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INTRODUCTION

Permanent implantation of chetrodes within the
brain »f animals allows the <tudy of many eerchral
funetions for long periode of time without the hamdi-
enp of amesthenia. Two mwthods have een usd by
several invesligators:

1. The te eomtrol techninues, in whirh a
receiver is pliced benenth the akin, with the terminal
leads ending in the hmin <ubstanee (Chaffee and
Light 1934; Clark and Ward 1837; Fender 1937;
tiengerelli and Kallejisn 1930; Harris 1946; Loueks
1934;: Maure ¢t al, 1950; Vericane and Freneh
1933). The recciver in sctivated by imdurtiva or hy
radio and there are no leads hetween the atimulator
and the animal. Some limitations of the twhmquo
will be diseusned later.

2, Im the ather technmiques. cleetrodes are im-
planted within the brain; the terminals, through
which the animals are connected for stimulation or

ling, remain twidk
Elkes 1953; Cinrk and Ward 1937; Deigndo 1952a;
Emerson et al. 1955: Epstein 1949; Gastaut 1951;
Heath el al. 1934; Hewns 1932; Hoagland 1940; Huntre
and Jasper 1949: Ingram et al 1951;: Juag and
Kommiller 1938; Kaada 1951; Knowles 1951 Koel-
fn »¢ ol 1931; Lewandowsky 1903; Lilly «¢ al. 1952;
Livamov and Palinkov 1943; Lubinska arnd Konomki
1939; Musserman 1941; Old- and Milner 1954; Pa.
ehon and Delmas-Marmalet 1924: Rheinberger and
Jasper 1917; Bawa ¢t ol. 1953). Some techniesnl
details will also he diseuseed later.

In the last few yearn eerebral implantation of
electrodes has also been wned in human patients
(Biekford et ol. 1953; Brasicr ef al. 1954; Delgado
et al. 1952; Henth ¢/ al. 1954; Henry 194%: Pool
and Clark 19%4; Nhimosono ¢/ al. 1954; von Baum-

gnrten 1953). The teehnique of impheouting eheetrodes

} Bupportad hy grants frons the Fouadation's
Fund for Resenreh in Pavebiztey, and the Office of
Naval Rewenreh, SAR/Nonr 609(08), Reproduction
in whale or in pirt in permitted for any purpowe of
the ['nited Ntutens Government,

the sealp (Bradler and

in animaix that we have been using for the past
seven yenrs (Delgade 1949) may have some advan-
tages nind it in deseribed and romniented on in the
present paper.

Conatruction of needle elestrodes (fiz. 2} Stain-
Jowa steel wire, 03" dinmeter, covered by quadruple
teflon  (Hitemp Wiren,” Ine,, Mineola, New York)
wasn usei. Five picces of deereasing loagth (eg.
N7, 94, 91, 8% and 83 mm.) were eut and straightened
by stretehing between two hemnostats, Another piece
of "«flon conted stainkwa stoel wire, 0077 dinmeter,
nhout 10 mm. long. was cut. Both ends of eaeh
wire were wrped free of insnlation, 5 mm. at the
top and | mm. at the tip. A small ball was made at
the | mm. end of the NOT* wire by means of an

‘vieetrie are (Riley 1949). This ball comstitutes the

1p of the clectrode, The 6 wires were cemented
together with plexigias dismolved in diehloroethylene,
syneing the T mm. hare tips 3 mm. apart (the distance
lvtween the tipa of che leads was detrrmined by the
topography of the ecerehral atruetures involved in
the experiment). The group va « - .res wan protected
by n tube of polvethylene (PE 3¢, iay-Adama) which
wan closed at hoth eads by menns of heat. The 3
mm. bure eads of all the wiren were soldered in an
identifiable order tu a subminiature 7 pin snehet,
similar to thome uned in hearing aids. Them a duuble
picee of bare stainiess rteel wire, .020% diameter and
shout 100 mm. long was soldered to pin mo. 4; this
wire anchored the electrode to the skull and wae
alno uned as refercrce lead in mowopoiar stimnlation
or secording, The lends were texted with an onm er
to cuerd powition and issuintion. The base of the
soeket, with all the joints, wnr then covered with
innulation cnamel (F-33 clear, Inal-X Co., Nnsining,
New York),

Varintions 18 construetion: in some experiments
silver wire of the same diameter and inanlation was
umed to construet the neemille electroden, which were
then very flealble, Their advantage was that they
followed any brain movement, but ther had mno
rigisdity. Therefore, for introduetion intv the heain,

{es7]




638 T Josk M. & DELGADO

it won mrevmnry to gse 3 mm, dinmeter stainless ateel
tubing which beld a tiny hook muule at the tip of the
wevdle. The tube was them removed, Jenving the
elretrude in ponition.

Conalruclion of plate vlectrodes (i, 1). \ picee
of polyethylene sheet (1 mill thiek), about 30 % 4
mm., was vut. Nix small needle holes, 5 mae apart,
were punched in the midille of tile shest aloeg the
fength. Mz pieven of silver wire (T, 95, 9, %5, 80

Fig. §
Dingram of pivte and needhe cleetrdes,
The netaat dinmeter of the shaft 12 shout 0.5 mm,

and I3 man lngr, M05° dinmeter, eovered hy
quadruple teflon, were eut: ome eml of ench picee
war neraped for nbout 5 mm, . g smull boll wae made
on the sttre end by means of & flame; the holled
tips were then threndel (ke mgh the hales in the
polyothriene nhert, The utder side of this plate wan
eovered he anothe® nieee of the film and both picees
fused hy menns of hent (an cleetrie flutiron win
weed). The silver wires above the plate were eementord

togriker with plexiglas dissolved in liehloroethylens,
aml a short pieee (nbout 30 mm.) of polyethylene
tubing ('K 9) pulkst over tiem for protection.
The other ewmin of the wiren wene aoldered in jdenti-
finhle svquenee to a 7 pin subminiature socket. A
bure stoitlens steel wire, 0207 diameter, war soldered
to pin wo, 4. This henvy wire anchored the plate
cleetrede to the skull, The leads were tested with an
ohmeter to cheek position and insulntion. The base
of the ket und all the soldensd joints were coated
with Tusl X K-33,

Nterihization, For use in animals tve cloetrodes
were winbed with soap and water and immersed an
Zephirnn L:1ikm for one to two hours,  Thin has
proved to be safficient. For use in haman patients
the walle cieetrmdes were auteelaved and the plate
cleetrmndes imuatersed in Zephiran overnight,

Mo diawl of implun’ation (monkeya). The aunimals
were operated upos under Nembutal ancesthesin, with
aseptic  preeaufions.  After shaving the lead, the

Fig. 2
Newille vlectrindes have bevn introdiesd into the brain
with n stervolaxie instrument, eemented to the skuil
amed fized with metalliv sutures through the bone,

wonkey was phiesd i a Hossdey-Clarke instroment,
An ineinion abhomt 3 em, long was made in the mid.
ne, amd aobditinpal incivions about 1 em. Yorp were
mide 0t the peterior part of the el o icr eael
evtrde to be jmpinntsl, The senlp wan retenete!
asml the presiocted points marked with the steree.
tnxie miervmunipulntor on the surfaee of the skull.
Ruree bk were made 2t (s points, using a 2 me.
Bameter dental dril, The durn waa pranetunsd and
the pomdle introduesd with the micemanipalator to
the desired depth, The eleetrmle w2 then ermentod
1o the bone with Fleek s dental cement (Mizay, Tue.,
New York o Allowing n few minntes for the eement
to dry the needle clevtrde was eneveld gver the sur.
faee of the skull, nnd the socket wax passed through
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wwe of the
ditional buer holes, abont 1.5 mm, dinmeter, spaved
alweat 1 eatee apurt, wore deithed o the skl 10 mm.
roasteriof to the entrance of the electrode; one piver
2 the Dare 0207 staindexs stee]l wire was led through
each hole, the wires were crosaed under $he skelt
aml brought out the oppusite hiele, and were then

pall openings in the sealp. Two ad-

sl over the polyethylene protection of the clevtrode, -

which was thus solidly anehored to the <kall. The

piote chetemdes were intrnduest manually  through
bure boles (about 5 omn sdinmeters and o sl slit
ion to

the ~aild was similar to thwt of the neslle clectrade,

in the dura. No dearal coment was used, FiX

Surgieal procedares fur ents and dogs were the
same, with the differnaee that the oecipityl protu.
Lerasiere was wwsl to anchor the cleetrmdes to the skutl

Appurnina. N als Dlinlo twe channel stimne.
Iator, and Uy Croee stimukitors, mode! 34\, wWore
sl Stinplations were monitonsl through a twe-
Yt Dn Mont wseilloseope, type 3228, Still and
moving pictuns wers often talen: fvonlings were
made on n Girmes N-channel  cleetrenecphalograph,
model 1110,

Fig. 3
Five muntha after implantation of 2 plate and 2
needle clectrodes, totnlling 29 leads, The 2 left side
sorkets, partly hidden by the hair, are visible at the
posterior purt of the head.

The braine « ote usnafiy emdusliled in paenffin,
serinlly weetionned at 15 4, nnd one in eaeh 10 mectionn
stuinm] by Nissl, Spiclmeyer, van (Gieson or Klilver
methinl,

Poxt-apernt ve rexulls,  Insertion of thin plate
eleetrmdes (1 milh) helow the dira peaved to be
wieventful, Tusertion of weedle cleetrodes in nnimale
alw proved to be wfe, oven in monkeys with Jemis
in the respiratory conter of the medulla, The pmst-
opeentive course was penerally gowd, and antibiotics
were ot neeessary, llenling of the point of entrance

throngh the skin was semetimes distarhed by plug-
ging in the lends, and oecasiunully there was & Josal
infeetion, easily  ronteoiled  with  loenl  antibiotios.
The  resenee of intraevreheal heads did not produce
deteetable changes in hehavior, motility, vr in perfoe-
manee of paveholegiend tests.  flowever, in o fow
vamed in which, rather rigid plates (3 or more mills
thieks were used on motor areas, a transient paresie
wian whservil, | In ahowt %5 jer eent of our series
the cleetrodes were intaet until the animals wero
st P Fieed, ,
Uatw and |Luh|k|-yn were stimulated with enmplete
fravdom of m'm'vmq-nt during the performance of
Hifferent types of tests, sueh an visanl diserimination,
slefayed alternation, nad eomlditioning avoidance, This
Froedum wits exsentin? to study of behavior and some
senwory phensmena,

& ; of the heaia nfter cleclrode impiantalicn,
The benins of 73 caty wnl 63 monkeys, in which
elretrmdes had been inp'anted for 1 to 14 months,
were studied, Rigid  plate !'ll'l"foltlﬂ. using thiek
polyethsleme (3 or morz milis) eavwnl a marked
ilepression on the implantation amu.  Polyethylene
plates of 1 mill thiekness produecd 2 small imneacsinn
ou the hrnin surfoer, and the protruding balls of
the lewds were often macked on the cortex. There
was g «light glinl raetion without ohservable alter-
ation of the neduns,

Tniroduction of meedle  Inetrodes within the
brain substance produesi 4 mechanieal destruetion
along the necidle traet with »ome hemorrhage, in
general very  small, and a brain  reaction  with
leneoextic infiltention amd glinl proliferation around
the nevedle traet. In the = jom*c of enses the
dimneter of [the needle traet, aftor two or mere
months of implantation, was lesa than ¥ mm. In
sone monkess the newile tracts wen: very small,
only. abour .2 mm. dianwter; in a few eanes the
renetivn wan more cousidernble.  In most of the
animuls eneh point had besn repestedly  stimulated
fur mouths with uni- or hislirectionnl wpunre waves,
100 e/see., 0.2.1 meee. pube duration. Study of
the brain seetions (did not show histologieal chanpes
at the puint of eleetrienl stimulation,

i 1% monkeys one or severnl pointa were rleetro.
eonguiates] v using 8 mA. DC for nbont 1% mia,
The extent of beain destroyed  with this method
was varinhle,  Nix of the 19 animals  developed
cneapeilited  aheeanes, with 3 deaths, 12, 21 and
Bhalnys nfter venguintion,

Eleetricel propertica of vleeirodea,  Eleetodes
were textod first jn phy<iologient ealine peior to
implantation, then in the braine of the monkevs
during  wevernl weeksa of implantation, asd nymis
in saline immcdintely after the animala were saeri-
fiewd, Volinge/enrrent ‘ratio wns essentinlly Huear

- o,
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for ak imdividual pul-; “durations and (requencies

studied (Mihailuvie and Delgude 195533, Thin sug-
westn that cleetrieal propertion of  the  clertrndes
dist not ehange during chronie emplicement within
onganie tisue, "

Specificily of rrsponscs and spread of enrrent,
Speeifieity of wame rerponses, such as servaming,
defensive-offensive  behavior, serntching, yawning,
ete,, wan repentedly ohserved (Inigado 1952h: 1952
efmde amd Anand 185800 Fach of these responses
conhl be evoled by eleetrical stimulation of only
v or 2 of the 12 to 30 lemds implanted in the

“wentative, one plate eleetrode waa plneed os the

motor arva of eneh side (R and LP), and ono needle
in diencephalie struetures of each side (RN azd LN).
Voltage and eurrent (mA.) werd monitored matinely
during rach stimulation. As we see in thiv table,
threshold intensitien in milliamperes were rather eon-
sunt in mowt of the points throughout the observation
period. Some points hiad a small inerease in threshold,
and only one point (1P 1) showed a marked inerense
after one aml a half monthe of experimentation,
Threshold voltage showed sone ineream. aftor three
months of implnntation. This suggests that the

TABLE 1
THAZSHOLDS OF MOTOR RESI'ONSEN DURING 3 MONTHS OF ELTCTRODE IMPLANTATION

DayYs 7 14 21

30 45 60 90

POINT V mA ¥V mA ¥V mA ¥V mA ¥V mA  V mA V mA

RY, 15 025 12 w23 15 023 20 030 25 538 20 035 25 035
THEY. | 13 ma3 16 045 17 045 20 05 20 045 20 045 25 05

RN, 15 045 .5 040 13 04 18 045 25 045 20 045 25 05
TIN, 25 68 30 n35 30 08 35 065 45 07 40 nes 40 065
Trx. 13 04 20 04 13 o4 15 04 20 04 20 04 25 04
TLN. 1 was 15 03 1s 038 20 035 23 04 25 04 30 04
TLP. | 25 n35 25 07 a0 03 a5 08 40 10 45 13 40 12
Tip. T Tep 25 an 23 80 25 60 25 63 20 .0 =5 - 65 28
TIp. T Tio 28 1o 25 &5 28 68 23 60 25 &5 25 63 23
TRP, 45 186 45 135 40 13 40 13 50 =0 53 20 50 18
TaP. 18 05 20 85 20 68 2n 05 23 06 25 085 5 08
TRP, 20 06 a8 03 23 n7 23 085 28 07 23 065 23 065

RP, 20 06 20 03 23 N7

brain of eneh animal. As Jeads 1 mm. apzrt ~vokel
different revponass in same caner 1t is pro* © . that
the ares of the brain stimulated by the cleetrieal
current was smnller than 1 mm. (n some experiments
in which intrueerebral leads eoull he moved through
needle guides implanted in the shull (Delgado 1055
it wne determined that changes of only 5 mm. in
the pe:itien of the Jends emnld resuit in denmatie
ehange in response, Howev:r, in other eamer a
similar response could be clic'ted by stimulntion of
leads 3 mm., 8 mm,, 77 mure, apart.

Kreitability, In tahle I threshold for mctor
responren during three montha nf eleetrode implant.
ation is shown. In this ense whi-h was repre-

ORGP N .

total impodanec incseaned with time of impla. tation,
hut the exeitebility of the brain was mandaine’
with small varintions. Table 1 also shows that
tendeney to inervased threshokl voltage throughou.
impinntation time was greater ia the cass of needle
thun =« ate eleetroden,

Kl #triecl activity. The spontaneous electrienl
netivity  eonled  through  different k uia showed
typieal patte=ss at each point. which were repeated
with similar charneteristies thronghout the period of
oheepv-ition. Rumetimes these patterna eould he eon.
siderably ehanged wnder the influence of differcnt
eorditions, for ezmaph. noine level of the rcom,
oyes open or cloeed, ete. If experimental eonlitions

e
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wore the sume, the potterns were alike in reeortings
taken wita weeks of months of dutersal, an shown
in figure 4.

Evoked after discharges. After diwharge evoked
by electrical stimulption of the bruin had a typiea

pattern which repeated it ench time a  point
was stimulated with appeopriate intensitivs,  Thes:
patteres were  tepienl for coon point but were

COMMENT e

With remote routeclled  stimuiation there are
no leads piereing the skin, which is a great advantage,
but these techningnes have the following limitations:
(a) they cannot be used for reeording; (b)) in
general only oue point of the hrin may be stimul-
atealpged it s not possible to fomtor the stimulation
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Patteens of spontancous vhetrieal activity of cach point were similnr during
the observation period: eczamples one week, one mouth, 2 months, and 3
months aftee implantation,

different arens, which suggests a loeal

during the experiments and therefore preeise data

autonomy of the phenomenon, Ar cxampic of after
disehinrge evoked in an uauznesthetized moskey by
monopolar stimulation of voint no, 2 nf the left needle
vleetrode in shown in figure 5. The needle wian pluecd
in the rhineneerphalon; the plnte waa placed over the
motor and premotor ureas.

concerning paraticters of stimulation ure not known
(ey intensiiy  of  stindibation  depends upon  the
reevived signal which may vary with changes in the
urientition of the receiving sestem,

In other techniques leadn conneeting the elee.
trodes implinted in the animals with the experimental
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“appinitus are dmploret. The wee of maltilend e

trdes avmn profilable, sinev with abont the xame
effort amk operatory trauma mons teuda are avail’
able. In addition to this, their construetion keeps
the interlemd distances constant, which i 3 grent

it lvervames the arcidental breakagye of leuln. nlul
in lews disturhing to the animabe, )
Implantation of electrudes, even in stroetures
an delivate as the meluliney evaters, proved o be
@’ and long term impinntation did not s:em to

advantag
different arens,
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Fig. 3

Exumpi s #° after disehirges shawing similar patterns, evohed by stimula-
tism of the same point with one month of interval,

affeet the health or belinvior of the animals. Eleetro-

In some teebniques i clectroden  eoagulution was more hnsardous. Funetionally, there

are fized to the skull by ineana of superstruetures,
serewed to the bore, I+ contrust, the use of dental
vement and metallie sulnres to fix the elevtrodes
te the skull is fur Je.m bulky, it ix 1r ensier operntion,

wor rema.iable constaney of results when similae
experiments were petformed with montha of juterval.
This was of specinl interest concerning eleetrienl
netivity, An there wan destruction along the needle
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tracts the meordmd activity coubl represent the dis
turlaner prodivend by the insertion of the cleetrules,
rather than the **normal’" pontanesns aetivity of
e bhenin. ever, thee  following
" ot support Porseibility r far sigie of deritation,
siel oo xpile. were in general abeent in revordings:
th putterns of chatiieal activity  were different
im different areax, which sagga-ts that kead netiaty
war heing reeorded, and net o emmmen ¢ lesion
artivity: (¢} patterns of cleetrieal activ:ty of cach
point el similar eharmietericties in revordings taken
with monilx of interal; () activity
theough: newlle eheetr. b
auat mwal  loextion, but  did  neot
differences from the activity recornl
vhwtrodes It wonld seem that, even if the presenes
of chairmles eoubd produce some alteration of the
- hrain, the soperimental eonditions ¢ mained constant
durineg the severnl moaths of obx rration,

argument do

recordeed
wtriel aevending o the
show  sperific

P througis plate

SUMMARY

. Techniques of constraetion and implnatation
of multilead cleetrades in the beain of amimads are
deserileal, Teeliniea! peobhlems of digdantation are
esamined,

2. No operatory secidents oecured, and no & fieits
were peduced by electrode insertion,

A After several months of jwplantation, plate
cleettmden produced 8 small impeasssion on the beain
surfaee without histolugieal altemtion of the neurons,
I'nmage of the hrain resulting from nevlle eleetnmbes
was generally lesw than 1 mm, in dismeter. Infeetiuns
were mre,  Eleetrocongubition was morne luznedous,

4. Prolonged ekeetriesl stimulation of the henin
dil  net any  deteetable  loeal  histological
changes.

5. Cerebral stimulation was pessible in eats and
monkeys whirh hid  frecdom  of movement.  This
perizliml atudies concerning behavior, wnsery phe-
nomena, enrrvintions hetween elinieal manifestations
amd cleetrienl aetivity of the benin, and e payehn-
logienl tenting of the animala,

& Patternn of  response  evokest by eleetriend
stimulution proved to be typienl for ench point, and
relinhle through time,

7. Threshobls of cleetrienl  stimulntion
tr I pather conctant throughout the months of

eiune

proved

nlmervation,

8, “Rpontaneous’” eleetrieal nelivity and it
termn of ovoke d post dischneges rocorded by menns
of implanted cleetroden weee sisulier in reeonlings
taken with weeks or montha of interenl,

9. Conelnsions 6, 7, and R imlirute that the
presenes of clectrodes disturbs the hrain  activity
very little, or at lenst, that the experimentnal eon-

643

slitions dn wot change during the period of obser-

vistion,
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