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Bcem Ham xoueTca nmeTb bonee cosepuieHHbIN, bonee BOC-
NPUAMYMBLIA pasym. Flockonbky Guonorndecknii ero Hocu-
TeNb, MO3r, NPUHNMAET yuacT1e BO BCEM, UTO Mbl A€NaeM, eCTb
BENVKOE MHOXECTBO NPUUMH, NO KOTOPBIM Mbl MO Obl »ke-
naTb yNyulweHna TOro, C Yem poXAaeHbl. MHorne xotenu ol
TOYHEE NOMHUTL BCAKWE BEIM — OT TPMBMANbHOMO “Kyda A
NONOKMN(A) KNIOUM?" A0 BAXKHOIO “a KOraa Yy Hac rOA0BLLMHA
c8anbbbi?’ Mbl He Npoyb BbiTh ObicTpee 1 coobpasnTensHee B
WIMPOKOM CNEKTPE KOHTEKCTOB. BEPOATHO Mbl, MoV, pasBunu
CBOU HEOOBIHANHO BbICOKME KOMHUTUBHBIE CNOCOBHOCTY, YTO-
601 nomoub cebe pewatb NPOONEMBI, YCNELWHO CNPaBNATLCA
C HeB3rofjlamun B JOMCTOPUYECKYIO 3NOXy. bbino 6bl 310p0oBo,
eCn Obl HaWM KOTHWUTUBHbIE HaBbIKK WX BPOBEHD C Nepeme-
HaMI B XN3HW NIOAEN, HO OHW He nayT. X1BA B COBPEMEHHOM
MUNPE, Mbl POKAAEMCA C TEMU Ke MO3ramu, Kaknummn obnaganm
Haww aunkne npegkn 30 000 neT Haszaa.

TpyAHOCTN, KOTOPbIE HaM NPUXOAWTCA NPEOAONeBaTs Ce-
rofHA, 3aMETHO OTMYAIOTCA OT NPOBNEM KPOMaHbOHIEB.
Mano KoMy HeOHBXOAMMO 3HaTb, Kak HaliT1 BOAY, A0OLITL MMILLY,
CNACTUCh OT XMWHWKOB 1 Pa3BECTM OrOHb. BMECTO 3TOrO Hawm
MbBICNIM 3aHATbI TEM, KaKylo Kapbepy 136patb, Kak nonaguTb C
cocefiamy, KOTOpbIE BbIFNALAT MHAYe, YEM Mbl, FAE XWTb U Ka-
KYI0 KyNTb MaLmHy. Mbl 6eCNOKOMMCA He O TOM, ANOBUTO NI
PaCTEeHe, KOTOPOE Mbl COOMPAEMCA ChECTb, @ O TOM, JOCTATOY-
HO N B HEM »Kene3a N BUTaMUHOB. B OTCYTCTBME KMBOTHDIX, 3@
KOTOPbIMY MK OT KOTOPbLIX HYXHO GeraTb, 1 Npu 130biTKe Ka-
NOPUVIHOM NN HaC 3abOTUT, KaK COXPaHUTb XOpOLWYIo Gop-
My B MUpe, He TpebyloLem OT Hac HONbLIOTO HANPAXEHNUA CUT.

HekoTopble 13 “Benuuanwimx npobnem” Mvpa — 370 Ha Ca-
MOM fiene He Te, O KOTOPbIX Mbl OObILUHO fiyMaem. 3acyxa u ro-
nog - npobnema? Muiiin 1 BOAR! XBATWT Ha BCEX, NPOCTO OHW He
PaCcNPeAenaioTcA CNpaBeaMeo 1N 3GPeKTNBHO. JHeprua —

STEVE M. POTTER

BETTER MINDS:

COGNITIVE ENHANCEMENT
IN THE 21st CENTURY

www neuro.gatech.edu

We would all like to have a better, more capable mind. Since
the mind’s biological substrate, the brain, is involved with ev-
erything we do, there are many, many reasons why we might
want to improve on what we were born with. Most of us would
like to be able to remember things better, from the trivial,
“Where did | put my keys?”to the important, “What is the date
of our wedding anniversary?"We would like to be more quick
and clever in a wide variety of contexts. We humans probably
evolved our unusually high cognitive abilities to help us solve
problems, to deal with adversity successfully in our prehistoric
environment. It would be great if our cognitive skills and abili-
ties kept in step with changes in how people live, but they
haven't. We are living in a modern world, born with the same
brains that our savage ancestors had 30,000 years ago.

The kinds of problems we need to solve today are dis-
tinctly different than those the Cro-Magnons had. Few of us
need to know how to find water, to hunt for food, to escape
from predators, and to build a fire. Instead, we need to know
which career path to choose, how to get along with people
next door that don't look the same, where to live and what
type of car to buy. We worry not about whether some plant
we might eat is poisonous, but whether it has enough iron
and vitamins. Without animals to run after or from, and with
an excess of fattening food around, we obsess over how to
keep fit in a world that does not require us to exert ourselves,

Some of the world’s “biggest problems” are not actually
the ones we usually think of. Are drought and starvation prob-
lems? There is plenty of food and water for everyone; it is just
not distributed fairly or effectively. Is energy supply a prob-
lem? There is far more energy than we need beamed straight
from the sun everyday. It just needs to be collected and used
more effectively. Global warming is not a problem, the prob-
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Ipynna “SymbioticA" n nabopatopua
Crvea NMotrepa."MEART - Monyxusoin
XyAoxHWK", 8 paboTte ¢ 2000 r., ppar-
MeHT BUOKMBEPHeTUYECKOM UHCTaN-
naumm. © 2004 r. ®oto: Gun fambneH.
SymbioticA Research Group and The

Potter Lab, MEART - The Semi-Living Art-

ist, ongoing since 2000, bio-cybernetic
installation. Image courtesy of the
artists. © 2004 Photo by Phif Gamblen.

lem is flooding and weather-related catastrophes we are not presently equipped to deal with.
Infact,one could argue that all the land that can't be farmed or even inhabited becauseitis too
cold is a problem that global warming will help solve!

Diseases are a real problem, but not quite the same problem that prehistoric humans faced.
Losing teeth 10,000 years ago could quickly lead to starvation. Even an infected scratch from a
saber-toothed tiger you escaped from could be lethal without antibiotics. Our modern diet and
sedentary lifestyle has introduced a number of health problems that our evolutionary heritage
never had to deal with, such as obesity, alcoholism, and heart attacks. Unnatural chemicals in
our food and environment cause all sorts of diseases, from cancer to brain damage. And modern
competitiveness causes chronic worrying and stress-related illness due to the unnaturally con-
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npobnema? Kaxabii AeHb Mbl NonyyYaem HeNOCpeaCTBEHHO OT COMHLLA, C €70 Ny4amut, HaMHOrO 60nb-
Le 3Heprum, Yem Ham Heobxoammo. [leno 3a mansim: Npeobpaszosath ee 1 MCnonb3oBaTh bonee 3¢-
dekTrBHO. [nobanbHOe NoTenneHvie — Toxe He BONPOC; Npobnema — 3To HaBOAHEHVIA ¥ KN1MaTvYe-
CKme KaTacTpodbl, CNocoOOB COBNafaTh C KOTOPLIMI Y Hac Noka HeT. 1o CyTi aena, MOXXHO NpeAacTa-
BWUTb CWTYaLMIO TaK, YTO BCA Cylla, FAe HeMb3A BECTV CENbCKOE XO3ANCTBO UM JaXe XKWTb, MOTOMY
4TO Tam CAVILLKOM XONOAHO, — 3TO 3aTpyaHEHWe, peliaemoe C MOMOILLBIO robanbHOro notenneHua!

bonesnn — BoT peanbHan npobnema, HO ¥ 3TO He COBCEM TO e, C Yem NPUXOAMNOCH UMETb
AeNo fomcTopuiecknm niogam. [lecats Teicad nNeT Hazaa noteps 3y6os morna ObicTpo 0bepHyTbCA
ronoaHow cMepTbio. Laxe ecnu Bbl n3bexany rubenu npy Bctpeue ¢ cabnesybdbim THrpom, Niobas
nony4YeHHan yapanwvHa, BOCManueLWMCh, MOrna CTaTb NeTanbHoiM B OTCYTCTBME aHTMOKOTHKOB. Co-
BPEMEeHHOE MiTaH1e 1 Hall ManomnoABMAKHbIN 00Pa3 K13HM NOPOAWAYI Liensin pag Npobnem, Ko-
TOPbIX B HALLEM 3BOMIOLVOHHOM HacNeaunit HUKOTAa He ObIN0: OXKMPEHIWE, anKkoronnam 1 viHGapkT
MrioKapfa. MICKyCCTBEHHbIE XUMUYECKME CORAVIHEHWA B MUILE W OKPY»KaIOILEN Cpefe CTaHOBATCA
NPWUYVIHOM Camblx Pa3Hbix 3ab0neBaHyIii — OT paka A0 HapyLeHWi MO3roBOW feATenbHOCT. [pu
3TOM COBPEMEHHbIN JyX KOHKYPeHIIMW BnedeT 3a OO0 XpoHryeckoe 6eCnoKoincTeo v obycnos-
NeHHble CTpeccom HoNe3HW, MPUYMHON KOTOPbIX ABAAETCA aHOMANbHO 3aTAXKHOEe BO30YyKaeHme
CUMNATUYECKON HEPBHOW CUCTEMBI (peakiiva “Oeit unmn 6ern’”). Xopowan HOBOCTb — 3TO TO, UTO Mbl
ropasgo Ny+iue HayumMnmnch CNPaBnATLCA C BoNesHAMYI, Yem 3TO ObINO elle Kakux-To ABa CTONeTvA
Ha3aga. [lnoxaa HOBOCTb —60ose3HVI, Kak 1 Npexae, OCTaTCA NOTEHIMANbHOM YrPO30i4 ANA KU3HW.

Eine ogHa npobnema — BOWHA, NO-NPEXHEMY HeCywan CTpadaHua 1 cmepTb. “bnaronapa” Ha-
wemy poaonnemMeHHoOMy CO3HaHWIO NPOAOMKAIOT pacTouaTbcA B Gopbbe C Tak HasbiBaeMbiMM “Bpa-
ramn” HencUMCvIMble NIOACKYIE 1 MaTepranbHble Pecypchl. ArpeccriBHOe NoBeaeHve 1 3almUTHbIe
pedneKcbl, BO3MOXHO, MOMOraBLUMe ManbiM NNemeHam Hallvix NPeaKoB C UX CKYAHbIMU pecypcamu,

Tpynna “SymbioticA” n nabopatopua
Mottepa. "“MEART - onyxneon xy-
[OXHUK', B paboTe ¢ 2000 r. Cnesa:
POOOMaHUNYNATOP, CNPaBa: rpadvk
HeMpOHHOW NNacTuyHoCT MEART
(BBEPXY), aHMMATa (BHV3Y). AganTue-
Hblit aNropuT™ cnocobeTeyet Gop-
MWPOBAHNIO HOBbLIX NPUBbIYEK.
SymbioticA Research Group and The
Potter Lab, MEART - The Semi-Living
Artist, ongoing since 2000. Left:

the robotic arm, right: neuronal
plasticity of MEART (top), and of the
animat (bottom). The adaptive train-
ing algorithm caused plasticity.
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tinuous activation of our sympathetic (fight-or-flight) nervous system. The good news is that we
are much better at dealing with diseases than we were even two centuries ago. The bad news is
that they still cause much suffering and death.

War is another real problem still causing suffering and death. Thanks to our tribal brains,
countless lives and valuable resources continue to be wasted on fighting so-called enemies. Ag-
gressive and defensive instincts that may have helped our ancestors in small tribes with scarce
resources are maladaptive today. Feuds linger long past the relevance of their initial causes,
whether between two neighbors, two gangs, two nationalities, or two races.

Stop and consider: What would it take to solve the real problems facing modern humans
today? It would take major changes in human nature. It would take a major update to our pre-
historic brain’s hardware and sof tware. | propose that cognitive enhancement brought about by
neuroengineering could make us better adapted to the modern world. It could quell our aggres-
sion, allow us to appreciate all people, and help us devise new technology: for global distribu-
tion of food, water, and energy; for preventing diseases and accidents; for dealing with natural
disasters; for seeing both sides of every disagreement.

Natural Cognitive Enhancement

There are (at least) two natural ways to enhance cognition, at very different time scales. Across
generations, preferential survival and reproduction of the more clever members of the tribe have
resulted in the differences between us and the other Great Apes, i.e, a tremendous expansion of
our neocortex endowing us with the capacity for complex language and symbolic thought. It is
possible to speed up evolution. Farmers, pet owners and horticulturalists have been doing this
for centuries: selective breeding. Itis unlikely that this approach will ever be popular for enhanc-
ing human intelligence. In fact, when modern medicine keeps alive a person who is about to die
from afoolish accident orbad decision,andthey go on to have offspring, the overall intelligence
of the human gene pool is diminished.Thanks to medical advances, evolution is actually heading
backwards in some ways.

On the shorter time scale of one lifetime, learning from others or from experience can make
one wise and capable. Learning produces immediate results, and because everyone already uses
this form of cognitive enhancement, it will be comparatively easy to promote the idea of better
and faster learning through neurotechnology.

Neurotechnology for Better Learning

What is a thought? What is a memory? We know surprisingly little about such basic and funda-
mental aspects of our nervous system. Thousands of neuroscientists are working hard across the
globe to reveal the secrets of what is often described as the most complex thing we know of,
the brain. In the Laboratory for Neuroengineering at Georgia Tech, [1] we are trying to add a few
pieces to the puzzle of how learning works, and how to improve it. As a model for human brains,
we study simple nervous systems of a few thousand neurons and glial cells in vitro. The Petri
dishes we use have arrays of microelectrodes embedded under the cells, through which we can
deliver artificial sensory input to the neuronal networks cultured on them. We can also record
electrical activity patterns in these cultured neural networks, and try to decode the patterns with
powerful microscopes and computers.

Hybrid Neural Systems

By interfacing the cultured networks to robots or simulated animals, we can study their behavior,
and try to induce changes that represent simple forms of learning. In the year 2000 at Caltech, we
developed the first hardware and software to "embody” cultured networks, to allow their activity
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arpeccuio, HayuwIncb NOHMMaTb APYrvx Miogen, nobpeny HoBble TeXHONOTMW — AsiAa rnobanb-
HOro pacnpegenenvia NPOaYKTOB NWTaHVIA, BOALI Y SHEPrnW; Ana npefoTepallenns bonesHei v
Ype3BbIYaNHLIX NPOWCLIECTBNIA; 4518 NPOTVBOAENCTBUA CTUXMAHBIM O@ACTBUAM; 4NA TOTO, UTOObI
MOHMUMAaTL 0be CTOPOHbI B NI0HOM Crnope.

EcTecTBEHHOE KOTHUTUBHOE yChieHune

ECTb MO MeHbLE Mepe ABa CTECTBEHHDIX MyTW ANA YCUNEHNA KOTHUTUBHOM CMOCOBHOCTH, CylLe-
CTBYIOULVIX B COBEPLIEHHO Pa3HbIX MacluTabax BpeMEHW. 3@ MHOTO NOKOJIEHUI NPENMYLLECTBEHHbIE
NOTPEBHOCTY BbPKMBAHKA 1 BOCMPOW3BOACTBA HONEE Pa3BUTLIX YMCTBEHHO YNEHOB MNeMeHV Npu-
BEJIV K PA3MNUMAM MEXKAY HAMIU 1 NPOUVMI BEICLIMMY NPYMATaMK, T.e. K HeObIBANOMY PacLIMpPeHKIo
HEOKOopTEKCa®, HafeMBLWEMY HaC CMOCOBHOCTAMY K CMOXHOMY A3bIKOBOMY W 3HAKOBOMY MbiLLisie-
HWIO. 3BOSIIOLMIO MOXHO YCKOPWTL. Depmepbl, CRELManucTbl N0 AOMAWHYIM XXUBOTHBIM W PacTu-
TEMbHBIM KybTypam 3aHUMAIOTCA STUM — @ UMEHHO CEJIEKLMOHHbBIM PA3BEAEHMEM — YXKE COTHU fIET.
Ho BpAA MW AaHHbIA NOAXOA KOTAa-MO0 CTaHET NOMYNAPHBLIM B YCUNEHU UENOBEYECKMX YMCTBEH-
Hbix CnocobHoCTer. Mo CywecTBy, Koraa COBPEMEHHAA MeuLIMHa BO3BPALLAET K KM3HW Uenose-
Ka, KOTOPbIN JOMKEH YMEPETD B PE3YSIbTaTe HENEMNOW C/IYUaNHOCTA UM HEBEPHOTO PELUEHWA, 1 OH
BNOCSIeACTBMM 003aBOANTCA NOTOMCTBOM, OOL|MIT IHTENNEKTYaSIbHbIN YPOBEHL TEHOGOHA CHIKA-
eTCA. B KaKOM-TO CMbIC/IE YCMexy MeAMLIMHBL ABUXKYT IBOSIOLMIO B OBPATHOM HanpasneHni.

B 60nee KOpOTKKIX BPEMEHHbIX PAMKax OHOW XKU3HW, HAyUeHWE OT APYI1X NIOAE MOKET Caie-
natb nHAMBKAA Myapee v cnocobHee. ObyueHne aaeT HemeaneHHble pesysibTaTl, 1 NOCKOMbKY
3Ta GOPMa KOTHUTUBHOTO YCUSIEHUA JABHO BCEMU UCMOSIb3YeTCA, OyaeT CPaBHUTENbHO HECTIOK-
HO BHEAPWTL Uaelo Bonee KauecTBEHHOTO 1 BLICTPOrO OByUEHNA C MOMOUIBIO HEMPOTEXHOSIOTVI.

HewpoTexHonornn ana 6onee KaueCcTBEHHOTO 0byueHVA

Y10 Takoe MbIC/b? YTO Takoe NamaTtb? Mbl NopasunTenbHO Mano 3Haem 06 3TVx 6a3osbix, GyHAa-
MEHTaNbHbIX aCNeKTax CBOer HepPBHOW CUCTEMb. BO BCEM MUPE ThICAHN YHEHbIX-HEBPOSIOTOB TRY-
OATCA He MOKIMafan PyK Haf PacKpbiTEM CEKPEeTOB TOro, YTO YacTO Ha3biBaloT Hanbosiee CROX-
HbIM 13 M3BECTHBIX HaM eCTeCTBEHHbIX YCTPOWCTB, — Mo3ra. Y ceba B nabopatopuvt HENPOUHKe-
Hepwn TexHONOrMYeCckoro MHCTUTYTa Ixopmkum [1] Mbl NbiTaemca A0O6aBUTL Kakne-To HeaoCTalo-
e dparmeHTbl B Ma3N O ToM, Kak paboTaeT NpoLiecC NO3HaHWA 1 KaK ero ynydwnTb. B Kauectse
MOAESIN UesioBeveCKoro Mo3ra Mbl UCcsieflyem in vitro NPOCTble HePBHbBIE CUCTEMBI 13 HECKOSIbKMX
ThICAY HEMPOHOB W IMINasbHbIX KNETOK**. cnosib3yemble HamK Ualwku MeTpu CHab)eHbl Maccu-
BaMW MMKPO3SIEKTPOAOB, 0OPa3yloWMX MOBEPXHOCTb MOAMOKEK, Yepes KoTopble obecneunsaeT-
CA WCKYCCTBEHHbIN CEHCOPHbBIN BBOA B HEVIPOHHbIE KYNbTYPbl, BblPaLLeHHbIE Ha 3TON MaTpuLie. Mbl
MOKeM TakKe 3anucbiBaTb 0Opasiibl 3/IEKTPUHECKON aKTMBHOCTIN 3TUX HEMPOHHBIX KyAbTYP W Mbl-
TaemcA pacwndpoBbIBaTb AaHHbIE HOPMbI C MOMOILIBIO MOLHBIX MUKPOCKOMOB M KOMMBIOTEPOB.

TM6puaHble HeMpocucTeMbl
YCTaHaBnMean 8YCTOPOHHIOIO CBA3b MEXAY HEMPOHHbLIMUI KynbTypamu 1 poboTamu (Mnm crimy-
nﬂropamw >KVIBOTHbI)<), Mbl imeem BO3MOXXHOCTb MSyL{aTb noeegeHne HepBHOVI TKaHN N cTpeEMUM-
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pynna “SymbioticA” u nabopatopua Ctuga MoTrepa. “"MEART — Monyxuneon xy-
NOXHUK, B paboTe ¢ 2008 r. Mo3r “MEART" KynbTypa, COCTOALLAA 13 HECKO/Ib-
KX TbICAY KOPKOBBIX HEMPOHOB SMOPUMOHA KPbICh 1 60 MVKPO3NEKTPOAOB.
SARG and The Potter Lab, MEART — The Semi-Living Artist. MEART's brain: a net-
work of a few thousand neurons from a rat embryo, and 60 tiny electrodes.

CA BbI3blBaTh B HEM M3MEHeHWA, NpeacTaBnsaioiLme cobor npo-
cTeiwme Gopmbl NprodpeTeHus 3HaHnik. B KandopHuickom
TEXHONOrn4eckom MHCTuTyTe B 2000 rofly Mbl Bnepsble Co3fa-
NV annapaTHoe 1 NporpamMmHoe obecnedeHve Ana “TenecHoro
BOMMOILEHNA" 3TIX Ky BTy, NO3BONAIOLIEE NPpeobpa3oBbIBaTh
HEMPOHHYIO aKTUBHOCTb B iBMKEHMNE POOO-PYK MW KONECHO-
ro MexaHu3Ma, a Takke OCYLLIeCTBAATL "0bpaTHyIo CBA3L, nepe-
[laBasA CUrHanbl OT CEHCOPOB 3M1EKTPOMEXaHNUECKOro "Tena’Ha
HepBHble KneTkn. OgHUM M3 Taknx rubpuaHbIX POHOTOB, UK
"rnbpoTtos’, Obin “MEART — Monykmneont xyaokHWK*** Obbe-
OMHVB ycunma ¢ apT-nabopatopuent SymbioticA [2], Mbl nog-
Knioyanu yepes VIHTepHET pucyiolLyto pobo-pyKy K HEMPOH-
HBbIM KyNbTypam, HaxoAMBLWIMMCA NOPOM 3a ThiCAUM KMNOMeE-
TPOB OT Hee. Mbl pacCumTbIBa 4 3amny CTMTb NPOUECC NO3HaHUA
B KMBOW TKaHM mo3ra MEART a, nocbinaa Ha HepBHble KNeTKu
pa3sgpakalollye 3neKTpuUeckme BO34eNCTBMA, OCHOBAHHbIE
Ha TOM, UTO BWAWT BUiEOKamepa B Npoliecce pycoBaHua. U3
PWCYHKOB, BbiNONHeHHbIX MEART OM, HeACHO, cMorfa nn Bbl-
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patterns to move robotic arms or wheels, and to translate data
from the robots'sensors into electrical stimulation patterns for
the networks. One such hybrid robot, or “hybrot’, was MEART,
the Semi-living Artist. In collaboration with SymbioticA, [2] we
connected a robotic drawing arm to cultured networks, some-
times thousands of miles apart, via the internet. We hoped to
induce learning in MEART's living biological brain, by sending
the culture dish stimulation based on what its video camera
eye saw of the drawing in progress. Judging from the types of
drawings MEART produced, it is not clear much learning was
happening, but the complexity of behavior produced by a net-
work of even a few thousand brain cells was surprising. Like a
classroom full of preschoolers, each network we hooked up as
MEART's brain produced itsown unique style of scribbles.

Learning in Embodied Cultured Networks

Cultured neuronal networks, without a body and sense or-
gans, are growing in sensory deprivation. Like a person put
into solitary confinement in a dark cell, they go crazy. Without
natural inputs, they develop activity patterns that resemble
epileptic seizures, called network bursts. During these bursts
of activity, the neurons fire pathological signals in synchro-
ny, which make it difficult for the hybrots’ sensory input to
influence their behavior. We noticed that a culture that was
being used to control MEART, after days of receiving stimu-
lation fed back via the internet from its video camera eye,
began to calm down, showing less and less epileptiform ac-
tivity. We found we could quell the barrages of activity in all
of our cultured networks by sprinkling low-frequency pulses
of electricity across the network, delivered via the substrate
electrodes. In some sense, this restored the natural level of
background activity to the cultured networks, analogous to
what an intact nervous system would receive from the ani-
mal’s senses. Thanks to the burst-quieting background stimu-
lation, networks no longer exhibited continuous seizure-like
activity, and they were more responsive to artificial sensory
input. This, in turn, made them more amenable to studying
learning and information processing in vitro.

With the burst-quieting stimulation protocol, we were
then able to reliably alter the behavior of embodied cultured
networks with artificial inputs. We used patterns of electrical
impulses to train a hybrot to navigate in a pre-specified di-
rection. It was a simple task for a simulated animal controlled
by a few thousand living brain cells, but a major advance for
neuroscience. We now have a simple model biological system
to study learning mechanisms, whose entire brain is laid out
flat on a glass surface where one can easily watch it under the
microscope while it is doing the learning.



palLieHHan HENPOCTPYKTYypa M3BNEtb Kakom-vibo OnbiT, HO
CNOXKHOCTb NOBEAEHVIA, MPOAEMOHCTPUPOBAHHOMO CETBIO V13
BCETO /MLb HECKOMbKIX ThICAY HEPBHBIX KNETOK, bbina Bneyat-
naoulen. Kak Aetn B AOWKONbHOW rpynne, KakAan KynbTypa,
npepnaraswanca Hamm MEART'y B kaviectBe MO3roson Cyb-
CTaHLMW, ABNANA CBOW VIHAMBVAYaNbHbBIV CTVNb PYICOBAHIA.

O6yueHue B BONJIOLL EHHbIX KyfbTypax
Bblpal LleHHble HEMPOHHDBIE KybTypbl, NVILIEHHbIE Tena 1 opra-
HOB UyBCTB, Pa3BVBAIOTCA B YCMOBKAX UyBCTBEHHOW fAenpyiBa-
Livn. Kak uenoBek, NOABEPrHY Tl OAVIHOUHOMY 3aK IOUeHVIIO B
TEMHOWN Kamepe, OHW CXOAAT C yMa. B oTCyTCTBIYIE HOPMANbHOW
BXOZHOM MHQOPMaLV Y HUX Pa3BMBaIOTCA GOPMbI aKTVIBHO-
CTt, HaNOMVIHAIOLLYIE 3MVNENTHECKME NPUNAAKK U IMEHYEMbIe
"BCnblwkami” ceTn. Bo BpemA 3Tux KpM3oB HEMPOHbBI CUHXPOH-
HO NOCBINAIOT NATONOrMUECKVIe CUrHasbl, MeLalowme BXOLHON
CEHCOPHOW MHPOPMal [ rMbpPOTOB BAMATL HA NOBEAEHVIE NO-
cnepHyx. Mbl 3amMeTuawn, UTo KynbTypa, MCNONb30BaBLIAACA B
MEART’e, nocne HeCKONbKKX fiHen 0bpaTHOM CTUMYNALIVIN Cr-
Hanamu, nonyuYeHHbIMK MNOCPefACTBOM VIHTepHeTa C BHew-
Hel BrIAeO Kamepbl, HauvHana yCnoKanBaTbCA, NoKasblean BCe
MeHbLUE 1 MeHbLIE 3NWAeNTUGOPMHON aKTVIBHOCTY. Mbl Takrke
OBHapy KW, UTO MOXKEM NOAABNATL Gapbepbl aKTVIBHOCTY BO
BCEX BblpalLEHHDBIX HEMPOKYIbTYPaX, PacCeriBaa HII3KO4acToT-
Hble 3NeKTPOMMMY fbCbl NO BCEW KyNbType Yepes 3NeKTPoaHYIO
NOANOXKKY. B KakOM-TO CMbICne Npu 3TOM BOCCTaHaBAMBANCA
€CTeCTBEHHbIN YPOBEHb GOHOBOI aKTVIBHOCTY B Ky/bTypax, No-
[OOHO TOMY Kak HOpManbHas HepBHaA cMcTemMa BOCNPYIHIMA-
na Bbl CUrHabl OT OPraHoB HyBCTB XKVBOTHOTO. bnaroaapa ¢o-
HOBOW CTUMYNAUVIVI, FacAlLei INeKTPOBCNbILIKY, KynbTypbl yKe
He MOKa3blBan HEMPEPbLIBHOM, NOXOXKeW Ha NPUNAAOK aKTWB-
HOCTV! V1 NyuLlie pearvipoBaii Ha BBOAVIMYIO CEHCOPHYIO VIHGOP-
MaL10. 3T0, B CBOIO Ovlepefib, Aenano vix bonee CKNOHHbIMA K
0byuenuio v1 0bpaboTke VHdopMaLwv in vitro.

Vicnonb3ya meTtogdpl CTYMYAALVI, NOAABNAIOLWYIE BCNbIW-
KV aKTVIBHOCTMU, Mbl, COOTBETCTBEHHO, MOT /11 YBEPEHHO V13Me-
HATb NOBefeHMe BONJIOLIEHHBIX KyJIbTYP C MOMOLL|BIO WCKYC-
CTBEHHO BBOAVMMOW MHbOPMaL|MKL. Mbl OnepupoBany pasvid-
HbIMK Habopamu 3NEKTPYILIECKVIX VIMNYNbCOB A51A OTPaboTKM
HaBbIKOB NepemeLLieHVIA rnbpoTa B8 3a4aHHOM HanpaBeHNN.
[nA cuMynaTopa »KVMBOTHOrO, YNPaBAAEMOro HECKONbKAMM
TbICAYAMM XKVIBbIX MO3TOBbIX KNETOK, 3afaua Hbina HeCNOXKHOWM,
HO ANA HEeMPOHAYKyI 3TO 3aMeTHbIM Wwar Bnepea. Tenepb y Hac
eCTb MOJIeNb NPOCTON BUONOTUECKOW CVICTEMBI ANA vICCne-
[OBaHUA MeXaHK13MOB NprobpeTeHNA OMbiTa, MO3f KOTOPOW
BbINO>KEH TOHKVIM CNOEM Ha NOBEPXHOCTV NOANOKKM — €ro
paboTy B Nnpouecce 3anOMUHAHNA HOBOW VIHOOPMALIM MOXK-
HO HabnloAaTh Yepe3 MYIKPOCKON.

Intact animals are used by many neuroscientists to study
learning mechanisms, but their complexity makes it much
harder to control all the variables in an experiment. Unlike
behaving animals, whose constantly moving brains are hard
to image under the microscope, hybrots have simple, station-
ary brains separated spatially from their robotic or computer-
generated bodies. In the case of MEART, this separation was
often thousands of miles. These experiments with embodied
cultured networks have shown that an important aspect of the
embodiment is for the neural-robotic system to be a closed
loop. That is, the neural activity affects the robot's movement,
the movement affects the robot's relation to its environment,
the neuronal network receives new sensory input, and the
sensory input then alters its neural activity, generating new
movements, and so on. By actively sensing and interacting
with our environment, humans can learn most effectively, and
the same seems to be true for the hybrots.

To close the loop between cultured networks and comput-
ers, we had to build our own custom neural interfacing hard-
ware and software. Others creating brain-computer interfaces
foranimal research closed the loop using natural sensory input
via the animal’s own visual system, instead of the electrical stim-
ulation used to provide artificial sensory input to hybrots. The
closed-loop neural interfacing technology we, and others have
built for research purposes will help us understand basic mech-
anisms of learning and information processing in the brain, so
we can begin to look for ways to improve it. This technology
will form the basis of future devices designed to alter neural
activity in humans, to enhance cognitionin a variety of ways.

Cyborgs Walk Among Us

In the brains of thousands of patients, electrodes have been
implanted for clinical treatments and diagnoses. Deep-brain
stimulation (DBS) is being used to treat a number of neural dis-
orders, such as Parkinson's disease and chronic pain, and even
cognitive problems including depression, memory problems,
and obsessive-compulsive disorder. Such devices are the de-
scendants of pioneering research in the 50s by James Olds
and Peter Milner, who found they could hijack the brain’s natu-
ral reward circuits with electrical stimulation in certain regions,
causing lab rats to become addicted to pressing levers to get
small but intensely rewarding jolts of electricity. Because of
the brain's incredible complexity, researchers and clinicians are
still mapping out the effects of electrical stimulation of vari-
ous brain circuits. The deep brain stimulators currently used
are not much different from heart pacemakers, continually
delivering pulses of electricity to normalize activity in some
malfunctioning circuit. They are not very sophisticated, with
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pynna “SymbioticA” n nabopatopua MoTtepa. “"MEART — MonyK1BOW XyLOAKHMK',
B8 pabote ¢ 2000 r. DparmeHT: pobomarmnynatop. © 2002 r. Ooto: Oun ambneH

SymbioticA Research Group and The Potter Lab, MEART — The Semi-Living Artist,
ongoing since 2000. The Robotic Arm, Biofeel. © 2002 Photo by Phil Gamblen.

MHorvie ydeHble-HeBpO.NOrN B CBOVX 13bICKaHIAAX, NOCBA-
UleHHBIX MPVHLIMNAM HaKans MBaHNA NMamaTIA, CNOSIb3YI0T NOA-
HOLIEHHbIX >KMBOTHbIX, OQHAKO CFIOKHOCTb X MOBEAeHA ce-
PbEe3HO 3aTPYAHAET KOHTPO.Mb Haf BCEMIA NEPeMEHHBIMA B SKC-
nepumMeHTe. B OTAnHIMe OT MKIMBOTHbBIX, MO3M KOTOPBIX MOCTOAH-
HO HaxOAWTCA B ABWPKE HAM 11 NO3TOMY ero KapTuHY TPYAHO OT-
CflegnTb NOA MMKDOCKONOM, TMBPOTbl 06nafaloT NPoCTbIM CTa-
IIMOHAP HbIM MO3rOM, MPOCTPAHCTBEHHO YAasleHHBIM OT CBOETO
Tena, Oyab TO 37IeKTPOMEXaHNHECKUIA aHasfIor S ero KOMMbIO-
TepHoe nogobue. B cnyuae MEART'a 370 yparneHie 3a4acTyio
COCTaB/IANO ThICAYI MWSIb. DT IKCMEPUMEHTBI C UCKYCCMBeH-
HO 8bIPAWEHHBIMU U MEeCHO-80NOWEHHBIMU - KYlbmypamu
NoKasani, UTo BaKHbIM MOMEHTOM [J1A Pearii3alliav Hevipo-
POOOTOTEXHINHECKOM CUCTEMbI ABSIAETCA HaNlvIMe B Hell obpaT-
HOM CBA3M. [pyrimn ClOBamiM, HEPBHaA [eATeSIbHOCTb OKasbl-
BaeT BO3AENCTBIE Ha [BIPKEHA POOOTa, BVKEHIA BIIMAOT Ha
B3aMMOOTHOLWEHNA POBOTa C OKDY»KaIOILEN CPeaon, HEMPOH-
HaA ceTb NOMy4aeT HOBYIO BXOLHYIO CEHCOPHYIO MHbOPMaLMIO,
nocne 4ero 3ta MHGOPMALIA M3MEHAET HEPBHYIO AeATefNb-
HOCTb, BblpabatbiBas HOBble ABIMKEHIA, 11 Tak Aanee. AKTMBHO
OLLYIILaR OKPY»KAIOLULYI0 CPeay 1 NepeBoan 3T OILYWEeHNA B "MH-
dbopmaumio’, noan moryT obyqatbca bonee 3pdeKTMBHO, 1 3TO
e NpeacTaBAeTCA CnpaBeasivBbiM B OTHOLWEHUIN rBpPOTOoB.

Y7100b1 3aMKHYTb KOHTYP MEX/Y XKMBOWM TKaHbIO 11 KOMMbIO-
Tepamu, Mbl paspaboTtasnm cneymasibHoe annapatHoe 1 npo-
rpammnoe obecneyeHe ASiA CO3[aHMA HenponHTepdeica.
Hawwum Korine na, nccriegyrouine noseae Hie KvBOoTHbIX, OObIMHO
YCTaHaB/MBAIOT MHTEP(ENC “MO3-KOMMbIOTEP', 3aMbikad 3TOT
KOHTYP MOCPefCcTBOM ecTeCTBEHHOTO CeHCOPHOroO BBOAA “e-
pe3 B13yarnbHyIo CUCTEMY XKMBOTHOTO, @ He NMyTem 3MeKTPOCTH-
MYNALWY, KOTOpaa obecneqnBaeT NCKYCCTBEHHbIN CEHCOPHbIN
BBOA MHPOPMALIIA rMOpoTam. TeXHOSIOrA CO30aHAA HeNPOVH-
Tepdeinca c 06paTHOI CBA3bIO, BbIPAOOTaHHAA HaMM 11 APYrMIA
CrelMancTami B MCCrieAoBaTeSIbCKAX 1JeNAX, MOMOXET Paso-
6paTbCA B OCHOBHbIX MEXaHI3Max HAKOMSIEHNA, XPaHEHAA 1 06-
PaboTKA MHGOPMALMIA B MO3TY, 4TOBbI Mbl MOF 1M NEPENTIA K MO-
MCKY CrMocoBOB COBEPLIEHCTBOBAHIAA MOCNeAHEro. 3Ta TEXHO-
J10MAA CTaHeT OCHOBOW OyoylimMx YCTPONCT B, pa3pabaTbiBaeMbix
1A N3MEHEHIA HEPBHOWN AEATENIbHOCTY FIofen 1 yCunieHva
NO3HaBATE b HbIX CMOCOBHOCTEN CambIMA PA3HBIMA My TAMIA,

Kubopru cpeaun Hac
B MO3r TbICAY NaLIMEHTOB BXMBSIAIOTCA 3MEKTPOABI ANA KIMHIA-
UeCKo Tepanian 1 gimarHoCTMKA. Tpn nedeHAM Lesioro paa
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only four electrodes, each one millimeter across, designed
for stimulating but not recording neural activity. In contrast,
the culture dishes we use in the Neurolab have 60 microelec-
trodes, each only 30 microns across, that can both record and
stimulate with whatever complex stimuli we wish to deliver.

The brain stimulators of tomorrow will, like our multi-elec-
trode array culture dishes, have large arrays of microelectrodes
for more delicate, finessed stimulation that is tailored to a per-
son’s unique brain circuitry. Like our embodied cultured net-
works, they will be closed-loop, always monitoring ongoing
neural activity and automatically adjusting their stimulation
to meet the changing needs that arise from a person'’s varied
activities and bodily states.

It is not hard to imagine taking brain stimulation from the
clinic to something used routinely by normal people, to enhance



HEeBPONOTUUECKIUX PACCTPONCTB, TaKnX Kak HonesHb NapKunHco-
Ha 1 XPOHMYeCKmne 6o, U fake ANA CHATWA KOTHUTUBHBIX NPO-
Hnem, BKtoUaa Aenpeccymio, HapyLWeHnA NamMAT 1 06CeCcL1BHO-
KOMNY NbCMBHbIE PAaCcCTPONCTRA, NPYIMEHARTCA ryOOKaa CTumy-
nauvia mosra (FCM). Vcnonb3yemble Ana 3TOro yCTponcTBa BOC-
XOAAT K 1950-m rogam 1 akcnepumeHTam rkermca Onaca n Mu-
Tepa MunHepa, KoTopble 0BHaPY KWK, YTO NPV NOMOILLIM SNek-
TPOCTUMY NIALIMM ONPeAEeNeHHbIX YYaCTKOB MO3ra MO>KHO BO3-
[eNCTBOBAaTb Ha eCTECTBEHHbIE Lienn yAOBOMLCTBYIA, 3aCTaBNRA
NabopaTopHbIX KPbIC HECKOHEUHO HaXKMMaTb pblyar, Kaxabii
pa3 nocbinaa B MO3r Cnabbii NPUATHO pasdpaalouyiii dneK-
TPVIYECKMN Pa3pAg. B cmny HeBEpOATHOM CROPKHOCTN MO3ra, NC-
CnefoBaTeni v NPaKTYIKYLLIe Bpaum 0 CMX NOP NPOAOIKaIOT
COCTaBNATb KapTMHY 3GOEKTOB 3NeKTPOCTUMYNALUN Pa3fiay-
HbIX Lienen mo3ra. [prumeHaemMble B HaWW iHW rayOoKse CTmy-
NATOPbI MO3ra AeNCTBYIOT NOA0BHO KapAVIOCTUMY IATOPaM, No-
CTOSHHO BblAaBaA 3neKTprYecky1e MMNYabCbl ANA HOPManm3a-
Lt AEATENBHOCTU TOW MAK UHOWM NPobnemMHoN Lienit. OHN He
OUYeHb CNOXHbI, MMEIOT BCErO YeTblpe 3NeKTpoda AMaMETPOM
OfWH MIANAVIMETP VI CRy>KaT ANA CTUMYNAUMM, HO He 3anucw,
HepBHOW AeATeNbHOCTI. B Hawew »ke HenponabopaTopuut Yatu-
Ki1 C KybTYpOW MMeIOT NO 60 MMKPO3NEeKTPOLOB, KarkabIN BCErO
AMwb 30 MMKPOH B AMameTpe, KOTOPble MOryT Kak 3an1CbiBaTh,
TaK 1 BbINOMHATL CTIMYNALMIO NI0BOr0 YPOBHA CNIOMKHOCTI.
Mo3rogble cTvMynATOpb! By ayiliero, NOA06HO HaWwM Het-
POKYy/bTYpaM C  MyJbTU3NEKTPOAHBIMK  peweTkamn, 6yayT
CHab>keHbl 6ONBbLKIMU MAaCCKBAMN MIKPO3NEKTPOA0BR Ana 60-
nee TOHKOrO W TOYHOTO BO3AENCTBNA B COOTBETCTBUM C MHAVI-
BVAYaNbHOW MO3FOBOW OPFaHmM3aliMen KOHKPeTHOro Yenose-
Ka. KaK 11 Halww BonnolLeHHble KynbTypbl, oHv Oy ayT obnagatb
0bpaTHOM CBA3bIO, HENPEPLIBHO CNeana 3@ MO3roBOW ak TUBHO-
CTbIO 11 aBTOMATWUYECKN NOACTPAKBaAA YPOBEHDb BO30Y>KAEHMA B
HY>KHOM HanpaBNeHWn B COOTBETCTBUM C V3MEHEHWAMN B Te-
Kyll|eVt AeATeNbHOCTY 1 TeNECHBIX COCTOAHIAX YenoBekKa.
HeTpyaHo cebe npeacTaBuTb, Kak MO3roBas CTUMY NALA
BbIXOAMT 33 NpeAenbl KNMHLK, CTaHOBACL Yem-TO ObblAeHHO
VICNOMb3YEMbIM NIOABMA ANA YCANEHMA CBOUX KOMHUTUBHBIX
cnocobHocTen. Mo aHanormn ¢ kpbicamm Onaca, Mol MO 6ol
noNpoboBaTh YCUIMTL HYKHbIE 11 NONE3HbIE B COBPEMEHHOM
MVpe noBeAeHuYecKne CBOMCTBA NOCPEeACTBOM CBOEBpPEMEH-
HOMO BO3AEMCTBMA Ha Hal LEHTD YAOBONbCTBYA B KayecTse
Harpagpl 3a Kakme-To cBepweHuA. KoHeuHo, NpuaeTca meTb
[eno C Tov >ke NpOHNeMOr NPUBbLIKAHWA, YTO BO3HWKIIA Y KPbIC,

Ipynna“SymbioticA" u nabopatopua Ctuea NoTTepa. “MEART — Nonyxneoi
XYAOXKHUK', B paboTe ¢ 2000 . BBepxy: cMCTema xn3HeobecneyeHna Mo3ra
“MEART", BHI3Y: MyNbTU3NEKTPOAHbIN Maccus. © 2004 r. @oTo: CTve MoTTep.
SARG and The Potter Lab, MEART - The Semi-Living Artist. Top: Life-support sys-
tem for MEART's brain, bottom: neurons on MEA. © 2004 Photo by Steve Potter.

their cognition. Like Olds’ rats, we might try to reinforce behav-
iors that are productive and helpful in the modern world, by
well-timed stimulation of our reward circuitry after accomplish-
ing something of merit. Of course, the same potential for addic-
tion that the rats faced will be a problem, as well as the poten-
tial for powerful brainwashing or other’mind control” scenarios.

By delivering complex patterned stimulation to the brain
through arrays of microelectrodes, as we now do routinely in
our embodied cultured networks, we could artificially exercise
or train certain brain circuits. This might first be used to aid
recovery from stroke or head trauma, by strengthening weak-
ened circuits, or re-mapping neural function to work around
the damage. Michael Merzenich and others have demonstrat-
ed how plastic the cerebral cortex is, even in adults. They have
developed therapeutic behavioral training video games that
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NOTEHLMAsIBHOM ONACHOCTBIO MOLLHON MPOMBIBKI MO3rOB UMK
APYrMmi ClieHapuAamMK "KOHTPONA pasyma’

MoaBepraa MO3r CNOXHOM CTPY KTYPUPOBAHHOW CTUMYSIA-
LW C NOMOILBIO MACCVIBA MAKPO3NEKTPOAOB, KaK Mbl MO OObIK-
HOBEHWIO NPOAESIbIBaEM 3TO C HAWWMU BOMNOLLE HHBIMU KYb-
Typamu, Mbl MOTIIM BB UCKYCCTBEHHBIM 0OPa3oM TPeHMPOoBaTb
WV Pa3BuBaTb OMpeaeneHHble 30HH Mo3ra. 3Ty npoueaypy
MOXKHO 6bIN0 Obl MCMOJIB30BATL, NPEXKAE BCEro, Mou peaburiv-
Tauny Nocsie VHCYNbTa uan TpaBMu roJIOBbI, YKPENnAs ocfla-
HGneHHble Lienu UNn peopraHu3ya HepBHble GYHKLVIK ASIA pa-
60T Ha NMOBPEXAEHHOM yuacTke. Mavikn MepueHux n apyrue
NOKa3anu, HaCKOJbKO NNacT1YHa KOpa rosIoBHOrO MO3ra Aake
y B3pocnbix. OHv paspaboTarnu Bugeourpel 4sia TepanesTyive-
CKOrO TPEeHWHra NoBeAeH A, HopManusyioluvie 06paboTKy Mo3-
rOBbIX CUTHAJIOB y ieTelt C AUCIIeKCUER 1 yrlydLalolyme namaTh
noXxmnbix silogert [3]. Mp v ncnonb3oBaHMM 3TUX KOMMbIOTEPHbIX
NporpamMm ycrnex JOoCTviraeTca 3a cuet 6eCcnpecTaHHbIX Y Qs vid
N exeCeKy HHOrO BHYIMaHUA K NpoLieccy. A Beib MOXHO Npea-
CTaBWTb, YTO Te >Ke 30Hbl MO3ra akTUBUPYIOTCA HE NPW MOMO-
141 rNa3 n ywew, a NOCPeACTBOM UCKY CCTBEHHOM CTUMYNALMN.
Koraa npoueaypa KoppeKLui NoBpekaeHHHIX y4aCTKOB MO3-
ra C VICNosib30BaHUEM 31eKTPOCTUMYNAILMW CTAHET MPUBBIYHOM
U HaAEXHOM, MOXHO OyZIeT NPUMEHATL €e K OObIMHBIM MIOAAM
/1A pacWpeHua UHAWBUAYasIbHbIX CNocobHOCTeR. CrIoKHO-
CTPYKTYPVIPOBAHHAA CTUMYNALLUA MOXKET CIIYKUTb B KauecTse
MCKYCCTBEHHOMO CEHCOPHOro BBOAA, UCMOSIHAA POJIb HOBBIX
OpraroB YyBCTB WIIN Yrlyywian yxe vmerotueca. MoxeT ObiTb
[[axe MHGOPMALWIO NNVl HOBbIE HABBIKM MOXKHO OyfeT nonyyaTb
UCKYCCTBEHHHM MyTem — ropasfo ObicTpee wan ¢ MeHbWUMU
YCUNUAMY, YemM 3TO NPOUCXOAUT B TPAAVLUMOHHOM npouecce
0byyeHUa NOCPEeACTBOM 3pPEHVIA, CyXa 1 OCA3aHUA,

MwuKpopao3bt ANA N3MEeHeHNA MO3roBON AeATeNbHOCTH
bnarogapA TOMy, UTO 4YacCTb €CTeCTBEHHOW KOMMYHMKalv
HEeNPOHOB NPOWUCXOAMUT 3/1EKTPUYECKMM CMOCOBOM (NOTe HLvI-
arl nevcTeuA), 3MeKTPOCTUMYNAILMA OKa3blBaeTCA BECbMa MO-
JIE3HOW B 13YyUYeHUM BONPOCOB PaboTbl MO3ra 1 MeTO0B BO3-
JAENCTBIA Ha Hero (Kak 3To Obino onucano sbiwe). OgHako apy-
raa CoCTaBnAlollan eCcTeCTBEHHOM KOMMYHUKAIIMU HEIADOHOB
(HeMpomearaTopbl) — 3TO XMMVIYeCKre BellecTsa. B Bo3geii-
CTBUM Ha GYHKLIM MO3ra NMPY NOMOLLYI XMMUYE CKAX COefihHe-
HUIA HET HYIYEro HOBOrO, 0COBEHHO B COBPEMEHHOM MIMPE, Fae
TaK pacnpoCTpaHeHbl KodewrH, ankoronb n Tabak. C WPOKUM
BHEpEHVeM TaKMX MHCTPYMEHTOB, Kak aBToMaTnyeCKoe 403v-
pOBaHWe NeKapcTB (HanprUmep, VHCYSIMHOBBIM HAacOC BBOAUT
WHCYNIUH, pearnpya Ha MeHAIoILUeCa YPOBHU MIOKO3bI), MoA-
BUTCA BO3MOXKHOCTb 60Nee TOHKOrO KOHTPOMA Haj akTUBHO-
CTblOMO3ra ¥ Hag npoueccami ycuneHna ero pabo o,
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normalize signal processing in dyslexic children and improve
memory in the aged. [3] These computer programs require
diligent effort, and constant attention to the training, to be
successful. One can imagine activating the same brain circuits,
not through the eyes and ears, but via artificial stimulation.
Once it becomes common and reliable to improve damaged
brain circuits with electrical stimulation, it may be employed
by normals to enhance their existing capabilities. Complex,
patterned stimulation can serve as artificial sensory input, en-
dowing us with new types of senses or amplifying those we
already have. Perhaps even information or new skills could be
artificially learned, much faster or with less effort than the tra-
ditional way of learning by seeing, hearing, and doing.

Micro-doses to Alter Brain Activity

Thanks to the fact that part of neurons’ natural communica-
tion is electrical (the action potential), electrical stimulation
has proven to be very useful for studying and influencing the
brain, as described above. But other components of neurons’
natural communication (neurotransmitters) are chemicals.
Influencing brain function with chemicals is nothing new,
especially in the modern world where caffeine, alcohol, and
tobacco are ubiquitous. Advances such as closed-loop drug
delivery, like an insulin pump thatinjects insulin as a function
of changing glucose levels, will allow more sophisticated con-
trol of brain function and enhancement.

Present-day drugs for treating disorders of the brain are a
bluntinstrument. We may wish to target only a tiny subset of the
brain’'s 100 billion neurons, yet all of them (and the entire body)
are bathed in the drug. Clever chemists are designing neuroac-
tive phamaceuticals with fewer side effects and better targeting,
but the most effective drugs of the future will be those delivered
by devices implanted in the brain. These will release well-timed
tiny doses only to the specific circuits that we wish to influence.
In fact, the brain itself is already wired to do this. There are a num-
ber of modulatory brain regions that release minute but very ef-
fective amounts of an endogenous drug, such as dopamine, en-
dorphins, or norepinephrine, onto very specific brain circuits to
effect changes in their function. These are the neuromodulators
that wake us up, change our mood, get us moving in an emer-
gency, and help us remember important things. Neuro-active
drugs of the future will be delivered in a similar manner, in small,
well positioned doses via microscopic devices implanted in the
brain. As with electrical stimulation, this will be done in closed-
loop fashion, with the release of a drug being triggered by some
physiological measurement, to ensure continually appropriate,
personalized modulation of brain function. They will also be un-
der some degree of voluntary control by the “implantee”.
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CyujecTByloupie CErogHa MeamKameHTbl MPOTUB HapyLUEHW MO3roBOM AeATENbHOCTY — 3TO
Tynoe opyaue. K npumepy, HaC MOXET LHTEPeCcoBaTb KPOXOTHaA Noarpynna B obulem maccvee
113 100 MVASIMAPAOB HEMPOHOB MO3ra, a IEKaPCTBO PACMPOCTPAHASTCA Ha BECb 3TOT MacCB (1
Ha BCe Teno). Xopolume GapmaliesTsl OCTUTAIOT ONPeAeneHHbIX YCNexos B pa3paboTke Herpo-
AKTUBHbIX MPEMNapaToB C MEHbWIM YNCIOM NMOBOYHBIX 3GDEKTOB 11 BOsIee TOUHbIM BO3AEIACTBI-
em, HO CambiMu IHDEKTUBHBIMU NeKapCTBaMM Oy AYILEro CTaHyT Te, YTO AOCTaBAIAIOTCA YCTPON-
CTBaML1, BXKVIBIIEHHBIMY B MO3r. Takme yCTPOMCTBa By ayT BblAaBaTb TOYHO pacCUMTaHHble No Bpe-
MEH, MMHMATIOPHbIE A03bl NPEMnaparta TOSIbKO B Hy»KHble Ham Lenu. COBCTBEHHO MO3r Cam Mo
cebe yxe npucnocobneH ana 31oro. ECTb Uenbiii paa MOAYy NVPYIOLILX YUYACTKOB MO3ra, KOTOpbie
BbIAESIAIOT Masible, HO BeCbMa IGMEKTUBHBIE KOSIMYECTBA SHAOMEHOB, TaKMX Kak JOMamuH, 3HA0D-
QUHBI WK HOP3NMHEDPVIH, B OYEHb CreldiayecKme MO3roBble Lienu, YToBbl Bbi3BaTb M3MeHe-
HUA B 11X GYHKLIMOHUPOBAHMW. ITO Te HEMPOMOAY IATOPLI, KOTOPbIE MPOBYKAAIOT HAC OT CHa, 13-
MEHAIOT Hale HaCTPOEHVIe, 3aCTaBSIAIOT ObICTPee pearnpoBaTh B SKCTPEHHbIX CHTyaLiAX W Mo-
MOraloT 3aNOMHWTb BarKHble Bellt. HellpoakTyisHble nekapcTsa Oyayilero ByayT AOCTaB/IATLCA
TOUHO TaK K& — MasibiMi Y3KOHANPaBNEHHBbIMI JO3aMU Yepe3 MUKPOCKOMUUECKVIE YCTPOIACTBA,
BXKVBNEHHbBIE B MO3T. Kak 1 B Crlyyae C 351eKTpOCTIMyNALIEIA, 3TO By AeT NPOUCXOaiMTb B 3aMKHY-
TOMKOHTYPE, rAe BblAeNeHIe NeKapcTea MHULIMPYETCA HEKUM GI3MOSIOrMUeCKUM NOKa3aTeneM,
HenpepbIBHO obecrneurBas HEOOXOAUMYIO NEePCOHaNU3VIPOBAHHYIO MOAYSIALINIO MO3rOBOVI YHK-
umm. Takke ByaeT NpenycMoTpeHa onpegeneHHas cTeneHs NPOL3BOLHOTO YNPaBneHNs co CTo-
POHbI CaMOrO HOCUTENA MMMNaHTaTa.

MarHnTHasa ctumynayma mosra

Hanpagriaa B MO3r MarHUTHbIE LMNYNbCbl, MOXHO WM3MEHATb €r0 akTMBHOCTb; 3TO MOXOXKE Ha
3MIEKTPOCTUMYTIALVIO, HO 3AeCb He TpebyeTcA HUUYero MMMNaHTIPOBaTh. B HaWu [HWM TPaHC-
KpaHwuaribHaa marHuTHaa ctimynauma (TMC) nepexopuT vi3 paspana MHCTPYMEHTOB LCCneao-
BaHUA B KIIMHNYECKYIO NPaKTyKy. HolHelwHne TMC-yCTpoiicTBa npeacTaBsaioT coboin rpoMo3sg-
Ki1e MOTKM NMPOBOAA B BIMAE BOCbMEPKYY; Pa3MELLEHHbIE MO3aauW rOfI0Bbl Nal1eHTa, OHKU Harnomu-
HaloT yw Mukki-Mayca. MarHuTHble CTUMY FIATOPbI MOTYT e ANHOBPEMEHHO BO30Y»KAaTb TOSNbKO
OfMH YYaCTOK MO3ra AMaMeTPOM HECKOSIbKO MUSIIMMETPOB. MHTEHCMBHOCTb MarHMTHOMO NoJiA
3TUX YCTPOIACTB NOKa He NO3BOJIAET LM MPOHMKaTb B KOPY FO/IOBHOTO MO3ra ry6:Ke HECKOMbKIX
CaHTUMETPOB OT ee BHelHeln NoBepxHOCTH. MNobouHble 3ddeKTbl KX BO3AEVICTBYIA CYILEeCTBEHHDI,
BKJI10UYaA ALCKOMbOPT KO FOSIOBbI, BO3MOKHYIO MOTEPIO CAyXa B pe3ysibTate rpOMKOro Iuesika-
HbA, @ TakKe HeNpeACKasyemo BO3HVIKAIOL e MblleyHble Cna3mbl. HecmoTpa Ha 310, TMC ycneww-
HO NPUMEHAETCA AIA NEeUEHNA Aenpeccn 'y HEKOTOPbIX NallMeHTOB. ECv oNTUMM3NPOBaTb KOH-
CTPYKLMIO KaTyLeK 1 UMIYAbCHbIN pexkvm, TMC, B NpuHUMNE, MOXKET CTUMyNnpoBaTh Niodyio
4aCTb MO3ra HeWHBA3VIBHO, BbICBOOOXKAAA HYKHblE SHAOMEHHbIE HEVIPOXMMIKATLI VW L13MEHAA
TeKyulylo AeATeNbHOCTb NOA0OHO rnybokoi Mo3rogon cTimynaukn (TMC).

Bce anieKTpidecKi1e, XMmMmyecKkre v mar HUTHble CpeacTBa yCoBepLWeHCTBOBAHWA GYHKLIVIA MO3-
ra moKa Haxo4ATCA B 3a4aTOYHOM COCTOAHMI, HO 061aAaI0T OFPOMHbBIM MOTEHLIMANnOM A5A KyAa Kak
Honee akTVBHOr0 NPUMEHEHNA NO Mepe nepexoaa K bonee C/I0XKHbIM TeXHOJIONAaM U meToaam [4].
Mb! CTOVM Ha CamOW paHHe CTaayin TEXHONOrMYECKOrO YCTIOXKHEHIA; 3TO Kak KOCMIUYECKI1e nyTe-
wecTsMa arna suogen 1800-x. Y *Kiona BepHa pakeTa 4n1a noneta Ha iyHy — 310 NOSbI CHapAaa, Ha-
BUTBI KOCMOHaBTamI1, KOTOPbLIV BbICTPESIMBAETCA 113 OUYeHb OOJIbWON NyWKL1. Ha camom ke gene,
cnocob nonacTb Ha JlyHy okasarsnca HaMHOTO CnoxkHee 1 NoTpebosan Hemaro LIMKII08 AOBOAKM.

CTumynaumnsa HeMpOHOB CBETOM
HekoTopoe npeacTaBneHvie O TOM, KaKix PeBOSIIOUMIA B KOHTPOSE HAf MO3TOM Mbl MOXKEM O>Kii-
fatb B XX Beke, faeT ontoreHeTrka. IToT TepmuH, 40 2006 roaa HUKOMY He VI3BECTHbIN, OTHO-
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JlyHHaA pakeTa B Npe acTaBneHnn
M.0na BepHa: nonbincHapaa, 1874 1.
(cnega), n pakeTa-HocwTenb "CaTypH-V”
nporpammel “AnonsioH’, 1969 r. (cnpa-
B3, C KPYNHbIM MN3HOM ABWaTeNA), 10~
CTaBVBLUI3A 3CTPOHABTOB Ha JTyHy.
Jules Verne's conception of a moon
rocket: a hollow bullet, 1874 (left),
compared to the Apolfo Saturn V
rocket, 1969 (right, and closeup of its
rocket engine in inset) used to trans-
port astronauts to the moon.

Magnetic Stimulation of the Brain
By sending magnetic pulses into the brain, its activity can be altered, in a similar fashion to elec-
trical stimulation, but without the need to implant anything. Trans-cranial magnetic stimulation
(TMS) is presently moving from being a research tool to a clinical treatment. The TMS devices
being used are cumbersome figure-8 coils of wire resembling big Mickey Mouse ears when held
behind a person’s head. They can only excite one brain region at a time, a few millimeters across.
They cannot presently reach brain structures beneath the outer few centimeters of the brain.
Their side effects are substantial, including discomfort in the scalp, potential hearing loss due to
their loud clicking, and seizures induced occasionally and unpredictably. Despite all this, TMS is
being usedto successfully treat depression in some patients. With better coil design and pulse se-
quences, TMS could potentially stimulate any part of the brain non-invasively, causing the release
of desirable endogenous neurochemicals or altering ongoing activity in a manner similar to DBS.
Electrical, chemical, and magnetic means to improve brain function are all at a very rudimen-
tary stage, but have tremendous promise to be much much more useful by moving to more
sophisticated technologies and techniques. [4] We are at the infancy of our technological sophis-
tication, analogous to space travel in the 1800s. JulesVerne envisioned a rocket to the moon as a
hollow projectile full of space men, shot from a very large cannon. What it actually took to get to
the moon was much more complicated and required many cycles of refinement.

Stimulating Neurons with Light

A glimpse into the type of revolutions we can expect in brain control in the 21st century is
provided by optogenetics. This term, unheard of before 2006, refers to a neural stimulation tech-
nique that is becoming a very popular research tool in neuroscience. It has the potential to make
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CNTCA K CNOCOBY HEPBHOW CTVIMYJIAIAVI, KOTOPbIV CTAHOBWUTCA OYeHb NOMYNAPHBIM MHCTPYMEH-
TOM NCCNIeA0BaHWA B HEMPOHayKe. B Hem eCTb NOTeHIWa, YTobbl CienaThb MEeKTPUUECKYIO 1 Mar-
HUTHYIO CTUMYIALVIO Oe3HAAEKHO YCTapeBLLVIMI. ECI K TeHy, BbIAENIEHHOMY V13 CBETOUYBCTBYI-
TesNbHbIX MOPCKVIX BOAOPOCTIel vy baktepuid, LobasnTb dparmeHT [HK HeripoHa, noche aHniA
MOMSHO ByZeT “BKSoUaTh” 11 "BbIKIIOHATE" NO YKENAHWIO NPW NMOMOLIM CBETa ONpeeeHHON A/TVIHb
BOJIHbI. TN KYCOUKM CO3[aHHOW METOLAMV FeHETUHECKON nHxeHepun [IHK, vvi onToreHeTyiie-
CKMEe KOHCTPYKTbl, MOAHO BCTaBNATL B XPOMOCOMbI MO3rOBbIX KIIETOK, MCMOJIb3YA BUPYC B Kavle-
CTBE BEKTOPa, UTOObI BHEAPWTDL FEH B KJIETKY 1 NPOBECTM onepatiuio No cpallmsanuio reHa. (Ta-
Kve BVIPYCHble BEKTOPbLI HaXOAATCA B OTKJIIOUEHHOM COCTOAHMM, YTOObI NPefoTBPaTUTL VIX pe-
nwmKkaimio.) Kapn dviccepoT v SaBapa bovigeH nokasaiw, '4TO MO3roBble 1ienu Mbilv, TRaHCHe-
LIMPOBaAHHble OMTOreHETVMECKUMI BEKTOPAMK, MOMYT aKTUBVIDOBATLCA CBETOM, AOCTaBIIEHHBIM
ONTOBOSIOKOHHbBIM CMOCOBOM. 3TV UccneoBaTes/m pa3paboTar onToreHeTUUeCKne KOHCTPYK-
Tbl, KOTOPbIE CNOCOBHBI BbI3bIBATL aKTUBALMIO HEUPOHOB CBETOBBIM My4KOM OAHOW AJMHOW BOJI-
Hbl 1 3aNpeT — APYroia AJMHON BOHbI. OfHWM vi3 Hanbonee MOLHbIX aCNEKTOB AaHHOIO reHHo-
TepaneBTVIEeCKOrO NOAXOAA K M3MEHEHMNIO HEPBHOM GYHKIVIVI ABNAETCA TO, UTO C HUM MOHKHO
BO3/EIACTBOBATb Ha KIeTKM onpe/esieHHoro Tmna. Mo3r CoAepX T MHOXECTBO TUMNOB HEIAPOHOB,
CNy»allyIX PasHbIM 11eNAM. INeKTPOAb! V1 MarHUTHbIE VIMMYbCbl MEIOT CBOVICTBO aKTMBMPOBATb
vix Bce 6e3 pazbopa. OfHaKO C MOMOLLbIO ONTOMEHETUKM YUeHble MOrYT 13bripaTenbHo akTyIByI-
pOBaTb Vvl 3aNpewaTb akTUBHOCTb FreHeT eCKyl onpeAeeHHbIX NoNy NALUMii HelipoHos. Bono-
KOHHaA ONTVKa MOXKET BbITb TOHbLLE HeNoBeYeCkoro Bosioca (MeHee 0,1 MM, B TO BPEMSA Kak Avi-
ameTp 3nekTpoaa MC - okorio 1 MM), NO3TOMY COBOKYMHOCTb aKTHBMPOBaHHBIX HEIAPOHOB MO-
»KeT TakrKke ObITb onpefeneHa NpoCTpaHCTBeHHO. CTEKTI0BOSIOKHO Bonee BrioCOBMECTVIMO, HeXKe-

HempoTuka (Oun fambneH, fain
Ber-Apy 1 konnekTne nabopato-
pun HeponHkeHepum Ctuga MoT-
Tepa). “Tuxoe npenatctamne’, 2009 1.
BroknbepHeTuyeckas MHCTana-
LA, © 2009 r. ®oTo: Oun MambneH
Neurotica Collective (Phil Gamblen,
Guy Ben-Ary and scientists from
Steve Potter's Lab), Silent Barrage,
2009, bio-cybernetic installation.

© 2009 Photo by Phil Gamblen.
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N4 BXKMBNEHHbDIE METaJINIMUECKIME 3NEKTPOAL, KOTOPHE MOTYT
BbI3BaTb IMMYHHYIO PEAKILMIO 1 OKa3aTbCA B 000IouKe 13 py6-
1J0BOW TKaHM, CHU>KAIOLLEN X 3GPEKTUBHOCTb.

CunTbiBaHME MO3roBON aK TUBHOCTW NPV NOMOLLM CBETa

Ha cTos1b Ke 3KCnepuMeHTasnbHOM CTadl HaxOAATCA reHe -
YecKre KOHCTPYKTbI ANA 30HOUPOBAHUA HEPBHOIA aKTMBHOCTM
cseToM. B 31OM cnyuae dparment OHK, B3ATHIM OT Meays3, Bbi-
pabaTtbiBaloIyX dnyopecleHTHbIe BeNIKM, COeANHASTCA C KO-
Aom [1HK noteHwumas i-4yBCTBUTESNIbHBIX MO HHbIX KaHasIoB, KOTO-
pble yxe eCTb Y HelPOHOB. Terepb, KOrAa KaHasibl YyBCTBYIOT
HEPBHYIO aKTMBHOCTb, ASIA HEMPOHA, TPaHCheLMpPOBaHHOTO
3TUM KOHCTPYKTOM, I1BET NPMCOEMHEHHOTO GnyopecileHTHO-
ro 6enka cnerka MeHAeTCA. 3TM NOTeHIMarl-HyBCTBUTENbHbIE
bnyopeciieHTHBIE Benki MoK Bbl TpaHCheLMpoBaTECA BMe-
CTe C ONMCaHHbIMK BbllWe OMNTOreHe TMYECKIMMM KOHCTPY KTa-
MM, NO3BOJIAA MMJIAHTVPOBAHHBIM ONTUHECKIAM BOSIOKHAM He
TOJbKO MOAYIIMPOBAaTh HEPBHYIO AeATesIbHOCTb, HO U CHMTbI-
BaTb MHMOPMaLLIMO O TeKyLle akKTMBHOCTA /i1 06 OTBETHBIX
pPeaKMAX Ha ONTUHECKYIO CTUMYNALMIO.

Ectb v ppyrve, nogpasymeBaloluve MeHblylo CTeneHb
BTOPKEHMA B OPraHmM3mM, CMocoObl CUIMTBIBAHUA MO3rOBOW aK-
TIIBHOCTM C NMOMOLUBIO CBETA, NPOMYCKAEMOrO Yepes KO»KY ro-
SI0BbI; 30€Ch MCMOSIb3yeTCA CBOMCTBO KPOBK MEHATb 11BeT Ha
aKTIMBHbIX y4acTKax MO3ra No mMepe YMeHbWeHMA YPOBHA Ha-
CblLEHMA KPOBW KIMCNOPOAOM. B HacToAlLlee Bpema 3Ta Cnek-
TpocKonus B OniKHe MHdpakpacHo 0bnacTi MmeeT oueHb
OrpaHitYeHHoe paspelleHne, Kak NPOCTPaHCTBEHHO., Tak 11
BPEMEHHOE, HO C Pa3BUTMEM ONTUKN OHa OyAeT HaxoauTb BCe
6osibwee nprimeHeHne. NogobHO 3MeKTPOAaM, KOTOpPbIE MO-
ryT Kak CTMYNMPOBAaTb, Tak M 3anmncbiBaTb HEVPOHHYIO aKTHB-
HOCTb, ONTIYECKIe MO3roBble MHTepderChl AiA ABYCTOPOH-
Heln CBA3IM CAENAOT BO3MOKHbIM CO3AaHMe CCTEM 3aMKHYTO-
rO KOHTYpa C HENPEPbIBHOM TOHKOM NOACTPOMKOM NPOIM3BO-
AMMOTO MM BO3AENCTBIA AN1A ONTIMIA3AMI GYHKIMIA.

M3meHeHne yesioBeueckon nprpoabl

Bcem Ham 113 FIMYHOro OMbiTa M3BECTHO OluyILeHMe ceba “apy-
MMM YesIoBEKOM” MOC/Ie MPUHATA JIOBMMOrO NCKMXOAKTNBHO-
ro HanuTKa, By b TO KObe, Uarl 151, CKaxeM, ankorosb, HeT co-
MHEHIA B TOM, 4TO HapMaKorona Mo»keT ObITb (M YacTo ABSis-
e1CA) CPeACTBOM M3MEHEHNA HALLErO YPOBHA CHaCTbA, Hallew
NPOAYKTMBHOCTI WM Hawel KOMMyHUKabenbHocTH. Korga-
HMOYAb Yy Hac OyfieT Takas reHHan VHXeHepKA, KoTopasa Mno-
3BOJIMT BbI3bBaTb HONEe AONroBpEMEHHbIE U3MEHEHNA YeNO-
BEYECKON NPUPOALL Ha ropm3oHTe KOrHMTMBHOIO YCUaeHIA
ropasno bnike K HaMm Haxo4ATCA CPefCTBa Ha OCHOBE HENpPO-
HXKEHEPWII, Cy»KalLme 718 M3MEHEHIA TOTO, KaK Mbl HyBCTBY-
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electrical and magnetic stimulation of the brain obsolete. By
splicing a gene from certain light-sensitive algae or bacteria
into a neuron's DNA, the neuron can be switched off and on
atwill, with light. These pieces of genetically-engineered DNA,
or optogenetic constructs, can be inserted into brain cells’
chromosomes using a virus as the vector, to carry the gene
into the cell and do the gene splicing operation. (Such viral
vectors have been disabled to prevent them from replicating.)
Karl Deisseroth and Edward Boyden have shown that mouse
brain circuits transfected with optoge netic vectors can be ac-
tivated by light delivered through fine fiber optics. They have
developed optogenetic constructs that can cause neurons to
be activated with one color of light, and inhibited by another
color. One of the most powerful aspects of this gene-therapy
approach to altering neural function is that it can be targeted
to very specific cell types. The brain has many different types
of neurons that serve different purposes. Electrodes and
magnetic pulses tend to activate all of them indiscriminately.
However, with optogenetics, scientists can selectively activate
or inhibit a genetically-defined population of neurons. Fiber
optics can be thinner thana human hair (less than 0.1 mm; a
DBS electrode is ~ 1 mm in diameter) so the pool of activated
neurons can also be spatially defined. Glass fibers are more
biocompatible than implanted metal electrodes, which can
cause an immune reaction and become encapsulated by scar
tissue that reduces their effectiveness.

Reading Brain Activity with Light
Also at a very experimental stage are genetic constructs for
probing neural activity with light. In this case, DNA from jelly-
fish that produce fluorescent proteins is joined with DNA cod-
ing for the voltage-sensitive ion channels that neurons already
have. Now, for a neuron transfected with this construct, when
the channels sense neural activity, the color of the attached
fluorescent protein changes slightly. These voltage-sensitive
fluorescent proteins could be co-transfected with the opto-
genetic constructs described above, to allow implanted fiber
optics not only to modulate neural activity, but also to read
out ongoing activity or the responses to optical stimulation.
There are other, less invasive ways to read brain activity with
light shone through the scalp, thanks to the way blood in active
brain regions changes color as it becomes de-oxygenated. This
near-infrared spectroscopy is presently very limited in both spa-
tial and temporal resolution, but with improvements in optics
and signal processing, it will become increasingly useful. As with
electrodes that can both stimulate and record neural activity,
two-way optical brain interfaces will enable closed-loop systems
with continual fine-tuning of their effects to optimize function.



VI MOZYNPYA CATHATT: OT KnbepHeTUKM K HeNPONHKeHepun

pynna“"SymbioticA" n nabopatopua MoTTepa."MEART — [ony>kuBOM Xy[AOKHUK',
8 pabote ¢ 2000 r. OparmeHT: Yawka MeTpu ¢ MyabTMINEKTPOAHbIM MACCUBOM.
SymbioticA Research Group and The Potter Lab, MEART — The Semi-Living Artist,
ongoing since 2000. Multi-electrode array Petri dish. © 2001 Photo by Steve Potter.

em, BefleM cebA 1 B3ammopericTeyem Apyr C Apyrom. Kakum o6-
pa3om TEXHOSIONAM MO3rOBOrO VIHTepderica 13 cpefcTsa Kvi-
HWYECKON Tepani NPEBPATATCA B VIHCTRYMEHT YCVINEHUA KOT-
HUTVIBHOW GyHKUIV AnA Bcex? Cpeaw ThICAY CerofHAWHNX Na-
LIVIEHTOB, MO3T KOTOPbIX NOABEPraeTCA INEKTPOCTUMY ALY C
LeJIbIO JieueHnA PasMuHbIX AVICOYHKUWYI, eCTb Takvie, KTO 3a-
MeyaeT HeKOTOpble NO3UTKBHbIE MOOOUHbIe 3hdeKTbl, CBA3aH-
Hble C KOFHWUTWBHbIM ycurieHnem. [onb KocrHe, viccnenosa-
TesIb ryOOoKOV CTVMY AL MO3ra V13 beslbrn, NpuBOANT Kak
AHeKAOoT CrIoBa OfHOW M3 NAUMEHTOK C UMNJIAHTAaTOM NPOTVIB
006CeccrMBHO-KOMNY IbCMBHOTO HEBPO3a: “3HaeTe, A-p KocrHc,
ecsI A 3aHUMAIOCb 0ObIUHBIMY AOMALWHKMK [ieflaM1, TO MHe
Hosblie NOAXOANT "KOHTaKT ABa” (M3 UETHIPEX BXKMBNEHHDIX €1
3neKkTpuYecknx koHTakTos F'MC), HO, KOraa A 1Ay Ha BeuepyiH-
Ky, I HY>KHO 8KJIIOYameCa, — Hy, Tam, ObLLenne — Bbl NOHWUMae-
Te, — A NPeANOYNTaI0 "KOHTAKT UeTblpe”, OH MeHA B3baapuBaeT,
pa3BA3bIBaET A3bIK U fobaBnAeT kpeatrea” [5]. Ta naumeHTka
ABHO NOJIb3yeTcA "He3anssieHHbIMI OoHycamit” ceoein TMC, ko-
TOpble OHa OOHaPY»KNa, MaHVNYNUPYA PErynAaTopamu.
Xvipyprva gria TMC oT/myaeTca CNoXKHOCTLIO VI CBA3aHa
C onpepfesieHHbIM PYICKOM TPaBMbl VISl MHGEKLWY, TaK uTo
CerofHA Masio KTO NOWAET Ha NOAOOLHYIO onepaLvio TOJIbKO
paav "B3bafpuBaHVA, pPas3BA3biBaHWA A3blka 11 aobassieHVa
KpeaTtvea” Ho nocMOTpuTe, Kak Aaneko LarHyna 3a nocnef-
HMe HECKOJIbKO NneT pedpakumoHHaA XvIpyprvia rnasa — oT
TOHKOVI V1 PYICKOBAHHOW onepauyivi C AOSITvIM NEPUOAOM pea-
BrinvITaLpIv 1 He BCeraa Xopowmnmm pesysibTatamv 40 amby na-
TOPHOW Npoueaypbl, KoTopad, bnaroaapa ycnexam 8 0bnact
Na3epoB 3aMKHYTOrO UKMKIa 1 POBOTOTEXHWKYI, TENepb NPo-
BOANTCA OYeHb ObICTPO, 6e30nacHo 1 upe3sBbiyariHo 3ddek-
TveHo. LU pokrii BoIGOp Npoueayp 3NeKTVIBHOW KOCMeTVIYe-
CKOVI XVIPYPIUIVI, OCYIIECTBAAEMBIX C MUHMMAJIbHBIM WSIN Hy Ne-
BbIM PVICKOM JIETafIbHOMO VICXOAa WIS HENONPAaBMMOVI Tpas-
Mbl, €CTb elle OAVIH BO3MOXHbIN NHAMKATOP HanpasneHusa, B
KOTOPOM ABVIXKYTCA HellpoTexHoor i, Mo3rosble viHTepderl-
Cbl C 0OPATHOW CBA3bBIO — ONTUYECKME, SIeKTPUYECKIE UIIW Te
1 gpyrvie — HersberkHO NPoCNeayloT 3TVIM NyTem, OXBaTbiBaA
Honee WKpOKVIA Kpyr Npobem Ana 6osiblero Yncia naum-
E€HTOB NPY MeHbLUEM KOSIVIYeCTBe OCsIOKHeHN. Hem 6osible
Mbl CTIBILIMM O NABOPATOPHBIX ONBITaX VIV KAMHUYECKVIX NC-
NbITAHVIAX MO3rOBbIX UHTEPGENCOB C IddeKTaMN KOTHWUTVIB-
HOro ycuneHna, Tem 6osiblie byaet NnoTpebHOCTb NCNOb30-
BaHWA NOCNeAHVX B 3MIEKTUBHBIX NpoUeaypax asia 0bbiuHbIX
nioael. A Koraa NPefoCTaBNAETCA BO3IMOXKHOCTb 3apaboTars,

Changing Human Nature

We all know from personal experience that we are a "dif-
ferent person” after we have had our favorite psychoactive
beverage, such as coffee, tea, or alcohol, for example. There
is no doubt that pharmacology can be (and often is) used
to change our level of happiness, our productivity, or our
sociability. Some day, we may develop genetic engineering
to cause more permanent changes in human nature. Much
closer on the cognitive enhancement horizon are neuroen-
gineering-based means to alter how we feel, behave, and in-
teract. How will brain interfacing technology make the transi-
tion from clinical therapies to cognition-enhancing tools for
all of us? Given the thousands of patients already having their
brains electrically stimulated to treat various disorders, some
are bound to notice some positive, cognition-enhancing side
effects. Paul Cosyns, a deep-brain stimulation investigator in
Belgium, relates this anecdote from one of the patients that
was implanted to relieve her obsessive-compulsive disorder:
"Well, Dr. Cosyns, when 'm at home doing my regular things,
I'd prefer to have contact two (of the 4 electrical contacts on
her DBS implant), but if 'm going out for a party where | have
to be on and, you know, I'm going to do a lot of socializing, I'd
prefer contact four because it makes me revved up and more
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XMPYPI HE MEWKAIOT C OTKPBITVEM KIIWHUK HOBOTO NpObIA-
1A, Tak UTO B Heflanekom Oy Ayliem xavTe NoABNeHVIA PAAOM C
BalVIM JOMOM, rae-HUbY b MeXAY CaNnoHaMU KOCMETHUECKON
XMPYPrUW 1 Na3epHON KOPPEKLIVIVI 3DEHNA, TOProBbIX TOUEeK
“IMnnaHTaTthl MO3ra Ha 3akas".

3aknoyeHne

CyllecTByeT MHOXKECTBO TEXHOJSIOMVIA U METOAVIK W3MEHEHNA
bYHKLIVIN MO3ra, NPK 3TOM HEKOTOPbIE NOKa OTHOCATCA K Pa3-
pAgy NabopaTopHbIX AVKOBWH, APYriie VMEIOT akTHBIHOE K-
HVHeCKOe NPYMEHEHNE, HO BCEM MM elle NPeACTOMT NPONTYI
AMMHHDBIA NYTb, NPEXKAE YEM OHM AOCTUITHYT Takoro e YpOoBHA
TEXHVILECKOrO COBEPLUEHCTBA, Kak HallK KOCMIAUeCKrie Kopab-
fw. Kyga npraeT ¢ HAMKM U1enoBeuecTBO, NpeacKkasaTb OueHb
CJIOKHO, NOTOMY YTO, U3MeHSA GYHKLVIA MO3ra, Mbl MOXEM (yH-
[aMEHTasIbHbIM 0BPAa3oM M3MERVITL HenoBEeUeCKyi0 NPUPOAY.
3TiA TexHoNorvin Byfoparkat BOOOparkeHme, Koraa npeacTas-
nAelb, Kak OHW 13 cpeacTa 6opbbbl ¢ bonesHamr 1 driznde-
CKVIMW HEOCTaTKaM1 NPEBPALLAIOTCA B MHCTPYMEHT YCITIeHIA
BO3MOXHOCTEW tienoBeka. 3TO TaK e Hev36exHo, Kak noseTs!
B KOCMOC, B OCYILLECTBVIMOCTW KOTOPbIX He coMHeBanca »Kiofb
BepH. Mbl AOSKHDBI ye Celttlac HatiMHaTh FOTOBIITHCA K TaKOMY
Pa3BUTUIO COOBITIIA 1 NPEABIAETb Te NOChI UK NOTEHLIMaMb-
Hble M1HYCbI, KOTOPbIE OHO MPVIHECET YesioBeuecTsy. [ocTynan
TaK, Mbl C 60MbLIEN BEPOATHOCTLIO CMOXKEM CO3aaTh OyayLiiee,
B KOTOPOM Halll MO3r NO3BOJSINT Ham GYHKLIMORHVIPOBATL bonee
3GPEeKTMBHO 1 B3aVIMOAENCTBOBATL APYr C APYroMm Haubonee
I APMOHVILHBIM 06PA30M, MAA B HOTY C COBPEMEHHBIM MUDOM.

Mepesopa ¢ aHrnunckoro EsreHva Bonkoea.

Ccbinku cm. 8 aHenutickot gepcuu. (ITpum. ped.)

Npumeyarna:

* HeokopTekc (0T nat. neocortex) — HOBble 06NACTU KOPbI FONOBHOMO MO3ra, KO-
TOPbIE Y HU3LWIMX MAEKONUTAIOWMX TONBKO HaMeYeHbl, @ Y Uenoseka COCTaBnAoT
OCHOBHYIO 4aCTb KOpbl. HeokopTekc pacnonaraeTca B BEpxHem Cnoe nonylwa-
pWiA MO3ra, UMeeT TONWUHY 2-4 MUATMMETPA 1 OTBEUYaeT 3a BbICLUME HEepPBHbIE
PYHKUUN — CEHCOPHOE BOCMPUATIE, BLINONIHEHN € MOTOPHbBIX KOMaH/, OCO3HaH-
HOE MblLNEHUE 1y MoAen — peub. (Mpum. peq.)

** [NUanbHbIe KNETKA, unu rvA (0T rpey, “rama” — Knen) — CNOXHbIA KOMNNeKkc
BCMOMOraTeNbHbIX KNETOK HEPBHOW TKaHW, OBWHBIN GYHKLMAMK 1, YaCTUUHO,
NPOUCXOXAEHVEM. [ManbHble KNeTku COCTaBNAIT Cneunduueckoe MUKPOO-
Kpy>KeHue AnA HeMpPOHOB, 06eCneurBan yCnoBuA ANA reHepaunu 1 nepeaasv
HEPBHBIX MMYbCOB, @ TaK e OCYWECTBNAA YacTb MeTabonmHeckmnx npoueccos
Camoro HempoHa. (Mpum. pea.)

*** MEART — COBMECTHbIN NPOEKT KONNEKTMBa HEMPOONONOrOB MOA PyKOBOA-
cteom Ctuga MoTTepa (CLWA) v aBcTpanwvinckon apT-nabopartopuu SymbioticA
YHusepcuTeTa 3anaaHon AscTpannn. MEART, C 0fJHOW CTOPOHbI, O3Ha4aeT "ca-
MOWCKYCCTBO', C ApYrov) — AagnaeT coboi abbpesuatypy n3 MEA (Multi-Electrode
Array — MynbTU3NeKTpoAHaa matpuua) n ART (uckyccTso). (Mpum. pea.)
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articulate and more creative!” [5] This patient is clearly using
her DBS for the “off-label” benefits she has discovered by fid-
dling around with the controls.

The surgery for DBS is complicated and not without risk of
injury or infection, so few today would elect to undergo this
procedure just to feel more “revved up, articulate and creative”.
But consider how far refractive eye surgery has advanced in
the last few years, from a delicate, risky operation with long
recovery and poor outcomes, to anoutpatient procedure that,
thanks to advances in closed-loop lasers and robotics, is very
fast, safe and extremely effective. The wide variety of elective
cosmetic surgery procedures carried out with few or no wor-
ries about death or permanent damage are another likely in-
dicator of where neurotechnology is headed. It is inevitable
that closed-loop brain interfaces, whether optical, electrical,
or both, will follow this path, to help more disabilities in more
people with fewer complications. The more we hear about lab
experiments or clinical trials of brain interfaces with cognitive
enhancing effects, the more demand there will be to tumn
these into elective procedures for normal people. When there
is money to be made, surgeons are quick to open up new
types of clinics. Expect “Brain Implants On Demand” shops in
your neighborhood before too long, right between the Lasik
and cosmetic surgery boutigues.

Conclusion

There are many technologies and techniques for altering brain
function, some still laboratory curiosities, some being used ac-
tively in the clinic, but all with a long way to go before they
are sophisticated in the way our interplanetary spacecraft are.
Where they will take humanity is very hard to predict, because
by altering brain function, we may fundamentally alter human
nature. It is exciting to imagine these technologies making the
transition from clinical treatments for diseased and disabled
people, to enhancements for all of us. This is as inevitable as
space travel was for Jules Verne. We must begin now to plan for
it, and to anticipate the ways it will benefit, or potentially harm
humanity. By doing so, we are more likely to create a future
in which our brains allow us to function more effectively and
interact more harmoniously, in step with the modern world.
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