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Just 3 mow, a1 the time Wolfgang Kbhler developed his theory regarding brain fl.lrl-':-‘!im'l i
prteplion. the received view of the operation of the nervaws sysiem deall mainly with the
peneration af nerve impulses and iheir transmistion across conneciions beiween nerves, By
cancrass, Kbhler based his Gestalt mechanism on the exisencs of neuroelecirical figlds. 1 believe
he time 15 Fips for a reconsideration of fickd theory as i applies o bran funclion, especially
pracessing i the cerebral cortex. The da1a 1o be presented will support a view of neurpelgcif
fi=ids considerably different from that presenied by Kihier, somewhal mase Tike that beld by Karl
Lashley, bus based an the issues that deeply concerned them both,

1 was farmnaie 10 be able to parake mn Kihler's explorations which anempied o demonsirate
the existence of generalived direct current (DC) elecarical fiekds in the brain, The experimental
auck proved successful (Khber, 1958), Such fields are restricied 1o the appropriace cortical
tepion when an organism is simulaied through one or another sensery portal (Gumnit, 1961}
Turtser studies in my laboratory showed these fi21ds 10 be corretzed with the speed with which
bearning ocewrs (Samm & Knipht. 1963; Samm & Pribram, [96]1; Stamm & Warren, 1961}, and
ihe impasition of direst currents onse the cones can relard or speed learning depending on the
palaray of the imposed poiencal (Samm, 19611, Bu Kihler was seriously disappointed when |
eapresged my Eneasiness sbout the connection between the these fields and perceprion. Later,
when | had finished experimenis (reviewsd by Pribram, 1571, pp. 110-L14] n which T had
inpdeneed aluminum hydroxide cream over the primary visual cortical surface of morkeys, we
wgre GACE MOIE in agresment, The experiments dthowsd thas disermminaton of fine visual patnerns
remaing ntact despite marked disruption of recorded brain slecirical actvity, Kébler had never
accepled srperiments peefaemed by Lashley (Lashiey. Chow, and Semmes, 1951) in which geld
Furdl was uged 10 shon circuit neuroelscric fiekds &5 evidence against his theory, nor did he yield
to Specry's crasshavches (Sperey, Miner, and Meyers, 1955) inoo which insubating mica sirips had
heen placed, Buy when faced with the evidence from ihe aluminum hydroxsde cream bmplanations
he exclaimed: “that ruins not only my D.C. field but every other current neurological theory of
percepaion. ™

Lel me brielly indicate the evidence which has accrued since that conversation ta dispel for
me (his dismal view of a field theoresical approach 1o the neuralogy of perception. Nerve impulie
E=neration and transmission i neuromal circuits is but one of the impertam elecirical charac:
tenstics of neural tissue. Another characierisiic is the production of panierns of pre- and posi-
Fynaplic polarizations in azonal and dendritic arborizatians. Though these polarizations are akin
o R‘thjl“'i fields, they differ importantly in that they are not diffuse but sharply Iocalized ar the
mb<tians berween neurons or m dendrites where they may even be miniature spikes. However,
‘uch minl spikes. mare ofien than not, immediately anemuate compleiely, preclading their abiliy
W MtopRgate. These pre- and post-synaptic patterns of polarization ace produced everywhere in
WhE brain conzx when merve impulses arrive at synapses 85 & resuls of the fact that the impulses
:f':m dienuated due o decreased fiber size resulting from the branching of axons. Branching
1I:;'L:Iﬂ»u.‘es. thar 1he toniequent presymaptic polarizations are never soldary bul constinie an
(R palicra, Wh:_ﬂ Palarizations afe then mndisced passgynaptically in dendritic arbarizations

€Y also are often mmfﬁ:id:m'._'.l large w0 immediaiely influence the pEEEN of rerve impuise
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generation which ocours ot Jor near) the axan hillock, Thus, (ke patteens of post-synapic polar:
tions develop a design which resembles 2 wave front and can be described 33 & populanon vace
This desipn of polarizatsons is sol some esawric feld. an epiphenomenal mirage superimposed
kmown peural functsan i resulis from the arcivals of nerve impulses "awaiting” axonic depariy

Arrval and deparure paieens thes conceived become a third aliermative to the neural circ
versus “floating” field argument aboul the newrobogical process coordmnate with awareness. T

m=ed for swch an aleeenauve was recopmized by Lashley who was profoundly craubled by
prablem:

Here is ihe dilemma. Nerve impulses are sassmmed over defirong soningied pathe a8 jhs sinsory and maler Rereel |
in tse cemiral pervous srsies fram ool B9 Sl Glowgh defotiie intsresilolr eanfctlinnd. Yel all behavior Leems o
geermined by masses of gacistion. by the farm & relsiions or groporions of cacisuon wakss penerel feids ol aniv
withgui repard w0 panicular nerve ezlls. 1L @ the panern tad oot ihe elemen thal couns. Weai son of nergus oigstine
might be roeable of responding io 2 paiteen of gstraion withous limiied. specialized paihs of cosdusiea? The prob

& aimows univerial in the aziivities oF 1he sefveus dxilem asd jome hypoihesis is seeded w direcy funbear rosess
(Lashbcy, 1942, p. 206]

Subdequently, he suppested tharan imeeference panern model would accoum for the phenome
When Lashley and [ discussed thess issues with Kihler, none of us had, 35 ye1, conceived of 1
abviowi: that clasiecal pre- and pose-svaepdic and dendrilae polarizatkans could serve our purpas
This lefi Lashley s panerns bath too much tied to the meuronal cirevitry he found unsaris (e
and at the same time too disembadied as were Kihkles's peomeric fields. Moneihel=ss, br
Kihler's and Lashley’s insights have proved 1o be moss incisive as | will iry o show hers,

[ssies
Projecrian

Ler me hegin ai the heginning: The sudy of behavigr has provided indispensalhle 1wols for
study of pawchologecal processes. However, il the concern of payehologists is tn inchude awa:
ness. the conscious meniality that we experience. inferences muosi be made [rom cbsers
hehavier, Bohler's imeresy. a5 was chat of gl of Gesale psychologisis. was in the operationg
mind rather ihan the ﬂ-rg:ﬁni:j!i:‘ln af behivior whereat clasnical behaviofises forosced on bekhave
{lor 2 clear staement of this issue see Prbeam. 1962 snd the Epilopue in Miller. Gulanter a1
Pribram. 19407,

But the retanon herwesn mind ard brhavsor concerns nog only psychalegists, Whelhes he b
philosopher, humnamist, politician. pavchiatist, reuralopis of newrophysiclogse. the mom
behavior reloton becomes an msue [ar him saaner or lier. Bastally, we all rmuse deal wath =2
other by constrecting 3 sharable world ou of the variecy of privaie experiences, Construcrh
demands that we behave verhally and norwverbaily. Behavior organizes this sharable world, b
in arde=r 16 have this erganization reflect innes eapereence, thal experngnoe must beoome pragect
ino the sharable world

Gearg von Bekdsy perfarmed a serigs of crigical eaperiments ihat showed how such prejecii
BEEUrE.

Using touch. whieh is mot ardinsrily ingerpresed a5 destant, ke creates conditians urder whis
this “disiant” inlErpretatsen 5 made;
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pefiaced Faght from & enlermal objecd prodoces an image on e fetarn, The derdmions sakst only within oe body, ¥t wp
jaslize the image suulde the eye, oves when we we anly 5 single eye ead look = ea olject far pway. This' lnalizsen
pepand it prEspluR svitem 8 of pics imporanse {or wevivel Because 1 ershloy o io appresiaie impetding danger &f
dajects of great necessy. This evierraiamion o schirved without the slighint reaghisn of e api image weld or the
qmulEich an the peins.

The same coadilion. hod far hearing. The szmoanions are piodecsd by e action of sumuli on @e basilar mesbrans of
e cochiza. The cechlea i devply imbiddad m Bone, bul ve do soi |ocalize asdiiory sensaions Soiv bui gauilly reles
fheif ¥ 3 peURCE somew hile in e eRvinenment, Hiwower, i we haer soene thit citersal referencs docs Bl G2 10 be
(rue f3f heaging wish esrphores,

This eveerral prapeiion fas probatdy been bearned early s Bfe: cenaindy v bores fer kearing and vision. Bul wr Bave
nei soquined o Kind of cuicrnal peogeftion for skin seraamions, and so we have an oppomunily (o discover how limula
projostion in spacs ip lewrsed,

Fof v crody & pasr of vistaion wimuiae reo fingenip . . . Bl vibmese o sossmnss by the seme series of clicks. aad
facir appdind currents ane vied o g equal magmiedes of seaszoen on esch fingenip whes the mimali are prevcned
pmarmsly. Al the wies inthaded & meam. of varveg the delay sime bobwrrs the cliska of e pwa senst. 100 click &
delwesd foe coe (mger mane tan B of 4 milliscconds, 3 pemon fools srparaie sosadiomg in the fwo Dingenps, a already
dowsribed, I, Beavewer, B lime bersmes Clicks is redueed w absil 1 millisecend the ren clck sevies will fuse o one,
wf (h wibraoery sension will be localiced in e finger thax receives gach click the garber. IF i time diday i funther
dezpeaved the isfideess for @ iraired obgerver will move o the region berwesn 1we Ningers, aad I then the ume relamea
bagi s ke 1w Chick werss is reveriod the cigk will move o the coposie veée . .

The imcherling poiRt in s pvpersmen & ton for the condition @ whies there b5 na ome delay the vibraions are
Iocafihed beiwesn the 1wn fingens where v skin is presene. 1F (he Nagers are sgresd apn the same efect is found. 2=d
when the e=gurs of lims delay iv varied the wemimicn will mewe cormeypendingly i e lres ipace hetwssn the fingen.

Even fmare Siamane than tha CIpErimEm is 2 ane @ whizh 0o wibeuors are placed on the thighs, ene abeve cach
Enize. Mere the vibraoers cas pinmedss rpe skin durfeom and prodecs sirongviboasy sorraiins. By iraineg an abkerver
first in mote the locafcanss of the vieaiion whin the knees e sogeker, he can by mads i percgive 3 spnialion the
mizvel eeedinesuily [rom one iaee 10 the oler. [T the sbserver ane spreads the krees apam te wiil agzincoperence 3t firs
& jempog @l the geniaiios fom @t ece B0 Lhe ok, iy lime, hsscever, e OBETver will beotsme convared thi th
witeainry sersanion can b iecalized in the Trer space benaeen the knees. asd he will be abds 1o czpericnce a displigeses)
of the prmnion in this Tnes dpace wites an sppreprias e dclay hevwersons stimuies and 1hs other i inrmedosed. This
EnpEreEns | very peoiliar one . -

This fraser @l i cabsisal prepectn ol wvibruory ieesaiinn weeme (0 BE iange and kasd 10 belicwe, yei 4 B well knosn
W mamy fizlds. Every wrll-siamed machimyi propos his sersavens of pressurs ioodhe 1ip of 3 goreedrrees, and W 06 i
ll'ﬂi'ﬂ.l.i'ﬁ'ﬂ ad srablel s o werk rapidly aad coirectly, For madl posple this prgjechsn b wo commeonathal they oe
efnware of fis eximence. The same tyvpe of projecice socurs s cutbng whith a krde, ard o sdiusimoms of The Biadc
iy ke of §esgaiinni propemed 1o i edpe

| fesired the Ipcaliznion of weraavions in fres spacr 1o be a wery imponart feaure of betavier. Tio wedy tae matier furiher
| woie twn hearmg adi &8 wese proapeily &mgod 30 thai e soundi Emeld be piZhed up by meafd ol Two HiLPOPBGRSE
an thy chesy and then transmimed 10 the reo £aes wilkou change o pressoie ampliede. Swreophonic hearing was weil
stzhiimead, i 3 prrespiien of the didiones of siund wguncsi wad kel | shall At fee gt my Frudifslion in Yang L Crods
he dotort during rush hoer waffic while wearing the rraramigsion sysiem. Almosi a® the cars seemed o jump Foddonly
imn cormciousness. sad | wea unable 1o pun dhem s ander aceerding w wheir immediacy. | sheuld probasty have meguined
weeky of enpeirney 1= hesnme sdjviied 1o thiv sew iype of propsiion. & imall ehaege in the amplifenen ol one side
Wl ehdugh oo pasced the wiale fcarred adiwamen. |Bekeésy, 1967, pp. 21018

A Dual Proceis

Bekésy fumher observes than both his experience snd behavior are organized by processes
BECuTring 1A the sensory svsems s monograph i3 entitled “Sensory Inhibiean™. Ta generalize
thiz plservation. a claim can be made that bosh awareness and behavior are arganized by neural
Processes, However. only soms of these processes lead 10 awareness: there are oihers that
Organize behavier of which we are not aware. In f2er, ingtrumenial (ofien suomatized) behavier
and dwireness are Looa large extenl appase=d the mare =[ficier & perfbl‘lﬂ..l.n.n:. ihe leds 3w BrE W
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become, Sherrmgion (1208/1811) neted this antaganism, stating that between reflex action ard
mind there fesms i be

acpial opposition. Thus. for the neurescientiss, the quesion becommses: What Rinds of peyral
aceiviny allow swareness 1o be inversely related o sutomarized acton?

Patterns of synapeodendritic polarizations and nerve impulses are twa kinds of processes thar
function reciprocally. A simple hypothesis states that the mors or bess persistent designs of
dendritic Mield polarization panerns are coordinate with awarensss (Pribram. 1971, Chapizr €},
This wiew carrees the corollsry that circuies of nerve impulses per se and the bebavior they gene-
rabe are unavailabie 1o immedizie awareness, Even the prodection of speech is “unconscmus” &t
the mament the words are spoken.

Merve impuises arriving at symaptic junction: generale paiterns of dendritic polarizations
which compase a struciured {thar @, veceor) feld. The design of 1this stroctured field inieracs
with 1har already present by virme of the spontancous acuviny of the neevaus sysiem and igg
previows “ELpefposnce,” These mizraciions thus acl a3 cross-correlaton devices 0 produce new
figures from which the patterns of nerve impulses are iniiaied. The rapidicy of changes in
awarensss would reflect the duration of the correlation process.

Whar evidence suggests that the junclional elecrrical acuvities of the central nervous sysiem
are invelved in awarensss? Joseph Kamiva (1968) and others {Galbronh, e al.. 1970; Engstrom,
London, and Hart, 1571} have shown, using insremenwl-condinening iechnigues, that people can
be ughi o discriminaie wheiher or not their brains are producing certain wave forms which
repeat approximately 10 umes per second, the so-called alpha rhythms, sven though they have
difficulny in labeling the differesce in (e swes of awareness they peroeive. Subjeels who hawe
bezn ablzs @ label the “alphs rhythen seate™ claim that o 15 one of plezsandly relaaed awarensss.
Wore expesimens of this kind.are now beimg carried oul wmomy laboratory .

Equally important are some of Ben Libet's experimens {1966: 1994} shat have eapbored a
wekl-known phenpmenon. Since the demonsirations in the 158 by Gusay Fritsch and Eduard
Hazig (1%69) that ebectrical stimulation of cerwin pans of man’s brain redulis o mevemeni,
neurssurgeans have u.p|nrl-l1 1E entiee dorfzce 10 delermme what reacigns such sumulations .
produce. For instance, Cuifrisd Fosrseer (1934) mapped regions in the post-central gyrus which
give ruse io awareness of one or another part of the bedy. Thus sensations of ringling or of
posiiioning £an be produced in the absence of any observable changes inche body pan experien-
ced by the patienl Libet has shown that the ywareness produced by stmulstion b nod immediace:
a minimum of 2 half secend and maximum of five s=cords =lapses before the paticm expeeiences
anvthing, [3 appears that the eiectrical stimulation must s=1 up same sate i the braim tissus, and
onky when thal suaie has been aitammed does the patent become aware,

The evidence lor electrical Gelds

The Field/Spike Dual

Im 2 comprehensive and crinicol examination of ke evidence, [0.5. Faber and H, Kaorn concluded
m an ansle in Physiclogical Reviews (E%897:

"ihat the major cendases tha Taver (he penermion of elesireyl NeM ellesw, [ars] as insrsascd eriracsiistar resaurvity
|mrad] 3 repulsd pascrs of =cursesd cripmanan wich a5 tha found @ laminar aceueiunes. [Th] we Lan prodici the
witeeeser the feaarocellularty recorded poesriash] are mors than 4 few milliveld in smplvede By dhould . | e
riecinizal Nizld elfons. Oivioe canddain wosld influde coRiesl tvabed powmils, wiich ao miocaed with paesial
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prasdiems in ihe szape ol 4 o 30 mVime . . . |8 oce confiesad, G mOre SLeilIaFy S B B BYREm T S, the
greng sapraeeliiler Tieldy and syrastic poicmil would SUMMAE 10 FECTUIL THEFE PoS1S yApie REUNORS. (PR, FJ?-HIJ'I
convessely, bundinp of conasl cell derdrem migh (o] facilivie cleciricl imeracions. In |auch eegions lpe
groups al seurent do fal 1eng w fire svarhrenputly, Wi (he possible enespion of permin desp Sapes or o seimure condi-
jomp, Thed 22 Bactground condzens may net ke (aorabie for prosucisg larpe widesprema Neid effooa, Ruber, @ may

e ke such imerazieony . . ere hiphty localized amd will only be rovealed | . in condizmne where pmall cluners of cell
[~

s swnchionouits ™ (p. BAE),

These Tocslizing conditiens chizin when extracellular recordmgs show “hurs” af spikes (amion
potentials) creaied by adjacens clusiers of pewrons. Under these conditions we can SEparately
record the bursts of spikes (a8 well 25 individual aciion polzntials) with & high pass fiher and
simalmpeously record the elecirical feld effecs throupgh a bow pass filer, This procedure allows
us o compare (e e courss of the r=cordings provided we have adpsied for the relauve delay
produced by the low pess filler. |n our recordmg appararus this dekyy amowoms o 8-10 mesc
Figures 1 2nd I show that the onse of the field effect precedes that of the initiatian of spikes.
Spilce generalion becomes Mos aclive just prior 10 the occurrence of 1he maximum ampliude of
the depolarizing field and ceases 25 the field decays (Figure 3). Outef 2,369 recardings £.572 or
61 % showed this relarionship: during sensory stimulation she miic went 10 75%, The remaining
cases were made up of 796 inslances where the field offect was recarded withowl any simubane-
ous spike activiry; and where spikes were recorded independently of figld potepiials, 1,573 times

To summarize the import of these Nindings; juss a5 depolarzation of axon membranss & 2
recessary precursor af the penesaison of acrion poientials, o also 5 ihe local build up of svo-

amedendrigic fizld posenials @ precurstd o the recruinment of athon p-uuniials. o past 5:.'!13|:Ilil:
NIUTRNS.

Receprive Fieldy in Sensory Processing

For a half cemiury, necraphyiiolagidis have used extracellular recordings i extensive explorathans
of the functions of single newrons in semsory processing. The weshh of ds obiaingd in hese
exploraiions ha: focuss2d on the properties - the feaiores - of 3 sensory stimuolus that aoculd
nerease for decrease) the nember of acian ]:|||:||;-|:n|_'-|n|5 ﬁp'ﬂ;:i] that was recorded mn the presence
of the inciting mimulus property.

Hawever, axonal gpike sraing recorded from single elecirades reflect three separable proces-
5. 1} thate due 1o the sensory input per se, as is usual in feawre analytic siudies: 2) those thal
directly modulare the cutput af the axen hilloek 23 determined by imracellular recording (Pri-
bram, e1al, 1981: Berger and Pribram, 1952]: and 1) those that man the inwinsic respanse of the
iynaplodendritic field: and a5 shown when exiracellular recordings sre used 10 demonsirate the
Mirintic configeration of the dendritic Tield of the neuron as it responds 1o sersory stimulaton
This method of mapping the funtticnal geomery of dendritic receptive Melds was inmaed by
Kuffler (1953) ang developed by Hubel and Wiesel (195%: 1968) for the visual sysiem. Kuffier
“"}""‘-ﬂ that he could map the geamesry of the dendrivic field of 2 retinal ganglion cell by
':“""'“l from s axon m the optic nerve. Kuffler s is 2 simple 1echnique for making receptive
#ld maps, whish is now sindard in neurophviriogy. By activating a recepior or a set of
;“FPIBH with a variety of stimulus dimensions and using the density of wnit responses recorded

FOFL 3%an5, 3 map of the peamesric orpanization of the synaplodenritic receprive Tisld of that
MAOR can be abuwined. (See &g reviews by Bekésy, 1967 and Connar and Johnsan. 1952 for
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Figure I. An example of 1he relasonship berween spikes snd bursis of spikes to comeident slow
pot=nsials

somesihesis: and by Ensoab-Kugel and Rabson, 1%84; and Rodiek and Swane, 1965 for vision).

Experiments by Barlow (1986} and vy Gilbers and Wiesel (1990} have shown that sensory
stimutatien bevend the reach af a particular neuron s recepuve field can, under cernain canditsons.,
chanpe that newron 5 axonal response, Symaprodendrivic polarizations are thus subjeer 1o fiekd
effecis produced in a more extended field of potentials oecurring in peighbaring Synapladendritic
fields

The Ruffler technigue maps these relaisons amang koczl Nield potemials occurring in extended
overlapping dendritic arbors. The azon{s) from which the records are heing made, sample 2
limited patch of this exiended domain. As shown in the preveoes section, we can readily demon-
strate the correlation between burst activiey recorded Trom an axon and she local fiskd potentials
gocerring bn the synapiodendrigic receplive fizld af that axon.

In the following stwdy, we aimed to explore the relaiong ameng local field potsntials by
mapaing receptive field organization using the Euffier technique. The ral semaiosensary system
was chasen for convemience and becauss the refation betwesn whisker stimualation and cencral
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Spines, onvolopo of Spikas, and siow pelantial

i6 T T T T T T ¥ T
Envalono.of spikas
___________________ ¥ ramgmrere § 'hll"é""" " SIS EEETLY IR mE il !
14 - AR R ; s — .
:.-‘.'- L) '-',_?.J.uw polarual EEmmme]
e e T ¥ : e, Y RN O e s ; y
LI ey __II '-.'.I
2" -'ll "- 1-. ]
1| SRS o :I ....... ..: .......... B e 5 e e - g 1dmperta =
. | i h- 3
L ] 1 -
] i 1
3 L) e r
LY kol T -
i i L =
|I - (A
\ LD s O 2 -
i Fi %
{1 ..' -".:

" i I 1 . il
F 204 Zit 215 a0 225 230 235 24 45 54
Tma |reE)

Figure 2. Enlargement of one example of the relationship shawn in Figure 1.

neural pathways has been extensively stodied (see review by Gusiafson and Felban-Keramidas,
1977, Whiskers were stimualated by a et of rowating eylinders, each prooved with squally spaced
steps, the seep width and adjecent grooves sublending equal angles. Thres cylinders were used
with their sieps measuring 30 deg,. 15 deg.. and 7.5 deg., respectively, The cylmders were
Folated a1 § different speeds, varying from 221.5 dep.fsec. 1o 360 dep.isec, (The ro@ing cylinders
WErE meant 10 mimic the drifiing f graungs acfoss the retinl feceplors in wision.)

In moar of our experiments an entire array of whiskers was subjected 1o concact with the
retating cylinders, This was done in arder 10 bring the resulis of these somatosensory EXperiments
it pegisier with those performed in the vidual system whers an entire array of receptors 15
stmulaed by the drifiing grating.

In our experiments, sensory inpul is penersted by the frequency with which the whiskers are
slimalaied, This frequency is 2 function af the stimulbus 55 modulated by the spacings of the
Erooves on rhe eylinders and the spesd with which the cylmders are rataped. The mumber of
bursis or spikes generated 31 each recording locaton is thus determined by the spatial and
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Figure 3, This figure demonstraces the average thimy data sets which inchude 11,715 bursis/spikes
apuatned under a variery of siimulaions. Mo thar the peak of the slow potestial 18 marked zero,

temparal paramensrs of the sensory ot as they mituence the frequenty of stimuolaten (Figures
4a-f)

The aciivity above or below baseline which resuled from whisker stinwlation is ploned a3 2
manifold describing 10wl pumber of bursts (or spikes) per 100 secs. of stimulation, Spastial
frequencies are scaled in terms of grooves per revolation, while emporal frequencies are sealed
in ierms of revolutions per second. The densicy {or pure freguency} of stimulation of 2 whisker
{r det of whiskers) 28 & Function af both the spacings of the cylinder grooves and the speed with
which the cylinder rotat=s, It is this densiry of stimulation per 52 which generaces the map ot

manifold, the geomeiry of the recepuve fiekd. A3 this map B construcied m lerms af pure
frequency, it reflects processing in the speciral damain.

Llmulanion

Acenrding 10 sipnal processing theory, the general shape of & receplive Held mandald 2 he saime
for zach combination of spatial and temperal frequenciess, However, a central peak, reflecting the
density of response far that speciral location i the manifold. wiil be shified wishin te fizld
aceording 10 the pamésular spatial ard 1emporal stimulation values.
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Figuees da-f. Expmples of recepive field manifolds and their associzied coniar maps denved by an inser-
pelation (splinel procedure from recorded whisker nimeslavan, The consour map was absmcied from e
manifold by ploning comouwrs be rerms of equal sembers of bursts per recording inverval (100 sess.), Each

figure oo bassline setivity (ne whisker shmulitan) al 3 given cleserade lseatsan as a gr-plane locued in
Ermy of framber of bussts per 100 secs.

_1!1 order 10 digcern whesher, indesd, our dat fit the requiremenis of signal processing theary,
2 simulation of the procedurs was executed. The st sage of the simslaion 233 10 cansirucl 4

ﬂlﬂ_iti_'rt receptive field manifold. Anv extent of manifold generatsd by the frequency charac-
Ieristics of the stimulus is best described formelly by & truncated specsral fumction such as a
constrained Fourier representation, Gabor (1946 p.431) defined such 2 funcibon as follows: LeL
Us now sendatively adopt the vies thai bosh fime and frequency are legismace references for

_d'“’-'*ihing & sipnal and iflustrace this - . . by wking them as orthagenal coofdinaies. lis freguency
18 2xacily defined (only] while its epoch is ensirely undefined. A sudden surge or “defla function’
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[afgo called & 'unit empulse funciion™) has a sharply defined epech. but its enerpy is discribauted
gver the whole frequency spectrum. Daugman (1990}, MacLennan (1993} and Pribram and
Carleon (1988), have exiended this illusieation to include, n addison 1o the time parameier. two
:pa:i:.l dimensiang.

We chose 2 recaangular window in the spatipemporal domain to conscrain ke two dimensio.
nal sinuscidal signal. The reasons for this choice are: Farst, that the resuliing speciram genersies
a number of side jobhes surrounding & central peak, In the wisual syziem a number of side [obey
has besn observed a1 the laieral genicolae noclees, (Hammand, [971; Pribram, personal abserva.
tion, L%74) and 2t the corex (Pollen and Feidan 1979; Pollen and Pribram, pessanal observatban
1972). The second reason for the chosce of a recangular window is that it reflects the spatial and
temmparal consiedins on the exent of the distthution of 1be signal: the spatksl consiraim reflecis
ke limits on spacings of the grooves on our oy linders; s emparal constraint, the lmias on thear
rotation speed

In addition, the rttl:.'lngl.lhl!’ window allows for maximum resolution af I‘r:qu:m:m:. (hee Feavi
and Daupman 1981: and Oppenheim and Shafer 988 esp. Chapeer |1, for review). The use of
such 3 window gensraled & sine funcibon nihe speciral domain

LEEH

q
Fipurer 5o and b, 53 presents a sismulased mantfold (mexican hat furction) representing 2 specirad disinbution

indased hy 1 mngle exiomal stmubos (spatiz]l and empoml {requency combinauon) across the conical
symapiodendritic fedd. b peegencs the second yage of the Mimsglation 88 3 probe corsisung of & basd-pas
filezr formed by a Gausdian (exponeniaal) fusson

[n our simulztions (Figure 3a) each plor is 4 mamifald of 3 speetral density functan of 3
recanpular windowed continuous vec-dimensional smusawlal signal. When, in edher experimems,
anly a simple frequency of sumulaten is weed, & spancdiemporal conmsction maks can be con-
structed from recordings made with multiple electrode ssrays o represent the daia (Barcals,
Micolelis and Chapin 1993}, Cur versson of such 2 matris represents the varsery of sparially and

temporally constrained speceral dawa gathered in our experiments 25 a sinc functicn. cenwered a1
the frequency of each stimulaien pair. i.e.

Fiui,, w—_}-‘-.-liiﬂt-lu._—u“:mnl!{m_--u“:l
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where A it a scaling cons@nt. w, and w. are spatial and temporal frequencies of the spectrum, and

e and wy are e spatial and iemparal frequenciss of the stimulzupn, The function siRclw) i
defined as:

iR [w )= Srnlw i

The second stape of the Simulaisan uses 55 a prabe, 3 Gaussian (exponential) funcrion (Fipures 39}
When this probe represents & single newron i is limied by the spatial exeens of the lecal Felid
potensiaks flucneaiing among that! peuron 3 dendries. When & burs manifold s modelled, the
spatial eonsiraint is assumed 1o porray a preaser reach and is limited by the barrel (columnzr)
arrangement of the somatesensory cortex. Sampling is performed by the generaive activigy of the
axom killock, which, dae vo the wpper and lower semporal limits of spike gensration, fuRclions as
3 bandpass filker of the response of the sensory sysiem. This filer is mubiplied with the sine
furction o yiekd a display of the mamifald,

Fipures Ga-f depict manifolds and comours desived from these simulations. Note the elose fit
#o the experimentally derved manalelds and conqours Shown m Figures fa-1. A woal of 48 mani-
falds were experimentally generated, OF those, thres were essepinally Nat, OF the remaining 43,
we armilared sixn; all but pwa of the remaining 3% haws 3 shape hat can be seen o b2 saccessfully
simulatable with the eechnigues described.

The similarity of thede manifalds obtained by recordings made from the SOMaLESENSOTY COMER
1o the receptive field characieristics demonsirated in the primary visual corex (DeVaboss and
DeValois, 1988; Pellen and Tayler, L974; Pribeam and Carhon, 1986: Davgman, ['%990) supgesis
that this process 18 uhiguigus in the cortical synapiodsndritie netwark,

The manifolds derived from our daws are construcied of two orthogonal dimensiond: ane
dimension feflects the spatial frequency af he stmmuabus and che other s semprral freguency,
Because spatial and t=mporal variables constrain ibe speciral dengity response, 3 Gabar-like rasher
than 3 simple Fourier represencation desceibes our resulis. Thus the resulss of our experiments can
be interpreied i Lerms of an information field compesed af Gabor-like ebememary funcions, that
iz, of rupcated two dimensional sinesaids.

Af unconmrzined speciral fepresemttion i giobally holographic: the comstramed specifal
dnmarn. as in patch or multiples halography, it termed holanemic. (Far the derivation of this no
mentlamore, originated by Herz. ses Priobram. 1991, p. 17,1 Holanomie cantirainls quantize an
essentialy speciral process, Gabar called 1he elemenary funciion described by the imersection of
Wit speciral and time paramelers 2 “quanium of mformation.” His reason was that he could
address the problem of the efficizncy of communication across the Atantic cabe "in terms of the
farmistation of Heisenberg 3 principle of ndeterminacy in 1927, This discovery led 10 a great

simphlicatian in the mathematical apparaius of quanium theory which was recast in a form of
which use will be made in the present paper® (1946, p. 431,

A guamtum infoermation eld theory af dendritiec processing?

The r“'_l'ﬂﬂl- mathematical foundanons of the computations which conerbuee 10 conemparary fisld
theotesical conzcepis regarding brain Funciion ress on a peneralization of the applicasion of the
concept of a speciral domain: not only calors and 1ones can be analyzed into their component
r'“]f"'-“f'“ of escillatian. Processing of all exterocepsive sensations including those deperdent on
WPalmiemporal configurations (swech as the shapes of surfaces and forms) can be undersioad as

&3
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Figure 6. Examples of stimulaied receptive figld manifolds and their associared comour maps @

be compared with the empirically derived maps presenied in Figures 1a-f. Axes are narmalized
from O,

amplitude modulations of these pscillations, In fact, dus o the Fourser trensfarmasion, specin
enfold the prdinary concepiizn af both space and time,

The mapping of dendritic recepiive fizlds i based on the Fourier relationship. As nated,
Fourier's theorem states thal a paitern can be decomposed L0 COMPONENLs regreseming te nelas
panships among sess of regular (ie.. periodic} oscillations each of which has been further
decamposed 5o oscillations %* o of phase. Components encods frequency, amplimude amd
phase (the relaions berween oscillations), These components are quantified as Fourier coeffi-
cienis. The ensemble af such coefficents, when embodied in physical form, becomes palpable a8
an optical hologram. When coefficiens of identhcal velue are connecied a5 in a contour map. the
resulting schema i what in the halonamic braim theory is called 2 “hobazcape.” The coniours

4
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farming such a haloscape are embodied in the mizroprocess of palarizations aecurring in dendritic
networks thus constiating 3 sub- and ransneuranal manifold.

Furiher. the Fourier theorem staies that the oraginal pattern cin be recomsiisused. recons
wretied. by performing the mverse ransform. 1t is this simplicity, ns invertibility and Tinearity
in analysis and (re-)synihesis. which is one of the atractive featares of the Fourier thearem
There is, therefore, a eampuianional gain ieading o bener undersanding were brain processes 1@
fusllow the rules of the Fourier relationshig. Actuality is somewhat more comples.

Perceived paterns are ordinarily described in space and ume. When the Fourier analynucal
pencedure deCOMposes 3 SPACELIME patern inio an ensemble of components represeming the fre-
yuepcies of oscillations from which the patisrn can be reconstructed, the decomposition s
desgribed as harmanie and the resuly, che specirum of the pavern, Thus 1) spaceime. and 2)
specirum are differentiated by the Fourser procedure.

An sdditional eoncept derives from ploning speesral and spacetime values within the same
frame. B wms ous that when this 18 done there i @ limic with which both frequency and space-
time czn be concurrently detzrminsd in any measuremens. Ad noved, this B ihe uncenainty
relutson was weed by Gabor (L946) 10 descrive & fundamemal unit, 3 “gquantum” of information.
This ot differs from ke unin of infermation defined by Shannon, uswally aken a5 3 bit, (&
bimary digi} ie.. a binary (Boalean) choice amonp alernatives (Shannon and Weaver 948,
Hewewer, Shannon also defined information 25 a reduciion of uncertzinty, This “unceraingy
relationship provides a link berween Gabor's and Shannon's definitions and aliows for an explicic
converpence of “informaton processmg® theories. Furthermore, the digtmesion berwesn Gabor's
and Shannon’s formulations provede the basis of the disunction berween configural and the
copRitive aspects of perceplon (see Pribram, 1991},

Gabgr became interested in describing 1 join spacetime-specieal domain because he paced
that there 15 a limit on ihe precision i which stmulianeous measurement of specical componanis
and [spacshiime can be mede. I is thas imod, defined by residual bandwidih of frequencies and she
probabiliry of an occurrence within a range of spaceinme. that proscribes the efficiency with
which the system can operate. In effect, therefare, the Gabor relation describes the compaosiion
of a sendary channel, and the residual uncerriney defines vhe limie of chanpel processing span.

Pracessing efficiency was handled by Gaber m tzrms of 3 measure he termed the "Logon®,
Today we ofien refer to these Logans a5 “Gaber elementary functions.” In Gabor's wo dimensio-
fal scheme the Logon was a uniary minimum, This minimom describes an area surrpunding the
mazrsection of frequency and a 1emparal impulse funciion

Gabor's mathematics paralieled that used by Heisenberp 1o deseribe expermemal findines m
the r'f"i of quantum physics. In essence, therefore, the matheratics feund so wsefu! in under-
sanding relationships in quantum physics was generalized 1o deal with issues in psychophysics
and Gabor termed the Logon 2 quaniem of informanon. An ensemble of sich quanta, processing
channels, is dealt with by what mashemaricians call 2 Hilbert space, as Hilbert originally devised
the mathematics used by Heisenberg and Gabar,

o experimental results, Gabor elemeniary funciions are compased in dendritic arbariza-
Lioms, recepiive fields af the newrons from which we are recording, Pollen and Ronner {1580)
L':;"u'::;ﬁ.liim Aeurans in the visual cortex 5o respond best 10 grasings 90 cut of phase. These
fiekds :nT::E up a ':'i"-lm!'.'l. ] qua.d_rnuru pair .Thus .m the '-|5u1|. dvslem & madule of fecepinve
Fourier ﬂ*_-"l‘h': quadrisure relation {essentially sine and casine components that make up
o Gi.hn:u:h wewems). Each bogon, i.e 1.':||:!'| such receprive Tield module, i3 @ channel. According
"iﬂirlzuis.h;:ﬁ:lj'mhlt of such channels is 2 measure of the degrees of freedom. the number of

imensiens of features (2.g.. spasial and 1wmporal frequency, deprees of orienta-

LH]
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tions, preferred direction, color), The minimum uncenainty refation expressed by Gabar elemer,.

tary funciions secs the limis on e infermation processing competence of each of these channel;, 1

Cada

Given that an aspect of dendritic precessing m the sensary coriex can be deicribed in serms of

quantum-like fields made up of Gabor channels, we are faced with a discrepancy: Such fields,

composed of arrival and deparnare panems of synaplo-dendritic polarizaiions, are considered o
be coordinabe with pereeprual awareness, which cocurs within spacesime coandinates, Kihler dig
pel have this problem with his more generahized felds which were deemed peomeirically
isomorphic nat only wih the physical s2nsory inpur but also with subjeciive experience,

Resolution of this discrepancy i3 beyond the scope of thes addreds bul has been dealt with in
detail in Pribram and Carlson (1986) 2nd in Lecsure 6 of Brair and Percepricn (Pribram, 1991).
Following ihe lead given by Pomcaré, Helmhaliz and Lie {ses Pribram Epilogee, 1531). move.
men: is given the critical rabe of organizing an inverse wansform 1o produce our experence af
entities such as objects in a specenme frame. In wizual processing, this orpanizaton & imposed
by the peri- and preginiate cortical syssems operaling back (tap-down) on the primary geniculps-
Eriake visual inpus.

Much has been made recendy of the modulzr composition of mental (Minsky, 1986 and
brain processes (Gazzaniga, 19B8). This emphagis an neural sysiems which localize separage
brain-behavioral relotionshmps is vially impomam w osdersanding such processes as memary
rebrival {and has canslaled e bulk of my lahoratory research). However, equally empanant is
the faer that these variows gvsiems not onby relace @ ene anomer in 2 higrarchical manner byt tha
thie higher order sysiems operdie on lewer order systems by interpenetration. Thus, we ordinariy,
immediatsly percéive named and categorized objecis. nd just seos of fmages (hough we are
capable of “imaging” by suspending the higher arder pracestes), Theee is abundant evidence aff
such top-down penetration in the visual. auditory and somatosensary newral sysiems

Mathemarically, conformal (Lie) group procedures [HofTman, 1966) are shown so describe
this process, Frame effecw are aceounted for (Palmer L9EE) as is the f22L, in Paincaré's |=rms,
thar “objects are relations”. Movement, whether acnusl or imaged follows a beast sctson {or acuos
integral) peadesic (Carhon and Skepsed, 1890 L&ID degeribed by veewsrs in the Jabar infarma-
iion processing damain.

A MNimal question nesds w0 be addressed. Why shouwld the brain process go through & specoral
transformation only tx Bave (o nverse iransform in ander 1o &llow the organism io bebhave appro-
priatzby ina spaietime object(ive) world? The answer 18 than correlations are achieved much more
parsimaniously when such angformations are employed. [n s@iistical mankpulauons, the FFT
(Fasi Fourser Transform) has provided an incredibly useful ool w fachicee the eomputatsen af
carrelations. Medical spplications of brage processing such as eemputerized omagraphy (CT
scans) and magnesic resonance mmzging (MAD have acihear basis spectral domain sransformations.

The evidence thal brain processss partake of this computasional simplification was nac sought
for but has acerued over the past two and a half decades serendipiiously m various laberatories.
The evidence 15, 21 present, overwhelming thai some such transfermational brain process wnder-
Izt perceprion; that Gabor-like synaprodendrinbe receprive felds are craecal, fields whac are
sangitive [0 4 malidede of chemieal modulitons bus :um':lznll]r robust 13 allow gur experience
of the world 16 be suble and predictive, The siep in the process that needs mase experimental
evidence 0 various sensary modss is how the “iaverse” ransformasion Trom held 1o aciban patk
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