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Abstract

This paper describes a detailed protocol for obtaining chronic, multi-site unit recordings in cerebral cortex of awake animals for
periods of three months or more. The protocol includes details for making relatively simple and inexpensive implantable multichannel
electrodes that consist of arrays of separate microwires. The results reported in this paper suggest that a viable implant will have
discriminable unit activity on about 80% of the electrodes, resulting in, on average, the simultaneous unit recording of upwards of 60
units during a daily recording session. The active electrodes during one recording session tend to remain active in subsequent recording
sessions for several weeks. Using the methods described here, implants have been constructed which incorporate several different
electrode materials, coatings, sizes, and electrode separation within a single array. These microwire electrode arrays provide the basic
technology for obtaining unit recordings for several months. This provides a model system for studying biocompatibility of neural
implants, which is a critical component for the development of neural implants that have an indefinite working span. q 1999 Elsevier
Science B.V. All rights reserved.
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1. Type of research

We report a protocol for long-term unit recording in the
cerebral cortex of awake animals using permanently im-
planted microelectrode arrays. This protocol is relevant to
several types of experimental approaches:

i. Studies of cortical function, including relationships to
w xbehavior — e.g., 3,10,14,15,20,22,24

w xii. Neuroprosthetic research — e.g., 1,2,9,11,18,21
This protocol includes a detailed description of the

fabrication of a relatively simple microelectrode array

) Corresponding author. Fax: q1-602-965-0037; E-mail:
kipke@asu.edu

1 URL: http:__neurolab.eas.asu.edu.

based on microwires. This electrode technology comple-
ments alternative existing technologies.

w xiii. Silicon Based microelectrode arrays 4,6–8
w xiv. Microwires, including tetrodes 5,12,19

2. Time required

The time to make and implant the electrode array
depends on experience. After several iterations it is possi-
ble to perform the following steps in the time indicated.
Ø Make individual electrode rows: 30 minrrow
Ø Assemble rows into a complete microelectrode array:

1 h
Ø Test and clean: 30 min
Ø Surgically Implant the Array: 2–3 h depending on the

cortical area of interest

1385-299Xr99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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3. Materials

3.1. Experimental animals.
Adult albino guinea pigs of either sex, weighing 600–

900 g.

3.2. Special Equipment.
ŽØ Standard electrical circuit equipment soldering iron,

.multimeter, etc. .
Ø Epoxy and acrylic for securing electrode array compo-

nents.

Ž .Fig. 1. Details of the electrode manufacturing process. A Standard mechanical drawing of the electrode in three lay-out views. The removed top piece and
Ž .attachment bolts illustrate the method by which the electrode connectors are secured to the jig during array assembly. B Graphical representation of how

the connectors are secured to the jig and how the microwire spacing is achieved through their placement in the instrument wire grooves.
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ŽØ Fine musical instrument wire Dean Markley Strings,
.Santa Clara, CA, parta 2503A-046 .

ŽØ Microwire California Fine Wire, Grover Beach, CA,
.part aCFW211-002-HML, 0.002 in. tungsten 99.95% .

Ž .Ø Sub-miniature connectors Microtech, part aGF-12 .
ŽØ Tungsten-carbide surgical scissors Fine Science Tools,

.Foster City, CA, parta 14518-18 .
ŽØ Electrode impedance meter Hewlett Packard, Ingle-

.wood, CO, Model HP-LCR4284A .
Ø Amplifier and signal processing for extracellular multi-

Ž .channel recording Plexon, Dallas TX, USA .
Ø Stereotaxic micro-surgical instruments.

3.3 Electrode Jig.
Ž .The electrode jig Fig. 1 was made from a block of

aluminum, machined to the indicated dimensions. The
design is straightforward and can be produced in a stan-
dard metalworking shop.

4. Detailed procedure

4.1. Assembly of the electrode array

We describe an implantable electrode array that consists
of 33 microwires arranged in three parallel rows each
containing eleven wires. The three electrode rows are
assembled separately. The electrodes are made from 35
micron diameter tungsten wire that has a 7 micron coating
of polyimide insulation, such that the total microwire

diameter is approximately 50 microns. Alternative elec-
Žtrode configurations e.g., different microwire materials or

.different electrode patterns can be achieved with slight
modifications of the fabrication techniques.

4.1.1. Assembly of one electrode row
The microwire is cut into eleven 8-cm segments. Ap-

proximately 2 mm of insulation is removed from one end
of each wire using a brief flame. Each wire is then
soldered into separate slots of a standard 12-pin sub-minia-

Ž .ture connector. An un-insulated 0.01 in. stainless-steel
ground wire is soldered into the final slot of the connector.
Electrical continuity from the connector pin to the end of
the microwire segment is verified before the junction of
the connector and wires is sealed and stabilized with a thin
layer of epoxy.

4.1.2. Use of electrode jig
Each electrode row is assembled sequentially using a

Ž .specially designed fabrication jig Fig. 1 . The critical
aspect of fabrication involves providing precise and consis-
tent spacing of the distal segments of the electrodes, while
ensuring that the electrodes remain parallel. Precise spac-
ing is achieved by draping the microwires over instrument
wire and placing them individually into the instrument
wire slots. The wires are held in position by placing them
under tension by attaching a 50-g weight to the end of
each electrode wire with micro-alligator clips. Once the
microwires are each positioned over the instrument wire,

Ž . Ž .Fig. 2. Scanning electron micrograph of the electrode tips. Three rows spaced by 450 microns of eleven electrodes spaced by 250 microns can be seen
emerging from an acrylic base.



( )J.C. Williams et al.rBrain Research Protocols 4 1999 303–313306

Table 1
Implant summary

Animal Implant Time to Time until Termination
duration first unit all electrodes
Ž . Ž .days days have been

Ž .active days

GP5 81 3 27 Unrelated medical complications
GP6 101 2 36 Unrelated medical complications
GP7 151 1 25 Unrelated medical complications
GP10 35 7 32 Unrelated medical complications
GP13 55 1 18 Skull cap loosening
GP15 51 1 42 Bone reaction

a aGP18 283 1 67 NrA
GP19 54 5 16 Skull cap loosening

a This implant remained viable at the time of manuscript submission.

4-0 suture is used to draw the wires together near the
connector in order to make them approximately parallel.
The distal segments of the electrodes are then embedded in

Ž .a thin layer of polymethyl methacrylate pmma to perma-
nently maintain the wire spacing and provide additional
rigidity.

4.1.3. Assembly of subsequent rows
The next two rows are assembled immediately above

the first row in the manner described in the previous
sections. After assembly of all rows, the electrode array is
removed from the fabrication jig. The electrode tips are cut
using fine tungsten-carbide surgical scissors. The resulting
electrode array has three parallel rows spaced at approxi-
mately 400 microns with 11 electrodes in each row spaced

Ž .at approximately 250 microns Fig. 2 . The minimal row
separation is limited by the gauge of the instrument wire.
The electrode separation within a row is dictated by how
the electrodes are placed in the grooves of the instrument
wire and the gauge of the instrument wire.

4.1.4. Testing and cleaning
Prior to use, the microelectrode assemblies are soaked

in ethanol, followed by sonication and rinsing in deionized
water. The impedance of each wire is measured in a 0.9%
saline solution using a magnitude impedance meter at 1
kHz, with an expected pre-implant impedance of 50–100
kV. The entire assembly is gas sterilized using ethylene
oxide.

4.2. Surgical implantation

The electrode arrays are permanently implanted in cere-
bral cortex in a single aseptic surgical procedure. Surgical
techniques have been developed and used for successful
cortical implantation of these electrode arrays in guinea
pigs, cats, and rhesus monkeys. This paper reports results
from a series of guinea pig implants. All animal proce-
dures follow NIH guidelines and were approved by the
Institutional Animal Care and Use Committee at Arizona
State University.

Fig. 3. Extracellular potential recorded on one electrode. The sampled extracellular potential contains spike waveforms from several units with amplitudes
Ž .above the noise level sampled at 18,000 samplesrs, with span of about 100 ms . Inset: The spike waveform indicated by the dark bar, with a time scale of

1 ms.
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4.2.1. Surgical preparation
Anesthesia is administered using intramuscular injec-

tions of a 5:1 mixture of ketamine to xylazine, with an
initial dose of 70 mgrkg followed by regular supplements
to maintain the animal in an areflexive state. The anesthe-
sia state is monitored by measuring heart rate and saturated
oxygen percentage with a pulse oximeter. The surgical
area is shaved and cleaned with iodine. An initial incision
is made along the midline to expose the skull around the

Žsagital suture. Several stainless-steel head screws a2-56
Y .=1r8 , Small Parts, Miami Lakes, FL are inserted in the

skull to provide electrode stability and electrical ground-
ing.

4.2.2. Craniotomy
A craniotomy is performed using a 5-mm trephine

attached to a high-speed surgical drill. The underlying dura
is reflected to the perimeter of the cranial opening. Using a

Ž . Ž .Fig. 4. Fraction of active electrodes as a function of weeks post implant. A The long-term implants )9 weeks , the average of which is seen as a solid
Ž . Ž .line in both panels. B The short term implants -9 weeks , the average of which is seen as a dashed line in both panels.
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micromanipulator, the microelectrode array is positioned
approximately perpendicular to and just above the cortical
surface. The electrode ground is connected to a head screw
and the signal reference wire is inserted between the dura
and skull. The cranial opening is filled with sterile mineral
oil.

4.2.3. Electrode insertion
The electrode array is advanced slowly to penetrate the

pia mater and contact the cortical surface. Electrode inser-
tion is achieved by first advancing the electrode array 150
microns in a rapid step, and then, one minute later, with-
drawing the electrode 50 microns. This cycle is repeated
every 2–3 min until the tips of the microelectrodes are at
the desired cortical depth or until widespread unit activity
is detected. In the guinea pig, the final insertion depth is
usually between 700 and 900 microns.

4.2.4. Closing
A thin layer of dental acrylic is used to firmly attach the

electrode to the skull and seal the cranial opening. Surgical
closure involves first filling the cranial opening with sterile

Ž .mineral oil and gel-foam Upjohn, Kalamazoo, MI to
prevent any acrylic from seeping onto the brain. The
electrode connector is then embedded in a thicker layer of
dental acrylic that forms a mechanically stable skull cap.
The scalp is restored around the skull cap using a purse-

string suture and the incision perimeter is treated with
antibiotic gel. The animal is closely monitored during the
surgical recovery period until it is ambulatory.

4.3. Neural recording procedures

Recordings from each microwire in the electrode as-
Žsembly are obtained using a JFET buffer amplifier manu-

.factured in the laboratory that connects to a multi-channel
Ž .neural recording system Plexon, Dallas, TX . For an

extensive review on recording instrumentation refer to
w xSameshima and Baccala 16 . The recording system pro-

Ž .vides channel-selectable, variable gains up to 30,000=
Ž .and bandpass filtering 50–12,000 Hz , before sampling

each channel at 40,000 samplesrs. On-line spike discrimi-
nation is controlled interactively by the user. For each
channel, an amplitude threshold is set to discriminate
candidate spike waveforms from the lower background
noise. Unit identification is based on waveform properties
using template matching or principal component analysis

Ž w x.algorithms See Wheeler 23 . The system saves spike
waveforms and timestamps to the computer disk for all of
the channels simultaneously. In the results presented in the
following section, well-isolated single units are not distin-
guished from multi-unit clusters. The signal-to-noise ratio
for a channel is estimated by the ratio of the unit wave-
form amplitude to the average noise amplitude. During a
recording session, the unanesthetized animal is comfort-

Fig. 5. Average number of units per active electrode. The average number of units recorded on a day was averaged over the total number of active
Ž .electrodes for each implant. The dashed line represents the average trend for the short term implants -9 weeks and the solid line represents the average

Ž .trend for the long term implants )9 weeks .
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ably restrained in a sling and placed in a quiet recording
chamber.

5. Results

Results are summarized from eight guinea pigs that
were each implanted with one 33-channel microelectrode

Ž .array in cerebral cortex Table 1 . Unit activity was typi-
cally observed on one to five electrodes within 24 h
post-implant, with additional electrodes becoming active in
the subsequent days. On average, it took 33 days before
unit activity was observed on every electrode that would
eventually exhibit unit activity sometime during the post-
implant period. The implants are further divided into two
separate groups based on whether or not the implant
duration exceeded nine weeks.

5.1. Recorded signals

The typical extracellular potential recorded on an elec-
trode had unit amplitudes ranging from 40 to 250 mV with

Ž .a signal-to-noise ratio of approximately 2 to 20 Fig. 3 .
The typical noise level on a channel on any given day was
less than 10 mV RMS. The unit discrimination threshold
was generally set at less than y40 mV. In general, the
background noise level on a given electrode remained
consistent from day to day, although the unit activity on an
electrode exhibited some daily variability.

Ž .For all animals, an average of 26r33 79"9% elec-
trodes exhibited unit activity during any given post-im-
plant week. When considering only the long-term implants
Ž .duration greater than nine weeks , the number of active
electrodes increased to 84"6% and was relatively consis-

Ž .tent over the duration of the implant Fig. 4A . The

Fig. 6. Average spike waveforms recorded simultaneously on an array. The average discriminated unit waveforms on each channel of the array is shown
with the rows and columns of each panel corresponding to the actual electrode position in the array. Panels A, B, and C represent three recording days over
a 226 day implant duration for animal GP18. Electrode a33 was not consistently monitored and is not included in this analysis. The empty axes are
electrodes that did not have discriminable unit activity during the recording session. The average waveforms are calculated from at least 500 waveforms
recorded during a session lasting up to 20 min with no active stimulation of the awake animal. The waveform windows are 800 ms in duration with an
amplitude of "175 mV.
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average for the short-term implants was slightly lower and
Ž .more variable Fig. 4B . The short-term implants exhibited

increasing amounts of unit activity over the first two
weeks post-implant followed by a general decrease of all
unit activity within nine weeks. Note that the average

number of active electrodes in each group, at any given
time, is calculated based on the number of animals surviv-
ing at that time. Thus, at longer post-implant times, in
which fewer animals survive, the reported average is from
just one or two animals.

Fig. 7. Unit recording trends of consecutive sessions. These graphs show the percentage of the electrodes in each array that are continuously active for a
given segment of time. The segment could occur at any time within the implant duration and does not necessarily start from the beginning of the implant.

Ž .To fit the criteria, the electrode had to be active at least once on a given week. Panel A represents the long term implants )9 weeks , the average of
Ž .which is seen as a solid bold line in both panels. Panel B represents the short term implants -9 weeks , the average of which is seen as a dashed line in

both panels.
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5.2. Number of units recorded simultaneously

From one to three well-isolated single units or multiunit
clusters were typically observed among the active elec-
trodes in an implant on any given day. In rare cases, four
distinct units were discriminated on a single electrode.
Over all of the recording sessions for all of the animals, an
average of 1.4"0.6 units per active electrode were
recorded. This average is relatively consistent as a function
of weeks post-implant although the short-term implants
had a slightly higher but more variable week-to-week

Ž .average than the long-term implants Fig. 5 . In the current
analysis, no efforts were made to distinguish between
single units and multiunit clusters, and no efforts were
made to track individual waveforms over subsequent
recording sessions.

The average level of activity resulted in the simultane-
ous recording of 30 to 60 units from an implant on any
given day. For example, on post-implant day 2, for GP18
about 80% of the electrodes in the array had unit activity.
This resulted in a total of 41 units being simultaneously

Ž .recorded Fig. 6A . This level of activity persisted for
several weeks. On post-implant day 105, over 90% of the
electrodes were active, most exhibiting multiple discrim-

Žinable units, resulting in the recording of 62 units Fig.
.6B . On post-implant day 226, 94% of the electrodes

Žexhibited unit activity and 60 units were recorded Fig.
.6C . Many channels contained two or possibly three dis-

tinct units, and almost all the active channels had unit
amplitudes of at least 100 mV with no notable increase in
noise levels during the recording span. This level of activ-

ity was consistent among all of the long-term implants
over their individual recording life span.

5.3. Electrode Õiability

While the implants typically remain viable for two
months or longer, a majority of the individual electrodes
exhibit segments of continuous unit activity lasting five

Ž .weeks or less Fig. 7 . In this case, the unit recordings for
each electrode were analyzed to find segments in which
units were recorded at least once a week for consecutive
weeks. The number of recording sessions per week varied
from one to six. The negative slope of this curve was
similar across animals, although the curve was translated
along the abscissa unique to each animal. On average, it
took six weeks for the percent of continuously active
electrodes to reach 30%. In two of the eight animals, the
curves reached an asymptote in 11 weeks after which
25–30% of the electrodes demonstrated consecutive unit

Ž .activity Fig. 7B .
Electrode activity was tracked throughout the duration

of the implant to identify periods of continuous unit
recording on each electrode. For example in GP18, periods
of multiple electrodes displaying simultaneous activity
across several consecutive recordings were frequently

Ž .found Fig. 8 . If a hypothetical experimental paradigm
requires that the same ten electrodes record unit activity
over, say, three consecutive sessions, then one can be
almost certain of finding these conditions over the working
span of the implant. However, if a paradigm requires the
same twenty electrodes to be active over three consecutive
recording sessions, then the probability drops to 0.61.

Ž .Fig. 8. Periods of simultaneous unit activity across the array. Solid bars spanning the number of recording sessions abscissa represent segments of
continuously recorded activity. Recording frequency was 2–3 times per week. Each row represents a single electrode in the array. Electrode a33 was not

Ž .consistently monitored and is not included in this analysis. GP18
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6. Discussion

This paper describes a detailed protocol for obtaining
chronic, multi-site unit recordings in the cerebral cortex of
awake animals for periods of three months or more. The
protocol includes details for making relatively simple and
inexpensive implantable multichannel electrodes that con-
sist of arrays of separate microwires. The results reported
in this paper suggest that a viable implant will have
discriminable unit activity on about 80% of the electrodes,
resulting in, on average, the simultaneous unit recording of
upwards of 60 units during a daily recording session. The
active electrodes during one recording session tend to
remain active in subsequent recording sessions for several
weeks. It is beyond the scope of this paper to analyze to
what degree the recorded unit populations vary from day
to day, although this may be a relevant and significant
issue in some of the experimental studies in which this
protocol has utility. In any case, this protocol is of interest
for both the relatively large number of simultaneously
recorded cortical units and the extended time span of the
recording.

The eight implants reported in this study naturally
Žsegregated into two groups: long-term implants defined as

having unit activity for more than nine weeks after the
. Žimplantation and short-term having unit activity between

.one week and nine weeks after implantation implants.
How can this be explained in light of the fact that all of the
implants used similar electrodes and surgical procedures?
Preliminary post-mortem analysis suggests that three of the
four short-term implants ended ‘‘prematurely’’ due to
tissue reactivity in or around the electrode site. GP13 and
GP19 experienced gradual loosening of the acrylic skull
cap over weeks that eventually resulted in the loss of the
cap and subsequent implant termination. It is of interest to
note that in both implants, the recordings prior to the cap
becoming loose showed a high fraction of active electrodes
and normal variation in the number of units per electrode;
by post-implant week 3, about 80% of the electrodes
recorded unit activity. This level of activity gradually and
consistently declined coincident with the cap becoming
loose. The implant failure for GP15 was the result of bone
re-growth around the cranial opening that caused reactive
tissue to displace brain tissue from around the electrodes.
The remaining animal in the short-term group died from an
infection unrelated to the implant procedure.

This segregation of implant performance further sug-
gests that the expected duration of ‘‘good’’ implants is
essentially indefinite, at least in this guinea pig prepara-
tion. In the present group of animals, recordings from
GP18 continue to show unit activity on about 80% of the
electrodes with little change in unit amplitudes and noise
levels. The remaining three animals in the long-term group
each died of unrelated infections between 10 and 23 weeks
after implantation. None of these animals exhibited degra-
dation in implant performance prior to their death. A

detailed analysis of the factors critical to the long-term
viability of implants is beyond the scope of this report.

6.1. Troubleshooting

The procedure for assembling the electrode array con-
sists of many sequential steps, each which could cause the
ultimate failure of the entire array. Therefore, careful
attention should be taken at several critical steps to ensure
the success of the entire procedure. The mechanical con-
nection between the microwire and the connector is the
most frequent point of failure. It is particularly trouble-
some since connection failure can occur during several
steps of the procedure and can result in a low number of
successful electrodes on an array. It may seem intuitive,
but the importance of checking the electrical connections
immediately after soldering the wires into the connector
cannot be overstated. Correcting any problems immedi-
ately will save considerable time, especially since solder
connections cannot be repaired once the epoxy is applied.
Applying the epoxy is also nontrivial. The solder joint
itself does not produce a very strong mechanical connec-
tion, and it is important to cover the joint entirely, includ-
ing any de-insulated wire extending from the joint. This
will become more obvious during the placing of the indi-
vidual wires in the jig, as poor joints will break when put
under tension, causing the failure of the entire array. The
epoxy joint must at the same time be made as small as
possible, since too large of a joint will prevent the connec-
tor from being properly placed in the electrode jig. Making
good electrical and mechanical connections will also cut
down on noise during chronic recording.

6.2. AlternatiÕe protocols

Perhaps more so than in other neurophysiological
preparations, the design and use of implantable multichan-
nel microelectrodes closely dictates the scope and out-
comes of an experimental study that uses chronic, multi-site
unit recordings. This is because many of the significant

Žfactors of such a study e.g., recording duration, number of
.units, relative locations of units, etc. are a function of the

structure of the electrode and the immunological reaction
of the brain over extended periods of weeks to months.
There are several types of implantable electrode arrays that
are currently available or under development. These range
from sophisticated silicon-substrate microelectrode arrays
w x w x6–8 to tetrode-based 5 to relatively simple microwire

w x w xarrays 12 . For a comprehensive review see Schmidt 17 .
The electrode arrays described in this paper are cheap

and easy to make, and offer the flexibility needed to tailor
the array toward the parameters of a particular experiment.
This technique has been used successfully with different

Želectrode materials tungsten, stainless steel, platinum–
. Ž .iridium , coatings Teflon, polyamide , electrode separa-

Ž .tion, and total number of electrodes 9-33, possibly more .
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It has also been employed in conjunction with the tech-
w xniques of Gray et al. 5 to produce arrays of tetrodes

which provide multiple recording sites from each electrode
wire. In addition to their recording ability, electrode arrays
suitable for micro-cortical-stimulation experiments may
also be manufactured with the same techniques.

Using the methods described here, implants have been
constructed which incorporate several different electrode
materials, coatings, sizes, and electrode separation within a
single array. These microwire electrode arrays provide the
basic technology for obtaining unit recordings for several
months. This provides a model system for studying bio-
compatibility of neural implants, which is a critical compo-
nent for the development of neural implants that have an
indefinite working span.

7. Quick procedure

i. Assembly of electrode array and its components.
ii. Surgical implantation procedures.
iii. Chronic extracellular recording procedures.

8. Essential literature references

w xRefs. 4–7,12–14,19
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