain designed for rats, we recorded hippocampal neuron activity
of awake, behaving animals has become a major tool inin freely moving monkeys, to study hippocampal “place
behavioral electrophysiology. Recording systems for freely cell” in primates Wilson et al., 1998 In these preliminary
moving monkeys have been previously developeddyig experiments, a multi-wire cable (3—-5m long) and the weight
etal., 2001; Ma et al., 20Q3but they are limited by the area  of the main amplifier limited the area in which the monkey
in which the subjects could walk (typically, 2m) and do not could walk, and the testing laboratory was small relative to
permit the manifestation of many natural behaviors. Further- studies in rats, which are generally tested in an environment
more, these conditions are stressful for the monkeys, whichthat is 10 times their body lengtfiiullier et al., 1999.
may affected the generated data. Single unit recordings in In contrast to the findings in ratdarkus et al., 1995;
these conditions may also suffer from many limitations, par- McNaughton et al., 1983; Muller et al., 1991; O’Keefe,
1984, we did not find “place cells” in the primate hippocam-
pus. In recordings made in the primate hippocampus under
fax: 1.86.871.519.1823. similar_ conditions to thosg in wh_ich place cells had been
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was too small to find a place cell because monkeys are ac- D
customed to traveling several kilometers a day in open fields.

To extend our previous studies on “place cells”, it was then
necessary to examine the monkeys as they roam freely over
a larger area (for example, several square kilometers). The — " ~~———~~—— E—— ___ _________ screw
only way we can accomplish this is to examine monkeys in oL S
an open field outside the confines of a typical testing labora-  juner cylinder
tory. This requires the ability to record from neurons while =
the animal is at a distance of up to 50 m.

In this work, we describe a system that eliminates some
of the limitations of currently used apparatus by using: (1) a
miniature amplifier system; (2) a wireless signal transmitf-
fial system; (3) a bipolar microelectrode assembly and a dc
power supplies in order to obtain clear and stable action po-
tential recordings from freely moving monkeys. With this
method, we were able to study “place cells” when the mon- =

. . R microelectrodes
key was walking in a large open field. — TS —J

electrode wires
\_:‘E‘_ —————— .—
stainless steel hase

guide tube

Fig. 2. The drivable microelectrode assembly. The entire assembly, which
was fastened to the stainless steel base, was anchored to the skull with
dental cement applied around the base and the outer cylinder.

2. Materials and methods
2.1. Recording system
This system can be divided into four parts according to the electrodes, 1pm diameter Formvar-coated nichrome wires

configuration shown iffrig. 1: (1) microelectrode assembly; (California Fine Wire, Grover Beach, CA) were used. Elec-
(2) head-stage; (3) recording station; and (4) data storagetrodes can be constructed in two ways: a common single fine

station. wire electrode and a “tetrode” (a bundle formed with four
fine wires).
2.1.1. Microelectrode assembly As shown inFig. 2, the microelectrode assembly con-

The microelectrode assembly was modified from the de- tained electrodes and a micro-driver. The electrodes com-
sign of other investigators3ray et al., 1995; McNaughton prised a single electrode (or a tetrode) and a reference
et al., 1983; Recce and O’Keefe, 198%0 make fine wire electrode. The diameter of the reference electrode was
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Fig. 1. The system flow chart.
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wall of the outer cylinder. A #0-80 machine screw, which
provided the mechanism for driving the inner-cylinder verti-
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! (L] > Before implantation, the tips of the microelectrodes were

cut with sharp scissors, and the distance from the opening
of the guide tube (30-gauge) to the tip of the microelec-
trodes is about 1 mm. The tips of the microelectrodes were
then gold-plated, and the impedance (aboutS)Mf the
electrode was measured to test in quality. In order to steril-
ize them, the microelectrode assemblies were subsequently
soaked in ethanol, sonicated, and rinsed in deionized water.
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Fig. 3. A schematic diagram of the connections between the recording
electrodes, the reference electrode and the ground wire in relation to the
amplifiers. It shows the ‘bipolar’ electrode and the recording principle of 2.1.2. The head-stage
common mode rejection (the filter and the third amplifier are omitted in ~ The head-stage included a protective cap (contain-
the figure pecause th"eir designs are simil_ar to other desBme¢ et al., ing the body and cover), the pre-amplifier and two
2001; Metting Van Rijn et al., 1994; Obeid et al., 2003 video cameras (the resolution of the video cameras was
320 pixelx 240 pixel). As shown iffrig. 4, the protective cap,
150pum. The distance from the tip of the reference elec- located on the head of the animal, mechanically supported
trode to the tip of recording electrode 4sl mm. Hence, all two video cameras and protected the micro-electrode as-
electrodes formed a bipolar recording configuration. The semblies and pre-amplifier, which was anchored to the skull.
connections between the electrode, ground wire (connectedThe pre-amplifier with high-input impedance Z@hm)
to the skull screw) and the reference electrode in relation to and common input mode (ségg. 3) was used to amplify
the pre-amplifier are shown ifig. 3 electric currents. One of the video cameras (203CA, Shen
The micro-driver is detachable and small. As shown in Zhen Company, China, 26 mm 26 mm x 16 mm) was
Fig. 2 it consisted of two concentric transparent acrylic used to record eye movement (EM). The other was a wire-
cylinders, an outer (the body, with a diameter of 6 mm) and less video camera (JLT-1.2G, Shen Zhen Company, China,
aninner (moveable) cylinder. A key and keyway in the cylin- 26 mmx 26 mmx 16 mm) that was used to record the “head
ders prevented rotation of the inner cylinder when the screw scene” (HS). “HS” denotes the scene that the monkey was
was manually turned. Manual rotation of the screw trans- seeing and it could, therefore, provide some information
lated the linear motion of the inner cylinder up or down the about its head direction. Both cameras were attached to

video camera .
(for HS) protective cap

video camera
(forEM)

recording station

jacket

Fig. 4. Schematic diagram of system assembly on the animal. The devices which allowed simultaneous single-cell recording and behavior tracking were
carried by the freely moving monkey. Note that the head-stage located on the head of the animal during the experiment mechanically supported two
video cameras and protected the microelectrode assemblies and the pre-amplifiers anchored to the skull (the pre-amplifiers and the cover of the cap are
omitted in the figure).
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the protective cap at appropriate angles and powered bythe recording session. The heat generated by the batteries
the same rechargeable battery (12V, 1.3 Ah) packaged intoand the battery-powered devices was negligible.
the jacket. The protective cap plus the two video cameras

weighed 127 g. 2.1.4. The data storage station
The “data storage stationF{g. 1) included two video re-
2.1.3. Recording station ceivers, a quad video processor, a videotape camcorder and
The “recording station” (se€igs. 1 and % which were their dc power supplies. The station could be packaged in-
housed into two packages (each 20&nmi3cmx 4cm), side a suitcase (26 cm16 cmx 20 cm high), weighed about

consists of the main amplifier, an audio-video transmit- 2.0 kg and was carried by the experimenter. One audio-video
ter, and a set of batteries. The packages were held in areceiver (different from the one described below) was dedi-
jacket worn by the monkey. A multi-wire cablgig. 4) con- cated to the signals of unit activity and the video signals of
necting the “head-stage” and the “recording station” was the eye movements. Another receiver (JLT-1.2G, Shen Zhen
used to transmit electrophysiological and video signals from Co., China, 11 cnx 5cmx 2.2 cm) was used to receive the
the pre-amplifier and the EM camera, respectively, to the video signals from the HS camera. Video images from alll
“recording station”, and to supply power to the head-stage. three cameras were then fed into a four channel black—white
A third video camera was held by the experimenter and quad processor (Goldbeam, Qb-Bnc, USA, 20-cB2 cmx
was used for recording the animal behavior. The “recording 4.5 cm high); the composite picture of the three cameras as
station” plus a set of batteries weighed about 600 g. Hence,well as neuronal activity was sent to the videotape camcorder
the weight carried by a monkey was likely not to affect its (Sharp Camcorder, VL-E660U; Sharp Corporation, Japan,
behavioral performance. or Panasonic, NV-MX300, Japan), where it was stored on
8 mm cassettes together with the simultaneously recorded
2.1.3.1. The main amplifier. The main amplifier was a dif-  neuronal responses (s@e et al., 1998 A rechargeable bat-
ferential amplifier, which consisted of the second amplifier, tery (12V, 7 Ah) was used to power all devices in the station
the third amplifier and band-pass filtéfig. 3). The second  except for the camcorder.
and third amplifiers were powered, respectively, by a sepa-
rate source, and this design was used to avoid interference2.2. Animal preparation and surgical implantation
caused by positive feedback. The second amplifier had a gain
of 50 and the third amplifier of 100, so, the amplifier system  Three healthy adult rhesus monkeys, weighing 3.0-5.5 kg,
provided a gain of 5000. When the monkey was moving or were used in the study. They were obtained from the ani-
eating, electrical noise from muscles was quite strong. To mal husbandry center of the Kunming Institute of Zoology,
filter such noise, each amplifier required a common mode of Chinese Academy of Sciences. All procedures were ap-
input. Bandpass filtering was set at 900-6000 Hz. The entire proved (protocol no. 13888988490) by the Animal Experi-
circuit of the main amplifier was laid out on a single-sided mental Committee, Kunming Institute of Zoology, Chinese
printed circuit board, and then packaged in a plastic box Academy of Sciences, and were conducted in accordance

(200 mmx 50 mmx 25 mm high; gross weight, 140 g). with the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals (NIH Guidelines).
2.1.3.2. The audio—-video transmittefThe signals of unit Animals were trained for several weeks to walk along

activity from the main amplifier were passed into the audio a road marked with numbers and do other tasks related
channel of the audio—video transmitter (Adth Co., VS-240, to the experiment. After the first surgical procedure, each
USA, 18cmx 12cmx 5cm high) via a multi-wire cable, monkey was trained to become accustomed to wearing the
while the video signals of the eyes and their movements “head-stage”, as well as to the experimental procedures such
were fed into the video channel of the transmitter through as the turning of the micro-driver.
the same multi-wire cable. These signals were then passed The surgery was performed aseptically following anes-
wirelessly from the transmitter to the audio—video receiver thesia, induced by administration of hydrochloric acidulated
(Adth Co., VS-240, USA, 18 cnx 12cmx 5cm high), lo- ketamine (4 mg/kg, i.m.), followed by sodium pentobarbi-
cated in the “data storage station”. The telemetry range wastal (30 mg/kg, i.m.). Deep surgical anesthesia was main-
over 50 m. At the same time, the video signals of the “HS” tained with supplementary doses as needed. There were
were wirelessly transmitted to another video receiver. two steps for the surgical implantation: Step 1, for the im-
plantation of the head-stage; and Step 2, for implantation
2.1.3.3. dc power supply.A set of rechargeable batteries of the microelectrode assembly. At first, the scalp was in-
packaged into the jacket supplied power to the pre-amplifier, cised and retracted, together with the muscles overlying
EM, HS camera (on the “head-stage”) and the “data storagethe skull. The surface of the skull was cleaned of all fas-
station” (the main amplifier and the audio—video transmit- cias and thoroughly dried. The head-stage and the stainless
ter). Pre-amp:9 V, main amplifier+£9V, two cameras and  steel bases were secured to the skull at appropriate posi-
the transmitter shared the same rechargeable battery: 12 Mfions. At the same time, a ground wire connected to the
1.3 Ah. The battery power was maintained for 5-6 h during skull screw was prepared. The animal was then given an-
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tibiotics and returned to the cage for recovery. Two weeks
after the first surgical procedure, when the monkey had thvty minutes
become accustomed to the head-stage and recovered from e later

surgery, the second surgical procedure was performed un-
der the same condition as described above. The microelec- w ﬁw
trode assembly was implanted in the parietal cortex or the Lo
hippocampus. 5 1us

I 5wy

2.3. Recording procedure ninety-five minutes

later

Usually, the recording procedure was initiated in the () B)
laboratory. To commence recording, the cover of the
protective cap was removed. The wires (one of the elec- Fig. 5._ Single—cell_recording fr_om the pa_lrieta_l _cortex‘ofa monkey_moving
rodes, the reference and the ground wire) were con- {521 ¥ 0P 114 o ptets g g e e mens,
nected to the pre-amplifier (as shown Fig. 3), and waveforms could be reliably kept for over 1h.
the HS and EM camera were fixed to the “head-stage”
using two bolts. The ‘“recording station” was carried
in the monkey’s jacket (during the recording session). 3.2. Recording quality and stability
The multi-wire cable was then connected to the *"head
stage” and the “recording station”. When all connec- \We were able to record 100 single neurons from the brains
tions were made, we searched for Sing|e neurons by of monkeys mOVing freely in an open field. Stable action
advancing the electrodes in @fn increments by ro-  potentials with amplitudes five times higher than the back-
tating the driving screw (1/8 turns was the minimum ground noise were consistently detect&dy( 5A). In ad-
advancement). The audio signal (neuronal firing) was mon- dition, a neuron could be recorded for 1-2 h without the
itored by an earphone (connected to the audio channelfisk of losing the signal when the monkey was moving dur-
of the audio-video receiver) that was worn by the ex- ing the recording sessions, also, the recordings were not
perimenter. Neuronal firing was usually detected within disturbed by the animal movementsig. 5B shows sin-
a 30min “cell-searching” period, which is consistent gle neuron action potential waveforms at different times
with the experience in previous studiesufvig et al., during the experiment, so far, unfortunately we have not
2000, 200). Once stable unit activity had been estab- been able to hold a neuron overnight. Our precautions in
lished, the monkey was led to recording site and walked the design of the amplification system resulted in very lit-
along the road (length: 300 m) six times while the exper- tle noise from sources such as EEG and EMG, and usually
imenter with the data storage station followed the mon- could not be observed when recording took place in an open
key to collect the data. All recorded data were analyzed field, irrespective of whether the monkey was walking or
off-line. eating.

3.3. Eye movement recording and behavioral recording
3. Results
During recording, the behavior of the monkey and the
3.1. Animal behavior view from the head scene camera were filmed using video
cameras which had a wide-angle lens °(6Gso that the

At the beginning of the adaptation period, animals at- landmarks around the monkey were easily captured. It was
tempted to remove the jacket and the protective cap usingthereby easy to trace the walking routes of the monkeys.
their teeth or hands. One week later, the animals had be-Fig. 6 shows a direct correlation of frame-by-frame video
come completely accustomed to the jacket and the “headimages with the neuronal activity from the microelectrode.
stage”, and were thereby able to move freely in an open Usually, unlike the eyeball of humans, both the cornea
field wearing the apparatus. No abnormal behaviors wereand conjunctiva of rhesus monkeys are dark brown, so it
observed. Monkeys implanted with the device cooper- is not easy for a computer to trace the eye position. How-
ated very well with experimenters. Thus, recording was ever, we found that illumination using an infrared LED
performed while the animal was in a normal state, in as (light-emitting diode) allowed very good images of the eye-
much as the monkey was moving freely in an open field, ball, especially the pupil, which was quite clear and there-
and tolerating the presence of the recording device. In fore good for eye position tracings. The use of an infrared
general, the presence of the recording apparatus did notLED anchored to the camera as a light source overcomes the
affect the behavioral performance, and the behavioral per-fluctuations in light intensity that occur during locomotion
formance did not compromise the stability of neuronal and head movement, e.g. shadows as the monkey’s moves
recordings. in relation to the sun.
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Fig. 6. Correlation of frame-by-frame video images with the neuronal activity recorded from the parietal cortex. Top row: two video images of the
monkey taken from the investigator's camera: the monkey rotates his head to the left. Middle row: images of the eye synchronized with the frames from
the investigator's camera. Bottom row: images from the “head scene” camera, showing the number “48”" before and after rotation of the head to the
left. Numbers written on the ground were used as landmarks in order to trace the walking routes of the monkeys. The actual spike trains that occurrec
during these head and eye camera scenes are shown at the bottom of this figure.

Pattern recognition techniqueSgnton and Muller, 1996 4. Discussion
were used to trace and analyze eye movements and their po-
sition. As the spatial relationship between the camera and Our study demonstrated for the first time that it is possi-
the eyes of the animal was geometrically fixed, the orien- ble to record the firing of single neurons, for a number of
tations of the eye-ball relative to the eye socket could be hours using a portable recording system connected to mon-
calculated with the positions of the pupil in the visual field keys that are moving freely in an open field. The system
of the camera. We used a Hopfield artificial network for we developed has three advantages: it is physically portable,
this calculation. The network was trained with the follow- electrically stable, and has multiple functions (it can be used
ing information. First, the signals of the eyeball orientations in different conditions and for many purposes). Another ma-
were divided using a two-valued process. Second, the net-jor advantage of this system is the easy linkage of behav-
work was programmed to filter the noise from the signals, ioral changes with electrophysiological correlates, as shown
allowing the edge of the pupil to be detected, with the center in Fig. 6. This provides the possibility of studying the rela-
of the pupil calculated. Finally, the coordinates of the pupil tionship between brain and behavior at a cellular level, or

were calculatedNlarques de Sa’, 2002 studying the cellular basis of social behavior when mon-
keys are moving freely in an open field or even in a monkey
3.4. Signal wireless transmission colony. It allows maximum freedom for both the animal and

the experimenter, and reduces stress to the animals. This is

The wireless transmission system could transmit two sep- very important for studying animal behavior, and in partic-
arate microelectrode signals via different channels without ular social behaviors.
interfering crosstalk. This is consistent with the results of The key problem when developing this method was
Nieder (2000) In addition, the transmitter relayed electrical to design a portable recording system to obtain a stable,
signals from the recorded neuron to a receiver some 50 mlow-noise, high-quality recording from freely moving mon-
distant, and no decrease in the quality of the signal was ap-key in an open field. The following factors proved to be
parent. critical. First, it was necessary to ensure that all components
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of the portable recording system were small and light. In Fuchs AF. Saccadic and smooth pursuit eye movements in the alert

addition, low dc power consumption and wireless signal _ monkey. J Physiol (London) 1967:191:609-31.

- . M, Mal PE, Wil MA, McN h BL. T
transmission enables the recording system to be portable & €M Maldonado PE, Wison MA, McNaughton BL. Tetrodes
markedly improve the reliability and yield of multiple single-unit

The major limitation Of'the device is that Ohly two aUdiQ isolation from multi-unit recordings in cat striate cortex. J Neurosci
input channels are available. Secondly, a bipolar recording  Methods 1995;63:43-54.

configuration, allowing a common mode of input, was used Ludvig N, Nguyen MC, Botero JM, Tang HM, Scalia F, Scharf BA,
in our microelectrode—amplifier system thereby reducing et al. Delivering drugs, via microdialysis, into the environment of

. . extracellularly recorded hippocampal neurons in behaving primates.
the interference generated by animal movements or other Brain Res Brain Res Protoc 2000:5:75-84.

noise. For amplification, a separate amplifier with a separaté|qvig N, Botero JM, Hai M, Tang BJ, Kral JG. Single-cell record-

dc power supply was used to avoid oscillation caused by ing from the brain of freely moving monkeys. J Neurosci Methods

positive feedback. The independent dc power helped isolate  2001;106:179-87.

external interference. The power input of the operational Margues de Sa’ JP. Pat_tern recognition: concepts, methods and applica-
ice . . . tions. New York: Springer; 2002.

amplifier was bypassed with a capacitor to reduce the rip- M

. . . a Y-Y, Ryou J-W, Kim B-H, Wilson FAW. Spatially-directed movement
pIe, espemally in the front-end stage. Further, a ground wire and neuronal activity in freely moving monkeys. In: Mori S, Stuart

connected to the skull screw was important for noise re- DG, Wiesendanger M, editors. Brain mechanisms for the integration

duction. Hence, our design negated the need for a shielded of posture and movement, progress in brain research. Amsterdam:
environment. Elsevier; 2003. p. 505-512 [chapter 48].

Our technique of using video imaging to track eye move- ™Makus EJ, Qin YL, Leonard B, Skaggs W, McNaughton BL, Barnes CA.
. Interactions between location and task affect the spatial and directional
ments was successful, and greatly reduces problems associ- fiing of hippocampal neurons. J Neurosci 1995;15:7079-94.

ated with other eye tracking techniques. For example: (1) the McNaughton BL, Barnes CA, O’Keefe J. The contributions of position,
scleral coil systemRuchs, 1967; Robinson, 1968quires direction, and velocity to single unit activity in the hippocampus of
a large coil (surrounding the head) to generate a magnetic _freely-moving rats. Exp Brain Res 1983,52:41-9. _
field and this is not practical for freely moving monkeys in McNaughton BL, O’Keefe J, Barnes CA. The stereotrode: a new technique
X . X X . X for simultaneous isolation of several single units in the central ner-
an open field; (2) using pairs of 'nfr.ared Sensors and anin- yous system from multiple unit records. J Neurosci Methods 1983;8:
frared LED, changes in the reflection of the infrared light 391-7.
represent the eye movements. However, our video imagingMetting Van Rijn A_C, Peper A, Qri_mbergen CA. Amplifiers for bioe_lectric
system uses the monkey’s face as a reference, and has to events: a design with a minimal number of parts. Med Biol Eng
be located in close proximity to the monkeys eye. Our eye comput 1994;32(3):305-10.

. . . Muller RU, Kubie JL, Bostock EM, Taube JS, Quirk GJ. Spatial firing
movement camera was small, had high spatial resolution, correlates of neurons in the hippocampal formation of freely moving

and was located several centimeters from the eye. The time rats. In: Paillard J, editor. Brain and space. Oxford: Oxford University
resolution using this monitor is lower (40 frames/s) than that ~ Press; 1991. p. 296-333. _ _ _
produced by using the coil; however, it proved acceptable Nieder A. Miniature stereo radio transmitter for simultaneous recording

- - . of multiple single-neuron signals from behaving owls. J Neurosci
for analyzmg eye movement in our experiment. Methods 2000:101:157—64.
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channel integrated circuits for neural recording and signal processing.
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