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Abstract—A method 15 presented for the establishment of long term
doctrice]l and chemical communication $o and from the brain. The
gxtermal dialvtrode s formed by a push-pull cannuls ending in a amall
permeable bag, plus seven contacts spaced alongside, The tramidermal
dealytrode consists of a push-pull cannula ending at one side on a
permeable bag and at the other side on twe puncturable seservoirs

Liewd subcutancously. fa Fitre expenimenis showed that the mate of
passage of "H-tyrosine through the dalytrede membrane was about
052, per howr. Dy applying positive or wegative pressured, oxchange
rates of 3-8 ul’minute could be sbtained. v 1 7vo fustional evidence of
passage of chemicals was obtained in rhesus monkeys implanted with
dualytrodes: {a) Perfusion of L-ghitamate (| M) through the amygdala,
widuged typical glutamate afterdischarges; (b)) Aminoacids, such as
slistamine, asparagine, serinc, glutamate, glvane, and o-alanime, were
colpeted in amygdala [htr[ug.ﬂc; {c) ﬂl,:mp:m!ﬂ'r.-l. such o fucose,
mannose, glucose, galactosamine and galactose were collected in caudate
nuclens perfusate; (d} Two way exchange, wo and fram the hrnan, was
demonsirated by curves of washout and by local biosynehesis of amino
scids from labelled glucose. Hivoloperal sodies show good biological
wlerance of dulytrodes and perfusion procedurcs. Transdermal dialy-
trades remain functional for cxtended perinds, sre uncherusive when
tart in use, and readily available when desired. This aystem may provide
i mew dmgnostic and therapeutic procedure i man, to obtan newro-
chemical information from, and to deliver drmigs to speafic structures
of the Brain,

i*} Present sldrene Trersiute of Paychotng Reieench, Iefans Ussesirs, |rfueogeols,
Indiang 46202,
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Intreduction

In wrder to invuul']ﬂ: intracerehral n:g'nnn'. phlrnumnlnﬂ: amd bocal neura-
chemsistiy, several swhors have deseribed “push-pull™ cannules for ithe
perfuiion of bquids through the brain (16, 23, 28) and single cannula for intra-
cerehral injection of drugs [I14, 17, 18, 19, 2ee bibliagraphy in Delgado (6, 5)).
Threer ademimiateataon af diugs into the ventreles aF apto the brakn has been
used for therapeutkeal purposes in man (24, 25, 26, 3 Diffusion of eresthetscs
and drugs through a silicone rubber membrane placed at the tip of @ push-pall
cinnula (chamnsde) ha beem projpocd for the sdrmammanon of cheimrcals 1o
the brain (15 )

Several vears apo we described the “Chemarrede” Syatem (13), consisting
of pwa small (#237) cannulas in juxtaposition plus an arrar of contaets placed
slangide p-rrrn.il:ti.nﬂ: {a) mlectrical recording, (b  electrical  &fsmulation,
&) injecuon, () collection, (¢) perfuiion of fuids into discrete sress of the
bras in unanesthetiaed anmak. The methad hos alicady provad ms practecaliny
(1, 2.4 6,9, 10, 11, §2, 13, 29}

The above described methods for intracerebral anjection and perfusion
have several comumen disadvaniager: risk of nfectinn, blocking of the cannulas
by cletting of tissue flusds and a possble poar recovery of perfusate,

Im opder 10 overcome these problemn we have developed the systemn naaned
“[halyerade’ (7, 8), which = desenbed n the preient paper. The External
Ihalyirade i simalar 19 the I"_'hunl.itlrrdrl with ks lirp elesed by o sanmall poraLs
hap which forms o barsier for micrsogganisms and tisae cells, while pesmotting
the passape of Ouids snd chemicab. The Transdermal Dialvirode 5 6 totally
suleout sneeniie device, pomitting inpedtspn and colbecnses of fuads, |1.."1.|||. elecanical
sammlation and recordings. This ke metrement may be sntable for thera-
|:||:u|!i|.;i-|! applicatuns b man.

Methods

Ao = The Extermal Danbytrods i formed by two sainless sweel tubing 77,
saliered topether, with one tip ending | mm shorier than the acher, inside a
pelymdiens bag 3 man me lengrh by | mm o diameses, [n addiien there s an
amiay af seven oomtacts of teflon msslated stambess sleel wire #F36 (5 mils in
diamitir ), with | mm esposed ups speced 3 mime zbomgicde the canmulas (Fag. 1)
The leada end in & seven pin Wincheater socket For the catablishownt of connec-
ricna with instrumentotion. T he !-Erlglh i the dialyrode rn'hnngs. s Fr\ﬁ]:mrrrﬁn:d
te reach the desired depth inside the brain,

B, — The Tramdemal Dielysrods ie formed by vwn pieves of teflon tubing
cerrenbed :urgelher. with one tip n'l-dm: I enum shaorees thoan the other 15 a2 5 h_!.r
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1 anmm :':'l!"“H""E b;g. The vilies eids of the l'-.lhu" HOFMAGETE IR WO sparais
pubber reservoirs covered by svlasix and messunng 10 mm n lengih by 3 mm
i diameter (e Fig. 2)
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Ewterna] dialyirnde cordats of & pushepall canruls ensfing on & peessalde gusly el Sane
bung, i fvem oo tBonE. THh imstiuimsar pammims dadtrael e lenon snd peoddinar,
plus churmnigal npretien a0 pd bt
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Fis. 2

Tugradenmal dahzrade dorviaita of p puab-poll consuls andong 37 ore wde a8 [
cilble buig, amd ¥t the other suls on e reiervinn. The metrument permuts leng term
i-aredermal delroery snd csllectan of both rlectricsl and cBermical informarnisn.
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Burpery for 1'||ﬁnwl'nrhl.

Under disbutsl ancathesia (35 mghg) wnb scptic precautons and uung
sterentaxic techniquee, cach dialytrode is implanted within the beain theough
8 3 mm burr hole and it is fized in place by dental cement [for further details see
Taclgada (5, 6)]. In the extenal dialytrode, the Winchester socket protrudes
throagh the open scalp. In the tranadermal dulyireds, the resdrvoirs are placed
subcutaneously bang invisible after ddomag the wound. Afrer healing. 2-3 weeks
later, the reacevoirs are ensily localized by palpation, being aceessibile by piercing
sealp and reservorr with 8 #28 needle [Fip- 2. By mjection into one side and
collecting from the other, a arculitson can be ewtablished through the intre-
cerebral dialytrode bag. For elecncal recording or stimulaton, an insulated
wire with expesed tip i antroduced inside one of the subowaneous reaeevoirs
by means of a hypodermic needle,

E;:Prrfnull.r.pl' anemal

A votal of ten rhesus monkeys, weighing 3.0-4.8 kg were used in the present
experiments. In 6 animals, Twe dinlvirodes were implanted ate the bead of
the caudste nuclous (o6 i each wde), for porods of 4 10 16 montls. [n 2
cther monkeys dialyirodes were implanted bilsterally in che bewd of the caudate
aucleus and in the smygdaloid pucleas. In 2 more animals transdermal
diglyrrodes were implanted bilaverally in the head of the caudate nucleus for a
peniod of é months.

Frsrrements and Procedures.

Mot perfision experiments were performed with 2 Harverd pump, equipped
with 2 mil svinges. [n & fow oocasions injections were perlonmed wirh 2 50l
Hamilon syringe. Hydraubic connectiors hetwoen syringes, dialyirodes and
collecting tubes, were made with 30 polpethylene tubing,

Electracal stimulations weee provided by the instrument designed in our
laboratory, and they were constant curtent, monopelsr, cathodal, square
pubses 0.8 meee pubie duratson, 100 Hz, monitored in voltage and amperage
by & 2 heam oscilloscope. Electrical recordings were obtained with o Graes 8
channel eleatroencephalograph.

Perfusstes from the brain wese sallocied on see. The standard perfusion
Fuisd was sterile phystobogical Ringer (Cutter Laboratories). Analysis of ibglled
pubstances was porformed with o Packard model 3375 Twpuad  scantillation
spectrometer. Analysin of perfusates containng BC-Deglucose and  newly
formed amane acids were meds by sutomated amifio acid analyveae and seintlstien
counted, & provoartly doscibed (3, 4)

Sugar companents of ghreoproteing were deterenaned by gas chromategeaphy
usg 50 sl sanphes of the perfusate From the cawdate nuclous. Samples of
eobvenl and of standard chesmicals were trested s tle same way &5 cantrals.
A 2! samphe, prepered and concentrated from the 30 pl inamal volume, wae
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intredwoed o the e chiomatograph oguipped with cloctron apiure detector
(FCD). For further detals, provious pubbcations may be consulted (21, 22)

Results
A, — dm tales ihudren
“Ihe dialyteode bag was tatally imameried mna bath, formed by 2 amsall plaste
comtifuge tube Blbked wuth 008 ml of bged. Circulaton of Bundi were then
witablsked through the dulytrode by means of the Hirvard pump, ot 3 rate of

L] L | = ad e "
Frz }
s mtra Tapeiomeels dhiaenhg e pessaps o "1 oesanst frocs the dudyirods s dhee
Bty (sohid limwel, ared Froen she bath to the by rrodde {entermmpred Lol
Abecmae Time in movaies Opdemmie: Percervape of acbany {opmb in ome medeum
Sk peapewy ho ik other (g feni)
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4.0 pljmim, Resulis were similar with different bags and one example is shown
in Fig. 3.

1. Owward passape. To determine che rare of diffusion from the inside
1o the outsids of the dialytrode membrane, "H-tyrogine {| pCfml, Mew England
Muckear Corp.} wis added o the perfused Ringer, providing a toral amaunt of
shout 400 counts per 0.5 el of fuid. This tyrosine Ringer wias circulaved
throwegh the dialytrode and the bath valume was changed &t intervals of 15, 30.
Edl, U0 and L0 minutes, to analyze its content of *H-tyresine. The autside of
the hag was washed off twice in each change, Results shown in Fig 3 arc
expressed as percentage of activity detected in the bath, with respect to the
activity exsting inside the dialyiwode bag. (For example 0.5%,, mean that
2000 counts were detected in L3 mi bath, when the perfusion Susd had S00,000
counts per 0.5 ml. At a speed of 4 plimin, sbout 0.3 ml were circulated in
& haurs.)

Reauliz show an outward passage of abouwr 0.5 %, of "EH-tyrosine per hear,
which is a considerable amount considering that the capacity of the dialytrode
hag is nnly 3l and the surface of the exchange membrane only 15 mn®,

7. fmecard passape.  To determine the rate of diffeson from owsisle o
imsade of the dialvtrode, o similar experiment was performed, placng the
H-tyrosine in the bath, passing Ringer through the dialvtrede and analyzing
the rudicactvity of the perfusion fuid, The passible collection of intracerebral
chemicale was thus estimated. As shown in Fig. 3 there was 2 detection of
IH-1yrosine in the perfusate within 15 mimtes af the aart of the expenment,
with a peak of about | 2, after 2 howurs of pecfusion. Thess valoes were simalar
te thiose ohained in the previcus study of outward passape.

Additional experiments performed with *H-DL-norepoweplsine {00 plfml),
showed simmilar diffusion care of 19, per 2 howrs,

B. — fa oo gudis

I. fnpection s the beain.  Evidence of outward passage af chemals from
iaide of the dislvtrode to the bran tigsoe was shianed by recording neuranal
aetvity., In previows experiments with chemitrodes we have demonstrared
thas injecrion of amounts as small &= 2l of L-gluotamate (| M) into the amygdala,
prodaced & rypical high voltage fast aciivity lastiog for several rminutes and
fallvwed by a relwund of depresscd voltape (91

The prezent experiments were performed with two monkeys with dialytrodes
in the amygdala, in which L-glutamate {1 M) was pecfused at a rate of 4 plfmin
for A0 minutes, About 10 minutes later after perfugion was begun, the spanta.
neous clectrical activicy of the nmygdals increased in amplitude and in fregquency,
ard a1 the end of 30 sminutes there accarred typical glutamate induced scizur:
activity, as shawn in Fig. 4, which lased for 2Z-f mdmite and was followed
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by amother 1015 minutes of bursts of srregular hagh voltage fast waves, ained

civileed with & few hours of depressed actoty. (In ehe mext day the spontaneoss

getivigy o the amygdala was rrmal. “The phenamenin was repeabed in ERRET
civld pgri'._-,m'rﬁ;l on different da\.", arsd it was localived 1o the '|.|-=rf|.ucd mde,
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2 Collection from the brain,  Ewidence of mward passage of metabolives
fram the brain to the Ringer circulating mside the dislyrrode bag waa eatablshed
in the fallowing nannee

irl Amino sods: In one monkey wing a diahermle the beft amy WS
porfused with sodum chioside 0054 A a5 roie of 1.3 al/men for 12 hisurs,
arl the collected Muid was suldected o automatic amine s¢id analyse, Reselis
shewn in Fig, 5 demonstrated the eollection of rather large smounts of glugamine-
plos sspuragine-plus serine, glutamate, glyeine and a-planing, while no measur-
able mmeanr of GABA was present. In samother cie, prr[umrn d!lfing 12 bhr
of sl resulted 10 2 small GARA peak. The expeniment was repeated on four

“riend days with similar rcsulls {F:rg. 5). Uonteal Jﬂlt'_luii!- of the Ausl weed
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m thise pofusons gave traoe amounts of Cghaemme’ without any eiber
detectable aming acuds

DIALYTRODE _IN _AMYGDALA

(10 ml perfused in 12 hours)
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i) Glycoproteins: In two other monkeve the beft caudare nuckeus was
perfused with Ringer solution a1 & spoed of 4 gl /min for one hour, and 0.2 ml
sample wis srabyred by gas chromstegraphy for sugsr and amine.sugar
compounds of gheoproteins in arder to determine the prosence of ribose,
deaxymbose, wvloae, glicose, ghocossmine, galictosamine, glutamic scid and
v-aminobutyric acsd, The peaks of the perfusate from the caudste nucleus,
as shuown in Fig. 6, demonszrated the presence of the fallowing subatances
listed frean greuter to lower concentration: Fucose, mannose, glucose, palnta-
gamine, galactese, These compounds were sdentified by using  standard
chemncals under gimilar pas choomatoprephic condraones,

3 Twe wov exchawpe. o and from the bram) Evidence of diffuses of
the same chemscal first into the brain and then back inside the dialytsode bag
was abtsined by two sz of experiments,

(1) Washour and secondary collecton. Im three monkevs the dialytrode
implanted in the left cavdate nucleis was perfused first with Ringer, then with
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(ria chromatographic amalysis of the pesfusace from ihe loft casdae nuclous de-
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Currier g H.

*H-tyrazine, and then with Ringer again, Results are shawn in Fig. 7. Control
Hinger perfumed at 4 plfmin for 30 minutes had only & lew background counts.
Tz perfusate with YH-vrming circulased also for 30 emnutes had counts far
I;u,-.g,.:_'q'pj the scabe of the mlh.Tl!wu H‘irrgur L FT ptl."l".lﬂnl. L ﬂ'u:ﬂd of 8 gl min
fur 3 minunes, repeating this waskout 3 times. The lait of these smples mdicated
a low count, below 100, When the peifrzon specd wis sbowed to 4 pffmin
hf]]mi.numﬁlﬂuuhlﬁudﬂmudmiﬁhﬂprﬂ,m 1 D wanh
1 new curve of elow washour which had s finel velue below 300 cpm. Perfuson
speed was then reduced 1o 08 ulfman and contineed overnight with the
appeerance of anather peak of counts ahove 1600, Thice more samples were
taken of 30 minutes each a1 speed of 4 plimin and the final counts were near
':al:'l-:g-rm.lnd :u;rll.'il:,'.

Thas result seemed i sidicate ihe pasEa gy af 'H'-!:rf-ul.inu o the brain with
a slow eflux of radicaciiviny back inne the dHalyerade,

(i) Bicovmikemia of smino aods. In one monkey 4 solwwsy i Hingee of
LM Crplucoss (5w fonl) e perfueed theossgh the left amagdala dialytrode
a2 mwie of 1.7 plimmn for onc bowr. Aftor 2 queci wnloat Ringeor solutson
was perfused 2t the same rate for 12 howrs, and the perfusate analyzed in the
satomatic amina ackd analyeer. Trsees of label appesred in aspartate and
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citrulline, but not i other substances. This result indicated that the ingected
ghocoss had diffsed 1o the braen whore ot was convered indo the two kebselled
amns siids o sufloeent ambunt to diffuse back to the dualyirode.

Mictyrosrs PN

FE
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Fia., 7

Washawit and secondawy collection froen s dislvirsde implenced in thee left candate
Fuchiul, 1diCating e if AriE oo way exclungs ail 'l‘lq:. roume (wer drwil,

4, Evperrmenmis weth lebelled IHIFA. Exprruments were gerofosmed an thies
monkeva, porfuuing the bhead of the candate muchius wnth Lbelled [ROFA
(4, Muclear Chicago, 31 me'mole) m an attempt to demonsirate its local eorver-
sy inbn dopamine ond relesse into the perfimue oz we have demonstrated
earlier usiigg chemitrmles (M. In these monkeys, washout curves were cbiganed
sarmslar by bhe vne shown in Fig. 7, without the detection of labelled dopamine or
desmanated metsbolites in the perfusion flusd. Thes result was interpected s
an pndscstion of very adew pesepe of the relrased catecholamines smn the
dadvarnde,

C. — Hustolypieal aly

After termination of the experments, each aninal win snesthetized with
Draabaal and perfased through the Teari with saline and with formaline 10 %,
After removing the cabvnrum with 1he implanted block of dialvirodes, the head
wan placed in the stereolase: instrument and coronal eeclions of the brsin
weee made st [0 co anvervale, The block with dislvtrode tracts was placed in a
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fonmed in 2l 3 anarmals. with considershle braan doatinetmn r".."'\-JI"'.'. rebateed
voith rovneded sipns of clectrophyvaslegal rrtaton
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feiachiom

ddbcutanavnra rewssrvaied o the wwa amirnale wich ranidermal l!ljil'_l.'rll'\l-llqﬂl

wire well telerated, bowg r|r|-|l1l.||:l':-.'lJ Ll:- a st wmberm firole Lissuce,

il niplantation and

withiur sipgns af infection ur repection aber & m

Preqjuent ws

I, B

Pralvtrude truct adier B enunghs of implaniat sin

Ivscussion

e pcthodolopy descnbed 10 the prescnt papes peonits long tarme smedies
cal s fhl"'l"'l:-\.\.ll |'i||l:1:l:|l'|'l.-: na in&ide 1he i o swake Jrl:!:'lrlli. r'lz-'_-jnf

- peErmeaiid 1|11'||||1|nn|: ul I|'\.|' I||| il m E||_|5I|.|_1|_,|: catniid avemds the mmin

-'-II-|';|.'.1|:- ab ntracerchral perfussons, Le, the poor recovery af perfurine duce
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to blocking af the tulss, The dialytrode system, bang closed inside of the
brain, alap prevents possible infectian,

With the added modification of subcutancous rescrepirs, the system is
fealpracd, unobtrusive when not o use and readily availabde when desired.
This transdesmal device seems to he sustable for clindical npplitau'nn: L drsan
when medication should be delivered v 2 specific tanget of the heain, for example
frr o term functional blocking of specific structures. As shown in presing
amidies (E1L lonp term show injmium aof local aniesthetics into the :||11_'.1:-:|:|J:
and hippecampus of ssnkeys, resulted inoa leng lastung bleck of excitahilicy
sccompanied by a decrease in agpressiveness, without producing other belavioral
manifestations,

The poasibility of repeated sampling of chemnicals from the sames Fructure,
in the same subject offers considerable scientific mterest. In provious studics
with chemitrudes i monkeys we have shown that large amounts of amino
acids considered to be possible CHS transeatiers, such as GABA, gletamare,
aupartare, g__lf.rlnr ard q}warhinnine can be detected m varnous cerchral
structures {4). Using transdermal chalvieedes it wauld he peasible to make
repeated sumpling of Jucal brain chemicals for daagniostse as well as for thera-
preutical poarpuses

In commparing diadytrodes and chemitnsdes, the pessence of the permeabls
meembrane has both advantages and disadvantages. The aoain bandicap s the
eharacle mpr{.ﬁ:nrrd by the membrane which slows down the i.-:u:hln.gl: i
Auids, Thes 12 probably the reazon why in pur sudy we were anable o deeo
dopamine after perfusion with labelled DOPA. The main advantage s that
dialyerodes enaure good recoveries and that fuids always cireulate amoothly
ard withoul prollems.

The capacity of the dialysis bag 1s rather small, only 3 ul, therefore the susface
Feve claernseal Hrhnngo af 15 mm® should he ::.pprnp-ri.:m‘- fior the estahlishment of
squibibronm within a seasonable period of dme, The “ig w3iea" atody showed
that 1%, of .5 ml [= 5 ul} of *H-tyrosine passed chrough the membrane in
2 howrs, By applying positive or negative passsure this amount may be changod
manyfold. Prelimemary studies indicate that with 30 eon Hg., exchange rtes of
24 plymin may essily he obizined, Application of mas chromategraphic
techngque for allu[_'-'.ﬂa': of menute ameunte of emicals in brain F’EFIUHI:H
seems tie be very promising. Lhe collected sufar companents nd _E]:lrcnprmﬁna
wire i the nancgram ranpge, o6 determined by comparing chromatographac
peaks with standard chemcala. A this vme, hewever, oo dfort was made ta
petimare the exact concentration of each component. It showld e r.x]'rﬁ;rtd
rhar lrwesl |:'|1:7||'|E1‘F| of SLIERTR, aminn—ﬁugﬂ.ﬁ‘ aming acida and caher substances
in specthe brain structures may have a relation o different neuraphysiological
and Behavieral comiitions such as :pi]tpi-:u[;ul.i: w.::1i'.-j|,g,-_ E.]I;I;p-wakﬂuh“ﬂh
rage-placidity, and this 12 the orictation of our ongoing research.
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