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Surnmary, A novel procedure was used $o rear kittens under conditions of con-
trolled visunl expecence: ope eye was exposed only to vertical lines while the
other eve, simultanecsusly, was exposed only to horizontal lines, Stimuoli wore pre-
sented in o mask which the animals wore whenever they were in s lighted environ.
ment. At the conclusion of the rearing period elongated receptive fields of units
recorded from the visual cortex of these animals were oriented sither horizontally
or vertically. This is in contrast to the full complement of receptive field orients.
tions found in normal cats, Furthermore, units with vertically oriented fields were
predominantly or exclusively activated by the eye which had been exposed to
vertical lines, while neurons with hortzontally oriented fields were predominantly
or exclusively activated by the cye which had been expossd to horizontal lines.
Normally, B0-—80% of the neurons in the visual cortex of the cat are activated
by both eves, The consequences of this controlled visual experience provide
evidence for highly selective modification of newropal connectivity by environ-
mental conditions prevailing during development. Bufficient control of the visusl
environment wis achieved o allow divect comparison between single unit response
characteristics and the specific stimuli presented during resring.

Key Words: Visual cortex — Heceptive felds — Visual deprivation — Neuronal
plastivity — Cat

Introduction

Relating structure and function provides a starting point to investigate the
and mechanisms underlying behavior. Study of the visual system, which
lends itself well to both behavioral and physiclogical investigation, has led to con-
siderable progress towards this goal. The discovery that neurcns in the sensory
pathways are often responsive to & relatively narrow range of stimuli led to the
suggestion that information about specific stimulus attributes or features may be
transmitted to the visual centers (Lettvin of al., 1959). Feature.analyzing models
of the peroeptual process received further support from the finding that cells in
the cat and monkey visual cortex respond optimally to elongated stimuoll swch as
lines, bars, or edges (Hubel and Wiesel, 1962, and 1968). This might imply that
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analysis of incoming stimulus patterns involves activation of & particular set of
orientation sensitive cells | “line detectors™).

Manipulating the set of available “line deteotors” should allow o direct_ experi-
mental test of their functional significance — something which has not vet been
nchieved. A partioularly efficient procedure wounld be to observe the visual cap-
nhilitaes of an animal which has only one class of erientation sensitive calls: for
example, the class responding optimally to vertical lines, Previous stadies on re-
akricked visual experience (Hobel and Wiessl, 1960b; Wiesel and Huobel, 1963,
1965, Ganz of al., 1968) suggested that sensory deprivation might be an effective
method for eliminating unwanted cell classes. The presant paper describes a tech.
nigue for mealizing suech o preparation. Elsewhere (Hirscl, in preparation), the
results of behavioral stadies designed to test the functional significance of orienta.
tion-sensitive cells nre described. A brief roport on the resulta of the physiological
recording hes appeared previonsly (Hirsch and Spinelli, 1970,

Previous studies (Wiesel and Hubel, 1963, 19085; Ganz ef al., 18658; Hubel and
Wiesel, 1970} have demonstrated that restricting patterned visual stimulation
during a critical period in an animal's development produces widespread changes
in the function of cortical cells, The eMect @& greatest if the two eyes are subjected
to different sEimulos conditions duning the approprnte time period, A reackng
procedure in which the two eyes receive discordent stimuintion was thus wtilizedl
in an atbempé to restriot the elfecta of visual deprivation to one olass of orientation-
sensitive cortical cells, selected on the basis of their receptive field odentation,

Methods

Subjecia
Nine kittens were reared under conditions of selective visaal deprivation, They came from
& total of six litbers borm in o closed labombory breeding colony. VH-60 and HV.81 were litter.
mates, na were VHAA0, HY81, amd HV 82 Each of the remsining four kittens (VH-33. HY 40,
HY-70, and HY-200 were from diffesent litters, (HY spd VH rofer to the orentation of the

limizs g whslely eueh e wie papossd during rearing : HY kittens were oxposed 1o horlsontal lnes
with the left ove and vertical lines with the right eye, ond the convesse for VH kittems. )
Rearrng Conditions

Kittena wem pliced into & com petely dars moom before thelr eyes openeid, Beginning at
threy wiels af nge they reseived doily selective visund experience. For each kitten this conssted of
st least twod-hour pericds o day doring which sneeye wasoxposed to s white field contaiming thooe
black vertical lines whide, simulianenssly, the other eve was exposed to o white field contulning
thiee bleck lorgontal Hnes. Thesn stimli were mounted inside o mask worn by the aninals,
4 lopea (17 oom focnl length, 17 mm diavmeter) wos mounted in the mask in frong of esch eye,
The stimulus lines were positioned ot the focal plounes of these lenpes o that smell changes
in the position of the maak would nod offeed the sharpress of fecus. Each black line subtanded
ome degoee of visnad saghe &t the @at's eyo and the centerpoints of the e wers six degrees
apart. The mask provided approximately o 30 to 80 degree fleld of view for esch eve, White
-rllﬂ'u.l.in.g |1I|:.|I:.i¢ io the mosk provided oniform illumination of the stimali, Figum | is o photo-
graph of o kitten wesring the moak; s more detailed description of the mask and procedures
for assembling it are given in Hirdcl, 1870, Appendix L

The masks uere pat on and taken off inside the derkroom s thes the animals wauld net
repsive any visual oxperienco other than thot provided by the mask, In order to insure that
tho cads would raot poll or rub off the mnsk, they ware o neck roff similar to thet weed by Hein
and Hebd (1907). The animals becnme acougbomed to the masks wnd vees active pnd playiul
during the expowsire perigde. Honever, disesss aml shin lesons coused by the masks in s
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Fig. 1. Photogeapl showes a bilten werring ome of ke mosks wsed fo provine seleclive viswal slims

fataon, Tho stimalus patterns are mounted on the maide sl of the black, rectangulor sheet

ol ||||:|,|tic nt the ends of thie Cwie white :_|.'| |iwilers, Ope of the Fibber RALFPS wehbeh hold the mmask

in plnce can bi sesn ; othor are beated &6 cither sids of the animol's kesd and cnder its chin
i The neck reff which the animals pormally wore has been left off

eases foroed suspension or termimation of the ex posure periods. Most of the nnimabs. were given
duily salective visual experience until they were twelve weeks old. The cats were checked
repeatedly while they were wearing the mosks. Blippage due o rotation of the mask is estimad
ed at & maximum of ten degrees, and in most kittens wos less than five degress, Eve move:
menta were pot mesdured during the sxpoaum perinds

Three snimals scoidentslly received some unploneed visual expericaee. One ens (FV-01)
pualksl off the mnak after recoiving # weeks of exposure and cbtained at most $; hours of
normid bpdculse exparicnee, Ancther animal (Y H-33}. danng the 12th week of exposure, broke
the neek reff and then pulled off the mask. réceiving n méximum of 12 hoours of notmal visual
pxperience, In both esses the animods were Kept in the darkroom for seversl days after the
accidenial exposure until the electrophysinlogical recording coubd be done. HV-S1 was given
an sdditionil B howrs of exposurs to the mank mneedistely prior 40 recording. A third cat
[V H -5 ware the moorrect mask for one exposuns p:lriui"l B hours, 15 min), thua wigwing verti-
eal lines with the eve previowsly ex posed only to horieontal lines ond hosizontal lines with the
eye previously axposed to verticals. This cecurred when the cabt was 71, weeks old. The
ariglanl prpoaurs conditions were subsequentiy resamed untll the pnimel was 12 weeks old,

The actunl number of hoirs of exposure rangsd from G343 bourm given ovel o tan weck
period [VH-33) ta 156 hours, 45 minutos, given over & five week period (HV-70),

Elecirephysenlogical Resording
At the end of the resring period, when most of the enimals were hatween 10 and 12 weaks
af age. the risoE e Tiekda of sirgle units in the visesl cortex wore nu.pp-;rl Price to the eleetrn-
physklogicel recording the coly visual cxperience which the animals received was the ex-
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posure to the stimuli inside the masks (with the exceptions noted nbove), The recording thus
provided a direct verdfiention of the physiologiml consequences of the seleetive visual deprivo.
Lo,

Tle preparation, recarding, wid mapping techniques developed by Spinelli (1967} nwere
used. To prepare the animsl for recording, thispental sodivm was mjected mtmovensasly to
obitnin general apeathesia, and a small opening was maide in the skin, bore, and durn aboyve
ihe wisual eortex of one hemisphent. The animal subssqoently was placed inte & slerotazic
hobder {Baltimore Instrument Company] which did not obstrieet the visusl Gold, All pressurs
puimis amd incaions were mfiltroted with o bosg-scting loeal anesthetio {Zyljecting, A skin flap
wis nitacked to a rng, and 8 mixtare of sgar and saline was used to minlmies brain pulastiong,
Then, the animal was paralyzed with Flaxedil (gallamine trsthicdide) and the greral an-
cathotbe was diseontinued. The Floxedi]l weas mfused contineously ot a rate of nhoat 10 mgh.
Tl amirnn] was artificially ventilnted by s Harvard opperates pump {moded 807, sitoke volome
2835 o, respirator rate 2 min). Oxygen was pdministered to insure that the snimal would
remnin in good copditioin. The animals temperstare wes continuoimly monftored spd mam.
tuimed nt 37 degrees + | degres Centigrade. To protect the comen of the exe and to oorrect
for necomodation, conteot lenses were seed, Atropine sulfate was glven to maintun eonstant
pupil size, and Neasymepheine wes used bo retract the nictitating membeune, Grest core wis
Lakent Lo hn-]'l- thie conisct lepses clean: the cat's EFLE WERS pxamined rnl.ll.'in-:'lj to nmwre thst
o detorioration had cecurred. The recordings were mads ofter the animal ked recovered from
I s gurqu anesthetic. In this monrer the snimal’s cordition maore olossly lppruu:irnul:.-.ll Ll
rrmanl waking state.

The spike discharges of singhes units in the visunl cortox wern necordod with tangsten micro.
electrodes, Thess alectrodes make it posible to reeard the aetivicy of & given cedl for long pericds
of time, Sedid swate (FET) source tollowers wers mounted divectly above the eleciroda; their
autput was amplified snd Intreduced into s Sehmitt erigger, A standard pulse, produced when-
ever ihe potentis] change exceeded a pre-sot levnl, was fed Into & small gereral porpose com-
puter [Dagitsl Equipnaent Corp. POP-8), In this woy the sccurrence of spike discharges of the
ool conld ke recorded and stared by the eompuoter.

The pecoptive field of a cell was mapped by moving & black spot (1 to 4 degres in dis-
moter) nt & constant veleorty of 10 degreesisecond ncross o white tangent screen refiectance:
white — 6%, black — 3%, mcident light on the screen 20 'I|:u1|u:|‘r, pﬂuil.iuned 57 v from
tho cot, The spot was moved by o compater.controdled XY plotter in o scanning pattern of
A lineean ; ench line was 35 degrees long anad 0.5 dogrees apart, thiss covering o 25 by 26 degrec
stquare. The compitler waas progrommed 2 store the resporses genessted by the onit during
pach 0.5 ﬂuw of moyement im separnte memory locations, This pt'u-d.umd. EHID data pointa
for each map. During mapping, the screen woa illuminaied evenly by 3 tungsten filsment
lamps (20 1m/m?).

Spotas were usel in isspping, mther than line stimuli, because this method should reveol
the ﬂ-mpq of the receptive field with the lenst possible biss (Spinells and Barretd, 10685, Uuiq
& line or har in mapping assummes thad all recopitive Gelds will be elomgated sl that eells will
respond optimally to line gimuli, Some hand mapping with line-aheped stimali wes dome and
allaf the cells exiin ined which reaponaded toline.shaped stimuli alsoreapanded ta the moving spet.

Using n white tangent screen (rnther than s bsck one) kept the oat's retine in o light-
wilapted state, Thus, the effect of any stroy light resulting from small imperfections in the opticsl
system wos minimized Hond mopping, wsing both lumisoss spots and black spats ndleatesd
that many units in these cats reaponded more stropgly to the black stimali,

All units encountered during the pecording were analyzed snd, whenewver pessibis, each
wid mhpped at besst 12 times, The mapping wos first done with both eyes open anal then for
each of the two eyes spparntely, Under each of these conditions two vertios! sod twvo horizonial
nanps were made. For sxample, doring o vertbon] map, the spod was moved st & speed of 10
degrees per second, from the battom of the screen Lo the top, sl then from the top to the
battam. Filty such scons sovered the fledd, Dats ware collected separstely during upward snd
downward movement of the spot. In this manrer two vertical mops were obtained, Homantal
maps were abtained in sn anslogous foshion.

An sttempt wad made 0 pecord the aptivity of units lopated in the region of the visusl
corbex meslving projections frons the orea eendralis (Otsuks snd Hnsaler, 1062}, This was dane
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Modificasion of Ressptive Field Orienistions &1a

hy making a small opening in the eranium srd positioning the electrodes in assordence with
aterectaxic coordinates (Spinelli and Barrest, 1068), The majority of units wors recorded be-
tween sterectaxis coondinates Anterior-Postersar 0.0 mm o 410 mm snd Medial-Lateral
LS mm to 1.0 mm. A fow were recorded between —2.0 mm sed 400 mm Anterior, To
aid in verifying the eleckrode position, the projection of the optéc disc onta the tangnt sereen
was determinsd with the uwe of & reversible nphthﬂm-pa anid tha ;mﬂ::m of the area sen-
tralis waa inferred (Bishop o al, 1882s), The position of the remeptive fGelds conld then he
compared with the estimoted position of the area rentralis,

Kormally, the regeon seanned during mepping wea positioned so that the projections of
the pupils wers near the vertiel midline of the region and sbost 1 degreea ahove the bottom
of thi scseen. To inaure that the receptive fetd of the unit heing exsmined wos sctunlly within
the 20 by 25 degres region coversd by the moving spot, hand-held stimuli were sed to explore
the receptive field, Tt was opmslonally necessary to reposition the ent in arder to bring the
receptive fiebd onto the scanned portion of the tangent screen,

Afvar the olectraphysiological recordings were momploted, seven of the nine exporsmaenial
animnls wers mm-ﬁ.l.l'lr revived. Intraperitonesl il'[lﬂl.l-ﬂh.l. ol eartiono (5 TE) e Eivan
o reduee shock, and 300000 units of bicdlin were !l'l'tl'l. Irir.mmmu'l.lﬂr t eomtrod posaihile
infection.

Anadgais of the Dudn

The first problem in analyzing units was to determine whether 1.'|'|.||z.l wern cortben] units or
genicuiste pfferents. In normsl cats a relisble imdicstion that & onit is & eortical cell mther thon
a genholste ber 8 that both eyves can activate the unit, Since meat, if oos oll, of the cortical
Eita in thess sats were gxpected to be monocular, iL was necessary to rely on otitetia other
than hinoeilarity for distinguishing cellulur setivity from tho activity of genloulate fibers,
These criteris include shape of the spike, baclground setiviky, and o of firieg | Blehop e of,
1802h). Binee few, if nay, geniculate fibers have elongoied reeptive fields, the rereptive feld
Aliape was used &8 o further eriterion to distinguish between corticel and peaicalats units, In
addition, recording was restricted to the fimt two millimeters of cortex. whers fiber tend o
spread aut more than in the arderlying white matter, thus reducing the likelihcod of encoanter-
img a geniculnie afferent.

The record of & unit's sotivity was displayed an an cacilloseope sereen as oo integral con.
tour dmplay which permitted the shape of tle receplive Geld to be readily visualized [Spinelli
and Bareets, 19685 A level 1 integel contour display presented asch of the 2500 poinda in the
eeanned rogion st which the coll fired st least onee in reaponse o the spot. At Jevel 11, sll points
at which the call fred ot leest two times ware dll'puh_j'-d; wny othar desired loval eauld e
sefected.

All the maps for & single unil wess utdized Lo categorize ity the greatest weight woa placed
on mips sblaied with the spot moving in the direction which elicited the strongest response,
Uinits with clonguted receptive fields isuslly rupum:l-l;brl bzt whas s Bt e qnhugnn.s]
&3 the receptive Geld nxia, [& may be helpful to explain why an elongated region of activity
orbentind 54 right ongiles Yo thi ditection in which the spat moved during mapping can be refinbly
interpreted as sn elonguted receptive febkd. Such & mgion of activity can arise only if the wnit
discharges on suceesive sarana acros the serenn — in other vords, overy tlme the spot oroases
the receptive field. In contomat, a region of activity extended alowng the direction in which the
ol was moving during mapping can be csused in twe diferent wayn: either by an elanguted
receptive Gald onentsd aleag the path of the moving spot. of by an after-discharge resulting
from passsge of the spot throwugh o disc-shaped recoptive fiald. [t may oleo be neted thed there
are oecasionally very narrow regular regions of astivity which extend in the ssawe dissction
08 the spot. moved during mapping |see, for exnmple, Fig. &, row 2); thess pn.mmnb]y FRpirasEnt
i Eustaimed spontaneous dischange of the cell during mapping.

Reasulia

A. Lecotten of Unets sosthen the Vigua! Cortex
Binor 1% was not posstble to visualize the surface of the cortex through the
small opening n the craniaom, the relationship botween the receptive feld posi.
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tions and the projections of the optic dises was osed to verify the location of the
elegtrode [Bishop ef al., 1962a). The projections of the optic disca onto the tangent
sereen were determined for all the animals and the mean position of the optic discs
computed (relative fo the projection of the pupils soto the same tangent screend,
This wns compared to the expected mean position of the optio dises (relative fo the
projections of the pupils) in normal adult cats {Bishop of al,, 1962a}. The projec-
tions of the optic discs in the present study were some 8 to 9§ degress higher (rela-
tive to the pupila) than expectad. In addition, the scatter of the points was greater
than in normaol adult cats.

The clevated location of the optie dise projections can be accounted for by
assuming that the kitten's hend, when beld in the stereotaxie instrument, was
tilted slightly relative to the standand position of an aduolt eat in & stereotaxic
holder, Sinee the microelectrode which was attached to the sterestaxie instrument
woald be moved relakive t2 the cortex by such tilting, an electrode positioned
stereotaxically at the Anterior-Posterior zere line would actually enter the cortex
at a position anterior b the zero line, I8 wis com puted that for an 8.5 degree tilting
of the cat’'s head, this displicement would amount to approximately 4.2 mm. This
leads to the conclusion that most of the units were recorded from a region of cortex
located betweoen 4 and 5 mm anterior of the Anterior-Posterior zers line and thus
anterior of the region receiving projections from the ares centralis {Otsuka and
Hassler, 1125, Ar a result, most receptive felds were located in the lower holf of
the visual field. {These arguments are presented in detail with further supporting
avidence in Hirsch, 1970, Appendix T1.)

For units recorded within a few millimeters of the Anterior: Posterior zero line
of the stereotaxic instrument, moving the mieroelectrode laterally shifted the
position of the reeeptive fields in the contrulateral visval feld towards the vertieal
midline. This would be expected for electrodes located inside Area |7 (Hubel and
Wiesel, 1962, 1954}, As pointed out, most recordings were made with the electrxde
preitioned near the Anterior-Posterior zero line of the stereotaxic instrument.
Gross examination of one brain at the end of recording indicated also that this
Tl:gjn;ln. was looated mside Aren 17, O the other J'l.n.nl:lI for those wnits recorded
(rom rostral Fﬂ:m'lh'iu:l.u: I_¢.E., Anterior-Pozterior 450 mm on the stersstaxic in-
strument) receptive field positions in the contralateral visual feld shifted farther
out into the periphery when the electrode was displaced laterally. Presumably,
thess unita were looated inside Area 18 {Hubel and Wiesal, 11482, 194884,

H, Eﬂ:ﬁlrﬂpﬁﬁrﬂlﬂfﬂg‘y
1. Classification of Keceptive Ficlds by Shape
The receptive field characteristics of unita in the visual cortex of the experi-

mental animals were analyzed in order to evaluate the efecta of the selective visual
deprivation. A sample of 04 units was gathersd from the nine cats whose rearing
was described abave. All but one of the 94 units wears classified as cortical. On the
basis of their receptive feld maps all cortical units were assigned to one of the
following olasses:

I. units with diffuse receptive fields,

2, units with disc-shaped receptive fields,

3. units with elongnted roceptive fields.
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Laft Eya Right Eye
Yartical Harizaonital Vertical Horizantal
Scan Scan Scan Scan
a b - d

Fig. 2, Corficel nemroms with oJiffese, disc-ohaped, ond slongoted receplive felda, Bows | —4 bllui-
strate integrol contour displsys of receptive fields of 4 unite. In Columpa a and b the wnits
ware mapped with only the dl ays open; in Columns c and d the units wers mapped with oniy
7T rn;hl. 5 sl The apsal maveel varticn ||} In Columms o sed & nnd huFl.\.{lhl_".'.I}' i Calumns
b and d. Row | illustrates o unit clnssified ss having a diffuss receptive field. There is & slipht
pancentration of potivity in the lower keft-hand comer of the fedd if the unit is mapped with
the bedt aye -'.li.lt:ul.'l']- |Racordod from HYV-82) How 2 fllustoates & coll classified na bnving & dse-
shinpisd recogtive Geld, The unit s sctivated anly feam the keft eve ard reaponds equelly well
to horizontal snd vertien]l movemment of the spot. (Becorded from HY-81) Foos 3 and 4 (Hussirase
unsts clssnifed as having elaongsted receptive Selds. The unit in Row 3 respanded cnly to hor-
gantal wowEment of Lhe apolb |directbonally selective), while the unit in Bow 4 responded to
baoik verticsl snd borizontal movement of the spoed (nob directlonslly selactive). The receptive
fledd, howaver, & clearly elongated only when the unit s mn'ppmi with vl apod moving at right
angles to the main sxis of the receptive field. Both of these upits are actbmated I;:,- andy oos eye
Furthermare, both are orientsd vertically nnd sre activeted by the eye which bid been hp,_pagd.
to vertical lines The unle in Bow 4 haa fwo excitatory regions separsted by sn inhibitory
ruglon. [Becorded from VH-33). Level of integral contour displays: How 1.1, Flowa 23 4. 11
Speed of spot during mapping; 14 degress e Incident light on screen: 20 lm/m?®
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Diffise receptive felds have no deary delined boundasy and respond to stimulstion over
o wile portion of the receptive field. Tn some Instances Lhe reating activity of these units was
quite low nnd they responded very little. if at al], to visial stimubation. Considerable averaging
would have been necessary to determine to what degree, if 84 all, vigsund stimulstbon mereased
the firing rate of some of these units sboee the base mie; this was cod done snoe units with
alongated receptive fiekls wers of primary interest. Whersss in normal animoks inits wiih diffuse
reoeptive fields have relatively high hlnhgrnunri :I'i-_-u-@ raten [Spanelli sod Barreet, 1068), in
this study many of the cells classificd as diffass had very low background ficing rates. This sug
geets that thess unils may be simillar to the non-reaponsive cells described by Wiesel and Hubel
(1863, 1865} in vissally deprived snimals, T2 is also possibde thet some of the units with diffuse
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fields may have been compéex ar bypercomplex cells (Hubhed spd Wiesel, 1802}, Fiftyfive of
the 83 corticel units were claasifed an diffase (Fig. 2, row ||

Disge-shaped receptive fiehis were roughly circulse ; & cortical umits were af this type (Ehg. 2.
row F). These units responded to both the verctically and the horizomtally moving apot. Fuorther.
more, four of the anita were sctivated by cmly one eye ; the remaining two wnibs wers lost bedoro
sufficient mepping could be done to detsrmine if they were olso monoeulnr, Although disc-
ghaped Belifa have been found for cortical units by several investigniars { Baumgariner f ol
1945 ; Bpineli ond Barretit. 19600, it (8 posalble thet some of thess units were genicubato fibers,

The remaining 32 units were clazssified as having elongnted receptive fields.
Bixteen of these units responded exclusively to movement of the spok orthogonal
to the receptive field axis (dircctionally selective; Fig, 2, row 3}, and the remainder
showed stronger responses to movement of the spok at right angles to the feld
than to movement along the receptive ficld axis (g, 2, row 4).

The shapes of clongated receptive fields found in these animals ranged from
somewhat elliptic to clearly edge or bar shaped, corresponding to the clongatad
receptive fields described by others. Thers was considerable variability between
units in terms of the number of parallel, clongated excitatory regions within the
receptive field. Four of the cells had three excitatory regions in the receptive fiekd
(Fig. 4, cow 5, Fig. & row 4 — these had very clear fields; Fig. 4, row Z, and Fig. &,
row |, hove fuinter excitatory regions), The remaining cells had either one or two
excitatory regions within the receptive field, In many cases, o cell had two excit-
atory regions when the spot was moving in one direotion, but only bad a singhe
excitatory region when the spot moved in the opposite direction. Presumably this
was the result of asymmetries in the organization of excitatory and inhibitory
regions within the receptive fisld, Twelve of the cells had two excitatory regions
within the receptive ficld (for at least one scanning direction) and the remainder
had only a zsingle excitatory region. Maps from all but 8 of the 32 units with elon-
gated fields are presented in Fig, 2 through 7; maps from & of the remaining
cells were presented in o brief paper on this work (Hirach and Spinelfi, 1970, Fig. 2},

2. Moneeulariy af Unils with Elongaled Receplive Fuelds

The units with elongated receptive fields differed from those found in normal
cats in severnl ways. First, 30 of the units with elongated fields were predominant)y
or exclosively netivated by only one sye. In the normal cat only 10—20", of such

I"'ig:. 3, Corfion] newrona with eestiondly ortended, elonguded receplive fefos, Hown |—35 present
integrol contour displaye of recoptive fields of five units. In Column 8E the anits are mapped
with both eyss spen, i Column VE they ame mapped with the eye exposed to vorticsl lines
apen, and In Column B E they s mapped with the eye exposed to horizontal lines apen. Note
thst nil receptive Gelds are elongated. ond activated by one eye — the eye exposed to vertaml
lines, The receptive Gold arseniation is thus the same nn the orentation of the lines 1o which
i dominant oye was axposed during the rearing pericd. The direction i which the spot mawed
during mapping is ndizated by the srrowhesd, Fow | unit recorded from HV-40. Row 2 unit
recarded fram ¥V H-3). There wos o sadden d‘l.n.nga In 'hq.{:'kgm-und m:l.l'rlr.}' ﬂl:ll.'.il" the mapping
with the VE apen which resalted in & sofid region of activity in the lower Pu.ru:ru af the Reld,
the vertically oriented receptive feld i nonetheles quite clear, When the change in activity
aubaided the unit was re-mapped sl only the elongaied receptive field wos found to be present.
Baow 3 unit recorded fram VH-50. Bow 4 unil recordad from HYV-51. Bow § unit recorded from
HY-Bl, Tha right eyn was the dominant eve for this unit sa the tlting of the receptive Geld
may refloct connter clock-wies rotation of the right eye during recording. Level of displays;
Rows 1,2.8,4.8: 1. Other conditions ns In Fig. 2

|
|
|
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BE VE HE
] |_.- G

Fig. d. Corlical anits stk Sorizondally criented, slompafed recepdive falds. Conventeons are s
given m Fig 3. Noto that all receptive fields nore elongated ond that units wre activoted only
by the ey exposed] Lo bormsontsl lines durmg the resring perod, Bows 2 sod § iflisstrate unils
ERYIng three |:n||.1|?||||"'|. |'||||||;|I_|'|i FEOIALOEY TREHHYS withuiy the h“:(‘l:l-|:-'l.i“| fald, Thi 4 o LR
fields in How 8 ore slightly tilted ; the lefo eye was domimnsnt for this unit so that the tilting
may reflecl clook-wiees rotation of the l=ft eye during recording. Faow | unst recordesd from
YH-33. Row 2 wnit recorded from HY-40, Row 3 unic recorded from HV-40. Row 4 unal
recorided from HV-81, Bow 5 unit recorded from HV 31, Lavel of displaye: Baws L234.5:1.
Fheer pondditions as in Fig. 2

units respond Go just one eye (Hubesl and Wiesel, 1962 $E|:r|r||:i nnd Barrett,
15168 - PEt‘ti.Er-e-.u.' el el 1968 : Barlow ef al,, 1067), The remaining bwo units wilh

PREr



Modifieation of Receptive Fiskd Orlentations L]

elongated fields were lost before sufficient mapping could be done to determine
whether they wers monocular, but there was nothing to suggest that they were
not monocular also. Thus, as was anticipated, discordant stimulation of the twao
ayes resulted in & very sharp decrease in binoeularity (Hubel and Wiessl, 1965h).

Although each unit was activated predominantly by one eye, oorasionally faint
inhibitory areas could be seen for the non-dominant eye (Fig. 4, row 4). As a
further indieation of this, some meeptive felds wore larger and clearer when the
unit wns mapped with only the dominant eye open than when it was mapped with
both eyes (Fig. 3, row 3; and in Hirsch and Spinelli, 1970, Fig. 2, row 4], The reverse
was troe for o few colls, indicating the presence of subliminal excitatory regions
in the non-dominant eve {Fig. 3, rows 2 and 5). Thus, thers were interactions com.-
pnmlr]r. tor those deseribed b}" H.l:ll'l‘rj‘ el al, 119391 for rrrunnr;uh.r]:,r aetivated units
found in normal cats.

d. Ohreemiation of Recephive Fickds

Perhops the most interesting departure from the conditions found in normal
cats wns the distribution of receptive field orientations, Whereas normal kittens
have a full complement of receptive field orientations at birth, the distribution of
receptive field orientations in these cats was clearly bimodal. One groap of cells
had a mean receptive flekd orientation of 91.7 degrees from the horizontal axia,
with a range of 85—103 degrees. (Median receptive field orientation: 00 degreas
from horizontal.) Units in the seeond group had » moan receptive fisld orientation
of —1.2 degrees from the horizontal axis, with o range of —13 to +7 degrees.
[Muoadinn receptive field orientation: 0 (zero) degrees from horizontal.) These data
are illustrated in Fig. 8. The two groups of units subsequently will be referred to
as units with horizontally orionted fields and units with vertically oriented fields.

Examination of the data on receptive field orientation mdicated thot varia-
tions in receptive field eoentation about the two principle nxes were not randomly
distributed. The receptive field orientation of cells activated by the right eye were
all greater than or equal to O degreos (or, greater than or equal to 80 degrees). On
the other hand, cells activated by the left eye all had receptive field orientations
which were less than or equal to 0 degrees (or 90 degrees). This suggests that for
some animala (&nd in particular for HV-31) the two eyes had rotated inward
alightly (the right eye counterclockwise and the left aye clookwise). This may have
heen the result of the paralytic agent used during recording.

Differences between the mean receptive fleld orentations computed using
maps made with only the dominant eye open and those computed from maps made
with both eyes open suggest that this rotation of the eves was greater when only
one oye was open than when both eyes were open. (The mean orientation was
3.6 degrees and —2.0 degrees with only the dominant eve open, and 817 degrees
and —1.2 degrees with both eves open.)

4. Correlation betiween Recephive Field Oriendation ead Orienlation of Lines
Presended during Rearing
In normal cats, each eye can activate units with receptive fields of all orients-

tions. By comparisan, in this study, all of the units astivated by o given eye had
receptive felds of essentinlly the same orientation. Thus, each eye could either
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Fig- 5 Fig. 6

activate only wnits with vertically oriented fields, or it could activate only units
with horizontally oriented fields. Furthermore, thers was an almost perfect corre-
lation Between the orentation of the recaptive fields and the orentation of the
lines to which the eves had been exposed during the rearing procedure, Cortical
units activated by the eye which had beon exposed to vertical lines wore vertically
ortented, and anits activated by the eye which bad besn exposed to horizental
lines were horizontally oriented. This was true for 28 of the 30 units which hind
boen recorded from long enough to determine that they wers monocular. Such o
distribotion of reoeptive field orientationg hed nn insignificant Tl-m'l:.rl.l:l'iii.t.:,r of
DrEurTing by chanes ip = M — binomisl test, Siegel, 1056)
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Modification of Rereptive Faeld Orientations 2N

Fig. 0. Cortical anits wilh verfivally oriended, dlongated s e felds, Conventions are as giver
in Fig. 3: Caolumn BE haa been omitted. Note that all st P v fuedda are elonpgated and that
units nre petivated only by the eye which was L-:qp-_qn:uj o vertieal Linds ﬂunng thi n‘:uin,;
pericd. Bow | unit reeorded from VH-33. Bow 2 welt recorded from VH-33, Bow 3 unic
recarded from HY-40, The recoptive field for this unit is ived ullgh1|}'. Rimen the right ey
win the dominant eye thia may reflect connter cloek-wse rotation of thet eve during resording
Row 4 unit recorded from HV-61, Bow 5 unit recorded from HV 81 Level of displays: Bows
12,341 Bow 5; 111 Other comditions as in Fig. 2

Fig. 0. Cortical umils will borizondolly oriented, elongated recepifiz fals, Conventiona are ns
given in Fig. }; Column BE hoa been omitted. Note that ol rereptive fields are elongated
andl thot the units nre netivated only by the eye which wes exposed to horizontal lines during
thes renring period. Rows | and 4 illusteate unita which have thres parallel, elongated excitatory
regiana within the rcepiive Beld. [n Bow 4 the inhibitory region separatimg the two top exedt-
1:m:.'ﬁ;.|:irm!unn1.m.rnp'.ﬂ::l}' ehear: it can, howevor, b sien clearly when the Lavel TIT intesgral
contour display is examined which shaows sl of the points at shich the unit fired ot least threo
times. The recepiive ficlds presented in Bows | snd 3 ore bath tilted, bt in oppesite directions.
For the unit illstrated in How 1 the left eye wos the dominont eyve while the right eye waa
daminont for the unit dlusirmted in Bow 4. Bow | enit recorded from HY 51, Row 2 anit
recofded from HYV-60, Row 3 unlt recorded from YH-70, How 4 wnit recorded from HY 4L
Row & unit recorded from VH-M, Lavel of displaye: Bow 1:01. Rowe 28451, Other con
ditioma as in F:E 2

BE VE HE

Fig. 7. Corfinel mewrona wifk efompaied receplive falds whose orteminiaon doss nal corraapomd o
the oriemfizlion of (ke lines presenied during rearing. Conventions are ns given in Fig. 3. The uni
illustrated in Bow 1 hoa o vertleally oriented field, but is sctivated by the eye sxposed to
korizintal lines during rearing. There i po recoptive fiold when the unit is mapped with the
aye exposed to verticnl lines open. The onit was recorded feam VH-50: this anlmnl woee tha
incorrect meak for 6 ke 15 min, During this period the eye which normally was exposed anly
k2 horizontal lines received axposare to a Bebd of vertical lines. The unit illustrated in Row 2
luss n smeal] horizomtal feld when mopped with both eyes Gpem, and a smell dmo-ahaped Gehi
when mapped with the eve exposed to vertical lines, Thers is no recepitive field when the unis
is mspped with the eye which was exposed to horizontal lines. The unit was this rathes unasasl
(e other anit of this type woa found : Fig. 4. Row 4. Level of displays: Bows 1,2:1, (kther
copditions s in Fig. 2
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Fig. 3. Hestegrrm of racepiiie feld arlemtmivans, Rooaptive Geld orientatipns os eatimoted fram
the -||-|.|;.|_-5m| vontoar displave am pl-rq.'rul |;I.||:|-|1|_L the abacisan. The namber of anits which hoave
i given rtw:]ld.i'."t field orieptaticon are plnil:m:i &long the ardinate. It iz evident that the distriba.
tlon i bi-moda! with no overlap between the two populations. Most of the deviations in recept-
ive fleld orientation from the horizontad e verticn] oxi con probably be socounted for by

inward rotntion of the unimal’s eyes during the feeonding. The data ropressnt 32 sinlts cluasifiod
a8 having elongated recepiive folds

Two units with elongated receptive fiolds hod receptive fiokd orientations not
porrelated to the orientation of the lines present during resring. One unit, S0—10,
with a vertically oriented field, was activated by the sye exposed to hormontal
lines | Fig. 7, row 1}, [t may be significant that this wns the one ent that wore the
incorrect mazk for one exposure period, o thot, in fact, the ayve which activated
this vertically oriented unit hod been exposed to vertieal lines for 6 howrs, 15 min
during the rearing, The second exception, unit 30-1, was o unit which when mapped
with both eyes had & small hortzontally orisnted feld ; this unit was oot activated
at all by the ByE which hrd besn e.tpu.uf] 1o horemontal lines, but it had a disge.
tqhﬂ.pfd. rl:.-m:'pl'.iw: field when mﬂ.]'.ipl!'l:l with the L which had been u!pmu‘rﬂ { 5]
vertical linos (Fig. 7, row 2],

5, Size of the RHeceplive Fields

Moat of the elongated receptive fields found in the present study wers larger
than the receptive fields found in normal cats (Hubel and Wiesel, 1959, 1942;
Spinelli and Barrett, 1969}, Although receptive field size is difficolt to messure
aecurately, only & few cells in the present sample hod smaoll disorete receptive
fields similar to those desenbed in normal cats, This moay be a conserquence of the
restricted visunl experience received by the animals during rearing. An alternate
oxplanstion ia that receptive Aelds were relatively large because the recording
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site was focated anterior to the region receiving projections from the arex cendralia
{Hubel and Wiesel, 19462},
Discussion
A, Belechive E‘,ﬂe.-:i af Restrigted Fespel E.:paﬁgm':f:

The data demonatrate that by restricting visual stimulstion during develop.
ment it was poesible to modify cortical cells selectively on the basis of their reoep-
tive fiodd orientation. Control over the visunl experiencs provided during the rear-
ing waa suffickent to allow detailed comparisons betwesn the stimali presented to
the animals and the changes in the nervous system.

As oxpeoted, few, i any binoealarly sctivated cells wers found in the visual
cortex of these animals. Also, cells with vertioally oriented fields were activated
by the eye cxposed to vertical lines while cells with horizontal fiebds were netivated
b the eye cxposed &0 horizontal lines. There were, however, virtually no anits
with fields oriented more than 5—10 degrees from the vertical or horizontal axis.
A greater varintion i receptive field orfentation had been expocted, since the data
of Campbell ef af, | 198} suggested that sach =26 of lines presented during the rear.
ing would activate a relatively wide range of units. Units responding differentially
to vertical and horizontal lines should eventoally come to be activated by only
one ey — the eye from which they received the most effective stimulation. On
the other hand, anits not nctivated by either the horizontal or vertical linea (or
activated equaily by them) might be expected to survive the deprivation sinos
almost 5%, of the eells found in binocolacly deprived animals respond normally
to visurl stimulotion {Wiesel and Hubel, 1965 ; Ganz e ai., 1108), Thus, finding so
resiricted o range of reeaptive field orlontations was sarprising, (| If inward rotation
of the eves of the animals aeeounts for much of the variation in receptive fiold
orientation, then the range would be even more restricted. )

Before discuasing the implicationa of these finding it & essential to congider whathor tho
recording and mapping procedures moy bave introdoced o bios which can secount for the
sbaence of cells with obligue sed degonal Hebds, Severn] points angue ogainst this possibificy_
Firet, disgonal and oblique felds have been neappec aing the present stimulating and second-
ing qu:niuru, hoth in mormal adult cota (Spieelli amd Barvecy, 10, F‘i.g, Tiownd n dark-
reared cata of comparnble age to thase used in this stody (Himsch and Spinelli, apphbishel
abssrvationd). Secondly, 509 of the unks with elongated fields found in this study Tesponded
i batl the vertically ond hosigontally moving spot. [t is therefore rensonnhle to nssome thas
il velle with dingonal and ablique fields were prsont, the majority of them would respond ot
besst to oo of the scunning directiona used. While it & possibbs that as s result of insdeguate
stimulstion ecells with -:|.'il;g;|:m.u.| and abligue fields become I,lrl.'hl:rl'l'rl;lﬂll".lt ardl caEmnot e mnp-pa-l
with moving spots, sucess{al mapping of units with elongated fields in cats reared without sny
potterned stimulation argises agaimat this possibility, Morecver, although hand-mapping wsing
Lime-ahaped stimull was not extensive, all of the unle examimed which responded to Llins wers
alen sideguately mupped by the moving apot, It is thus unbikely thas siy algnificant proportian
ol the eells recorded hod ohlique or disgonasl felds which were not revealed when the inits wese
mapped with moviig spots.

The aheenes of units with obligue and dingonal Gelds may als reflect non-ramdom sampling
ol cortlesl vells hy the microelectrode, Lach of stimulation may bave alfooted the physieal
cheracteratica of cofls with disgonal and obliqoe fzlds in o way that would seduce the likeli-
bl of recomling From them. For exasmple, strophy of cells with dingonal and ohlique fieids
— ar passilly, hypertraphy of cells with vertheal and horizontal elds — might hove sach an
offect. Whike thers is little pvidense for changes in cortical ool sies alter d-lpd"li-'ll.lun W iemel
nod Hubel, 1865), ondy direct snntomical verification thot sll cells are heing snmpled randomly
can ridde aul the possilality of hised sampling by the microslectrode.
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To summarize, it appears unlikely that colls with oblique or diagonal receptive
fiebds constitute any sizeable proportion of the cells in the visual cortex of the
animals roared in this study. The possibility that units with diagonal and obligue
fiebds were altersd by the rearing procedura, and thus were not represanted in the
sample of cells with elongated fickls cannot be ruled out,

It may be helpful to review why single spots, rather than lines, were used in
mapping, This was done in order not to bias the resalts in favor of finding units
responsive t0 line-shaped stimuli. In stodying & novel preparcation it is best
initially to use a measuring technique which makes the fewest asumptions, even
if this may entall some loss in sepaitivity. In addition, the likelihood of obssrver-
introduced bias §s very great when it is “expected” that cells with vertical flelds
will be activated by one eye while cells with horizontal flelds will be activated Ly
the other eve. Using an automated mapping procedure reduced the chance of such
LITOCE,

Elongated receptive fields of single units in the cat visual cortex have poe-
viul:l.a]:,l' b rI'IILPP-Ed. with bath utatlnnnry Ep-nh iHuhPJ and Weesel, tﬁE.E:l wnck
with moving spots (Spinelli and Barrett, 1969}, The responsiveness to line-shaped
stimull can be Fm!]nhﬂd from R macde u]h'ig .'upr.'nh- This = true for units which
have discrete excitatory amd inhibitory regions within the receptive feld (simple
I'."E'”H], Iﬂp:i.m:!li: wnd Barcett, 1968 Hubel and Wisasl, lﬂ'ﬂ?_h amd pErll..u.[.‘lu also for
vther types of units (e.g. complex cells, diffuse cells; Spinelli and Barrett, 1060),
However, this technigue may not adequate for mapping all complex and hyper-
cm'p[ji&!t cells. Thus, the aotomnted I!:Ehniqme- Was tﬂuhplemnnhd, E".hl:lu‘gh not
ext=nsively, by osing line-shaped stimuli to annbyves units,

There s Turthet evidence of consblerables ai_mil.l!.r.il.y hetween rEﬂFI'.ll.ru fielel
characteristics and the stimulus pattzrns prasented ducing cearing. Foartesn of
the units found had two or mere clongated, parallel excitatory reglons within the
veceptive field. The separation of these bars was remarkably constant {range:
3.8 to 6.0 degrees visual angle} and was quite almilar (mean separation of 5.2 de-
grees vigual angle) to the six degree separation of the lines pressnted during the
vearing. Even more strikingly, four cells hod threa elongated parallel cxcitatory
regiond | Fig. 4, rows 2 and 5 and Fig. 0, rows 1 and 4). Such units have not to date
bean deseribod in the literatore, The receptive felds of thess unita have o remark.
able similarity to the configaration of the stimuli mounted in the masks, [t shoald
be stressed that such a comparison js only possible if an organism's visual ex.
perience is as strictly controlled as waas the case in this experiment. If an animal
is frew to move about relative to the stimuli being presented, then changes in size,
orientation, and field of view would interfere with any direct comparison between
atimulus parameters and recaptive field characteristics,

To summiarize, the effects of the rearing conditions were highly selective. The
roatricted range of receptive field orientations, the absence of units with dingonal
and ohligoe fields, and the shapes of some of the receptive fields all poing o this,

B. Modificalion of Newronal Connsctivity by Visual Erperience

Hubel amd Wiesel (1863) found that much of the crganization which charas-
terizes the visual cortex of adult cats is present at birth. Units recorded feom new-
born kittens responded optimally to line-shaped stimuli, althoagh possibly with
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less vigor and precision than in adult cats, Subsequent visual experience thus con
either modefy this otganization, or, add to it

Modifieation may involve selective disruption or damaging of the genetically
determined connectivity, Alternatively, an animal’s visual experience might alter
the existing connectivity so that units soquire new and different reaponse charae-
teristics. Om the other hand, there may be units whoss connectivity has not been
genetically determined so that their responss characteristics ean be specified in
peoordance with the organism’s visual experience, This would add an environ-
mentally determined component onto the organization which is present at birth,

Environmental sonditions prevailing during an organizm's development may
help detéermine which units in the visual cortex maintain their connectivity. One
miy hypotheskze : if groups of eells are constantly subjected to unegual activation,
only that group of cells which is most effectavely stimulated will survive, Similarly,
if some of the afferents impinging onto a cell receive disproportionate sctivation,
they will eventually gain control over the cell at the expense of any other afferents
ending on the cell, In this manner, binocular units would come to be activated by
only one cye, if the two eyes roceive discordant sticoulation during the animal's
development. [n the visual cortex of the animals raised in this study rather large
“gilent areas” were present, These may indeed be columns containing units which
failed to maintain normal connectivity as o consequensee of the conditions presant
during the rearing period,

A competitive or inhibitory interaction, as has beon suggested, would account
for the virtual absence of units with oblique or disgonal fields in the present stody,
It would also help explain the similarity between recoptive field characteristics
[number of excitatory regions and their ssparntion) of some of the units found
and the stimulus lines which bad been presepted to the animals during rearing,
In effect, the more closely the responss characteristics of a unit match the stimuli
in the animal’s visual environment, the greater the likelihood that the unit will
survive, Such o competitive hypothesis can explain why Blakemore and Cooper
(1970) did not find any units with vertical fields in a cat reared in 8 horizontal
environment, Assuming that the nnimal's head was most often held in the upright
position, then exlls with horizontal fickds wonld — on the avernge — reccive mors
effective stimulation than units with vertical fields, In & similar menner one conld
agcount for the absence of units with horizentally oriented fields in & cat raised
in o vertical environment. In summary, this selectional kypolhesis suggests that
the cells found in the visual cortex of adult animals are & preserved subest of the
units present when the animal iz born.

Environmental influence, however, may invelve actual changes in the responss
characteristics of units in the visaal cortex, Thus, & unit which initislly is respons-
ive to oblique or disgonal lines may, as a result of the animal's restricted visnal
experience, come to respond optimally o vertical (horizontal) stimuli. Although
such & process may appear rather complex, it should be recalled that some units
in the cat visual cortex alter their receptive field axis when the animal ia tilted
{Denney, 1988; Spinelli, 1968; Horn and Hill, 1868). Mechanisms for the modifioa.
tion of receptive ficld characteristics may thus be available.

Visual experience may add onto the organization of the visual cortex, rather
than modifying 1%, The connectivity of some units may remain diffuse or uncom.
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mitted until the animal receives visual stimulstion. This instracticonal hypothesis
hins been tested in o Parther experiment (Spinell and Hiesch, in preparation®), It
is evident that this hypothesis can account for the presence of units whose recep-
tive field characteristica closely match the stimuli presented during the animal’s
development, In fact, the instrustional hypothesis receives ita strongest support
from the wnits which had three excitatory regions in their receptive fiebd, The
sobectional hypothesis, on the other hand, must postulate that such units are
prezent in normally reared cats. Failuore to find them may mean that they con-
stitute such o small fraction of the total number of units in the visual cortex that
their inclusion in a small sample becomes probable only if the environmental con-
ditions prevailing during development give them a great survival advantage.

To summarize, the unexpectedly high degres of correspondence between the
stirnuli present during the animal’s development and the receptive feld character-
istics of aingle unita in the visoal cortex may thus represent the end resalt of a
com petitive internction in which the survival of o relatively amall group of wnits
was strongly favored by the prevailing conditions of visual stimulation. The pre.
msence of considerable variability at the single anit level in the visual cortex (e,
for example, Croatzfeldt and 1to, [968) conld greatly increass the range of responss
charactaristics wpon which environmental conditions ean exert their sslective in-
fluence. The range of possitle effocts may well be greater if response chametor-
istics of some units are determined by the stimuli present during the animal’s
development, but even in this case there are no doubt limits on the capability of
the system Eo modify its=lf. In order to verify that the response characteristica
of single units are modified by visual experience it is necessary to control the
stimnuilus conditlons as strictly as was done in the present study. Only then are
detailed comparisons of stimulus and receptive feld characteristics posaible.

* Note sdded in press: This aspect of the work is being purswsd (urther, [Spinelli, DN
Hirseh. H, V. B.: Goneats af ropeplive feld shapes in alnghs units of eat's vl corted. Pede-
rtlon Proceedings 300 615 Abs (197110
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