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A Selective lmpairment of Motion Perception Following Lesions of
the Middle Temporal Visual Area (MT)

Will iam T. Newsome and Edmond B. Par6

Department of Neurobiology and Behavior, StateUniversity of New York, Stony Brook, New York 11794

Physiological experiments indicate that the middle temporal
visual area (MT) of primates plays a prominent role in the

cortical analysis ol visual motion. We investigated the role

ol MT in visual perception by eramining the etfect of chem-

ical lesions of MT on psychophysical thresholds. We trained

rhesus monkeys on psychophysical tasks that enabled us

to assess their sensitivity to motion and to contra3t. For

motion psychophysics, we employed a dynamic random dot

display that permitled us to vary the intensity ol a motion

signal in the midst of masking motion noise. We measured

the threshotd intensity for which the monkey could suc-

cessfully complete a direction discrimination. In the contrast

task, we measured the threshold contrast for which the mon-

keys coutd successlully discriminate the orientation of sta-

tionary gratings. Injections of ibotenic acid into MT caused

striking elevations in motion thresholds, but had little or no

etfect on contrast thresholds. The results indicate that neural

activity in MT contributes selectively to the perception ot

motion.

Extrastriate visual cortex in primates comprises a mosaic of

visual areas rhat can be distinguished on the basis of visual

topography, anatomical connections, cortical architecture, and
physiological response properties. A growing corpus ofdata in-
dicates that several ofthese areas are specialized for the analysis

of visual motion information. These areas appear lo constitute
a motion pathway that originates in striate corlex and terminates

in higher conical areas of the parietal lobe (reviewed by Maun'

sell and Newsome. 1987).
The salient physiological feature of this pathway is an elevated

percentage of directionall.v selective neurons at each level' The
pathway begins in layer 48 of striate cortex, which is enriched
in such cells relative to olher striate laminae (Dow, 1974; Blasdel
and Fitzpatnck, 1984: Livingstone and Hubel, 1984; Michael'
1985). Layer 4B projects. in turn, to the middle temporal visual

area (MT), in which over 800/o of the neurons are direction-
ally selective (e.g., Dubner and Zrki, l97l; Maunsell and Van

Essen. 1983a: Albright. 1984). MT receives additional inputs
lrom striate cortex via indirect routes through V2 and V3
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(Maunsell and Van Essen, 1983c)' These projections may also
play a significant role in the motion pathway. since 40% of the

neurons in V3 are directionally selective (Felleman and Van

Essen, 1987).
Beyond MT, the motion pathway continues ilto the parietal

lobe. MT projectsdirectly to 2 cortical areas, the medial superior

temporal lrea (MST) and the venlral intraparietal area (VIP)'

neai the boundaries of Brodmann's area 7 (Maunsell and Van

Essen, 1983c; Ungerleider and Desimone, 1986), and both of

thes€ areas appear to project to the inferior parieul lobule (see

Van Essen, iSSS). MSf contains a high perctntage of direc-

tionally selective neurons (Van Essen et al', 198 1; Desimone

and Ungerleider, 1986; Tanaka et al., 1986), but physiological

recordings have yet to be made in VIP.

Until recently, the hypothesized role of this pathway in mo-

tion processing remained inferential, being based solely on elec-

trophysiological data. However, behavioral experiments have

now provided a firmer basis for this hypothesis. Newsome et

al. (1985) showed that lesions of MT impaireye movemeots to

moving visual targets while leaving eye movements to stationary

targets unaffected. The impairment resulted from a visual deficit

that appeared to be selective for moving stimuli. These exper-

iments established a role for MT in the guidance of visual be -

havior, but yielded no information concerning the role of MT

in perception.
In the present experiments, we examined the role of MT in

perception by analyzing the effects of MT lesions on psycho-

physical thresholds. We trained rhesus monkeys on 2 tasks: a

motion-sensitivity task involving a direction discrimination,

and a contrast-sensitivity usk involving an orientation discrim-

ination. We found that MT lesions caused striking elevations

of motion thresholds, while having little or no effect on contrast

thresholds. MT thus appears to process information that is im-

portant for the perception of motion. as well as for the guidance

tf .y" tou..ents. A brief report of these results has appeared

previously (Newsome and Par€, 1986).

Materials and Methods
We examined the effects of MT lcsions in 3 hemispheres(m1, m2' and
n,l) of 2 rhesus monkeys. Under suryical anesthe-sia and asepttc con-

ditions. we implanted an eye coil (Judge et al" 1980)' a head-holding
device. and a stainless steel cylinder for microelectrode recording (Evarts'

igfO, rSOa) in each animal. The eye coil was used in conjunction with

a-magnetic search coil appaEltlls to measure eye movements (Robinson'

iS6ilru.hs and Robinion, 1966). As liquid rewards were emploved

in all behavioral paradigms, we controlled water inuke so as to marntaln

each animal in a healthy, but motivated, state. Tbe animals were com-

i"*UfV seated in a primate chair during experiments and were returncd

to theii home cages immediately following each scssion'
l'isua! stimuli.-we employed a dynamic random dot display for psy'

chophysical measurement of motion thresholds' The display was pre '
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Figure l. schematrc representation of the motion stimulus employed in the.present study. A sequence of dots is plotted under computer control

al random posirions on u cilii.i..n. gacrr oor ,rrulu.iioi a'brief intervai (zo-ro psec), after which it disappears and is replaced by another

randoml-v placed dot. The operator may specifu tr,r, r..Lin percentage of the.dots be replotted with a fixed spalial and temporal offset from their

panner dors. This subset of dots constiiutes a n.t rorioiltgn'"i thar iiembedded within a mask of random motion events' kft, The condition in

which all dors are ploued ran*J;;lt ("",;;0%, .o.r.t"tion).-i-tr.re is no ,'er morion in such a display, although there are many local motion events

due ro fortuitous painngs among the stream of rand"ritp";ii;;"d.dots (arrous). Right, The other extr^eme, in which all dots are replotted with

a frxed spatioterpor"t on .i'Jo ir,"i ttt. motion of each'dli is identical ro rhar of rhe entire patlern ( 100% correlation)' Center' An intermediarc

display in which 500/o orrne iors.on1pris. ttre ".o.r.t"iJd-'i motion signal, while the other 500,6 are randomly plotted in a masking motion noise

{500,/o correlation).

correlated partner. There exists. therefore. a 25% chance that a "streak"

of 3 dots will occur. a I 2.5% chance for a "streak" of 4 dots. etc' In the

present study, all prelesion thresholds were below 1006 correlation' and

it uuas thereiore rire for multidot streaks !o appear in the display This

point is important because long-lived streaks.might provide a local cue

io which the animals could selectively attend' Since long-lived streaks

are uncommon near our animals' thresholds, a monke-v cannot gain an

advanuge by attending to selecred local motion events since he has no

way of ,listinguishingcbnelated from random events' Rather, the mon-

key must inGgrate information from the entire display 10 detect the

conelated moiion signal camed by pain of dots that are spatially dis-

persed among the random molion events. This.stimulus appears par-

t icularly appropriale for act ivat ing mollon-senslngmecnanlsms ln ex-

trastriaie uiiuui ut..s such as MT. Small receptive frclds' such as thos€

in V l. can only sample a local reg:on ofthe display, and therefore seem

untikely to detect thi net motion signal at low correlations. Extrastnate

n.u.onr. however. have larye receptive fields that may be suitable for

encoding the net motion signal.
tn miny instances. it is of interesr to know the density of dots in.a

random dbt display, but this is not an easily addresvble queslron tn

our case. Since dots are plotted singJy at I 50 psec intervals wrth a 20-

30 psec sunival t ime. dot densit.v in rhe display is usually 0'  However'

because of the persisrence of images in the visual s-vslem' an observer

in fact perceives numerous dots at any lnslant ln t ime' l f  one assumes

a rough f igure of 100 msec for Irsual persistence' the dot density at a

i iuln"poi i t  in t ime is about 1.7 dowdegr'  ln our sundard viewing

ip..tui. (10" diameter), therefore, about ll0 dots are visible at any

point in t ime.
In thecont ras t -sens i t i v i t y task .wemeasuredthe thresho ldcontns t

|or u,hich the monkeys could successfully discriminale the orientauon

of a srationary sine wave grating (see below)' Sine wave gratings of

t.tj'ing o.i.nrution, spalial fiequency' and contrast \r'ere generated usrng

a Picaito image sinihesizer (Innisfree) under computer control '  Tle

contrast of a sine wave grating was calculated b-v the formula' (L-'. -

L-,.r ' ( l -".  + L-,.) .  where L-.,and l-,"are the maxlmum and mlnlmum

luminances in the grating. as measured with a spot photometer'

Behavroral puradigrrs. Both motion and contrast rhresholds were

measured wirh l 'al ternative. forced-choice pslchophl sical procedures'

Figure 3. ' l  i l lustrates the paradigm for measunng direct ion-discnmr-

naiion thresholds. Each rnal began with the appearance of a frxatron

targel at one of 2 locations. FPI or FP2. Afier the monke-v foveated the

iarfet. the dot displal- appeared for I sec within a circular apenure thal

*" i  t0' in diameicr for expenments ml and m2. and l l ' in diameter

for expenmenl x 1. ln al l  experiments the apenure *as centercd on the

honzontal mendian. and the nearesl edge of the aperture was 2" from

the hxal ion targer. The net molion ofthe dot patlern was either upward

or downward on a given tnal. and was randomly varied between lnals'

Fol lowing the 2 sec viewtng interval.  the f ixat ion target was extinguishcd

and 2 other targ.rs app"ai.d. one above the vrewing aperture ("UP"

target) and on. d. lo* i ' ;DOWN" tarBet). The monkey indicated whether

sented on a CRT screen under control of a PDPI l/73 laboratory com-

pui.t. uting soflware provided by Dr. J. A. Movshon of New York

L;niversity.-ln general. random doi displays have several virtues for use

* tot ion psyJhophysics. Sludying motion perception with tradit ional
g.or.tr,. itimulils iomplicatei b-y the fact that m-otion can be inferred

iiom ct anges in posilion ofrecognizable features' Motion can be inferred

in rhis minner even when primary molion-sensing mechantsms are

inactive (consider. for example, thi motion of the hands of a clock)'

Random dot displays. on the other hand, sl imulate pnmary motron-

sensing mechanlsmi le.g., directionally selective neurons), while min--

imizirig lamiliar positioi cues (see Braddick. l9?4; Mo.rgan 31d. W^ard'

1980: lakatama and Tyler, l98l;  wi l l iams and Sekuler '  t984)'  Ran-

dom dor di iplays also permir olher paramelers, such as spatial and

temporal frequency conient, mean luminance. and contrast to be held

constant across the entire visual disptay'
In addition to these general advantages' our display offcrs rhe partic-

ular advantage that thi intensity of thi motion signal can be specified

precixly by varying the percentage of dots that.actually carries the

motion signal. Inoui basic display, dots are plotted in rapid s9cc9s-si91

at random locattons on the CilT screen' Each dot survivcs for 20-30

psec blefore ir vanishes and is rcplaced by a new dot at a randomly

selecred screen localion. When viewing this display' the overall impres-

sion rs of t*rnkl ing visual noise in which many local motton events are

present (by uirtue 
-of 

random pairings of successivel-v.plotred dors)' but

wrln no nel molron rn any direct ion. We refer to this as the "no cor-

relat ion" or "zero p€rcent-" sute (Fig. l , left) '  Ar theother extreme ls

rhe "100% conelatton" state (Fig'. i .igttrl. In this display each dot'

upon vanishing, is replaced by a new dot with a fixed displacement tn

spice ̂ nO rime"id.r and dl) from its partner. The 100% correlalion state

corresponds to rhe rradilional random dot pattern' in which the motton

ofeach individual dot is identical to thal ofthe whole pattern'

Our subjects. both monkey and human. usually viewed a st imulus

that *as intermedtale ber*een these 2 extremes' In the center panel of

Figure t.  for example. 500/o of the dots are plotted at random locattons

on the screen. whrle another 5006 are in correlated motion' In this

siruation. a correlated motion signal is embedded in a masking motlon

noise. and lhe slrenglh ofrhe signal may be smoothly varied from zero

ro unitl by chang:ng the percen-uge of dots in corrrelated motion' The

.o.pui",  progrtt  giu.,  the experimenter ful l  control over this param-

eter. as xei l  as over the spatiotemporal composit ion of the correlated

motron events (dr and dt).  The goal of our psychophysical measure-

menls was to determtne the threshold correlat ion for which the monke-vs

could rehabl-v dis.nminate upward from downward motion (see below)'

I t  is imponanr' .o appreci i te one subtlely of the algori thm bv which

the dots aie generated. Lach dot that app€ars on lhe screen has an equal

chance of bJing seiected ro receive a correlated partner and thus con-

lnbure ro the net motion signal. I f .  for example. the expenmenler spec-

ifies a correlation ralue of 5bo/o for a particulir trial' each dot has a 500/o

chance of being succeeded by a correlated panner' The correlared part-

nen. tn turn. aiso haue a 50% chance ofbeing succeeded by ;et another
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the net motion of the dots was upward or downward by making a
saccadic eye movemenl to the corresponding target- Correct choices
were re*anded with a drop of water: incorrect choices were punished
*'ith a short lime-oul inlerval. If the monkey broke fixation before the
2 sec vie*ing inlenal was completed. lhe trial was aboned and the data
discarded. B-v hmiting premature guessing in this manner' we hoped to
ensure that the monkeys made a "mature" judgement on each trial.

Ps.vchophysical data were obtained in blocks of rrials in which the
p.rcinug. of dots in correlated motion was varied using a suircase
procedure. The correlation percentage was set well above threshold for
ihe initial trial. When the monkey completed a trial correctly, there was

a 37% chance of a slep to a weaker motion signal (lower correlation)
on the followrng trial. \{hen the monkey chose incorrectly, the molion
signal al*'ays underwent a step increase in intensity (higler correlation)
on the following trial. This ratio of step changes for correct versus
incorrect behavior ensured that the animal would be rewarded on 60-
70% ofrhe rrials in a block. The steps in correlation were equally spaced
on a logarithmic scale.

Typically, the monkey would complete several trials correctly at the
tegrnning 6ta block and the correlation level would fall quickJy toward
thieshold. Tbe monkey's behavior would then oscillate about threshold
for the duration ofthe block oftrials. Each block was 80 trials long and
constituted a single threshold measuremenl. If the monkey responded
incorrectly on 3 consecuiive trials for motion in a particular direction,
correction trials were presented until the monkey responded correctly
to that direclion of moiion. This procedure ensured that the animal did
not develop a bias for one saccade largel over the other. The correlation
level did not change on correction trials, and the correction trials did

not count toward the 80-trial threshold determination.
As stated above. our software enabled us to specifr the spatiotemporal

composition (dx and dt) of the correlated motion signal. In this study
we measured molion thresholds for 5 different spalial intervals (dr),

ranging on a logarithmic scale from 0.04'to 0.64'. The temporal interval
(driwis 45 msec for all threshold measurements. This range of spatial
intewals was selected during preliminary experiments so as to include
the region of lowest psychophysical thresholds.

For-each spatiotemp;ral condition tested (combinalion of dx and dt),

,"e measuted thresholds simultaneously in both the left and right visual

hemifrelds. We accomplished this by alternating the fixation poinl ran-

domly from trial to trial between locations FPI and FP2 (Fie' La\'

However. the staircase logic in one hemifreld was unaffected b;" the

monkey's performance in the other hemifield; the stimuli were tem-
porally'interleaved between the 2 hemifields, but threshold measure-
..ntit er. independent ofeach other. Since lhe excitatory receptive
fields of MT neurons are substantialll restricted to the contralateral
hemifield. this procedure provided an excellent intra-animal control for

exlraneous behavioral variables' such as attention, water satiation' etc'

Contrast thresholds were measured using similar methods, as illus-

trated in Figure 28. The monkey flxated the same targets and viewed

the stimuti through the same circular aperture used for measurement
of motion thresholds. In this case, however, the stimuli \+'ere stationary
sine wave gtatings, and our procedure was designed to measure the

threshotd contrasl for which monkeys could successfull-v discriminate
the orientalion of the grating. For a panicular trial. the gratlng was

oriented either horizontall.v or venicall.v, and the monkey again indi-

cated his choice by making a saccadic eye movement to the correspond-
ing urget ("HORiZONTAL" target oT "VERTICAL" target in Fig' 2a)'

Tie contrast of the gating was varied from trial to trial by the saqg

rules described above for molion conelation. Again. single threshold

measurements were made in 80-tnal blocks. For one experiment (z/),

we measured contrast thresholds simultaneously in the 2 hemifields' as

described for the motion thresholds. For experiment m? (the first' chro-
nologicall-v, to be performed), contrast thresholds were not available
since-the monkey had not learned this task at the t ime of the lesion'
The second monkey (experiment w/) had difficult-v executing th9 ori-

entation discriminaiion with trials interleaved between the 2 hemi6elds'
and we found it necessary to restricl stimuli to a singJe hemifield in

order to obuin consistent threshold values. The same monkey. however'
had no rrouble performing the molion usk with 1n1g1ls3r'ed trials' and
we therefore obtained motion thresholds for both hemifrelds. We bclieve
this peculiarity ma;- have been related ro the differenl placement of

o.."d. t".geti fot ihe 2 rasks (up and down versus up and lefi: see
Fie.2).

It is worth commenting on our choice of a saccadic eye movement
as an operant response rather than the more widell' used bar prcss or
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Figttre 2. Behavioral paradigms employed for measuring psycho-

ph"1'sical lhresholds. -'1, For motion thresholds' the monkey viewed a

d-'*namic random dot pattern that app€ared within a circular ap€rture'

Net molion of the dot pallern was either up*ard or downward for a

g;;;;ri. The monkey:fixared a point of light-at location FPI or FP2

i'hile viewing the dot pattern p€rifovealll for 2 se-c' At the end of the

vie*'ing interval, the frxation point vanished.and 2 saccade targets ap-

pearedione above the viewing apenure and the oth.er b€low' The mon-

f., o", reouired ro make a saccade to the target thal corresponded to

th. direct ion of morion ofthe dot pattern ("UP" or "DOWN" urget) '

A correct choice *.as rewarded wiih a drop of water. The intensity of

the motion signal (percentage correlation) was varied from trial to trial

in order to -Ju.u.i the threlhold intensity for r+hich the monkey could

successful ly discriminate the direct ion of motion' The f ixat ion potnl

""iir"iornry,lrernared belween locarions Fpl and Fp2 so rhar rhresh-

;ldr ;;rlJ # measured simultaneousl.v in each hemifield (see text)' B'

For contras! thresholds' the monkel' viewed a sBtionary sine wave

grating through the sme ap€rture employed dunng measurement ol

ilorio"n thresiolds- Again' the monke-v was required to fixate a small

i;;; (..g.. iij rlhile-viewing the stimulusaperture perifoveallv' Fol-

i"tii"g ttt'. 2 sec vie*'ing pe-riod. the monkel indicated whether the

g-,i"i *"t oriented uenicitty or h-orizontall)'t.v-making a saccade to

ine cJnerponOing raryel ("VERTICAL" or "HORIZONTAL" urget)'

.;;i;;;;*i ',-1"t ""u".0 from tnal lo tnal in order to determine the
-threshJld 

contrast for \,\'hich the monkel'could successfulll discnmtnate

the onenution of the grating.
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,ti9t-: 3. {n erample of a threshold determination lor the molton-
.. j5 1uit1 :ask. The ordinate sho*s the p€rcentage ofdors in correlated

,nor' ,n fc. each tr ial  ofan 80-tr ial  snircase. The correlal ion value was

weil z--ove threshold on the inilial rial. and the probability of a decrease

rn co::--la::on xas -i70,6 for each correct response. The correlation value

tn.r=."0 .ol lo*ing each inconecr respons€. Unti l  the monkey's hrst

:nco:::ct .lspons€. lne sleps in correlation value were double the normal

s:ze. lhis :.lioued the monkev to reach threshold values in fewer tnals'

\ \ 'e,: , : lar i :d a quantiurive measure of rhe threshold from the last 60

:r iais::r ea:h block. a period in which the monkey's be havior osci l lated

abou. ihreshold. The threshold was calculated as the mean of the cor-

iela: j :n v: lues at each turning point (maxima and minima) during the

iast : , ,  i r i : ls. In this example. the threshold was 1.82%'

ieve: :ele:se. Ir seemed to us thar the eye movement response would

:|e r:':re cuickJ-v leamed. since exploration of the visual envtronment
uirh :-ve l::ovements is a natural and frequent component of a monkey's

:ehz.io:ai repenoire. \\re also felt confident that MT lesions would

har: io efeci on lhe operant response itseli since a previous.study

sho.ed rl-et these lesions have no effecl on eye movements 1o stationary

urg.i (\.wsome et al.. 1985). Our expectations seemed justified dunng

.oi.-.-g. .{fter learning a standard saccade task. the monkeys learned

to.:,.Jse bet*een saciade taryets on the basis of the motion signal in

l- i  : .  TLe bulk oi the training l ime (2-3 months for each task).was
coni: i ie\:  wait ing for prelesion thresholds to sett le 10 asymplotlc values'

T:-'isl".:ld calcttlation. Figure I illustrates the corrclation value reached
on::cl i ; :al  dunng a singJe 30-rr ial threshold mcasurement'  The mon-
ker -rch:d rhrcshold ralues qithin l0 tnals and then osci l lated about
ihre:i'.old for rhe duration of rhe block. We obtained a quantitative

nez::-: ier,enl of the threshold b.v areraglng lhc conelal ion values at lhe
"1u:::tg :'oinrs" (maxima and minima) dunng the period of osciilatory
beu-'ioi ,lasr 60 mals). If an odd number of turning points occurred
dun:g rhe last 60 trials, the 6nal turning point was excluded from the

calc:.-ari.-a. so that eqnrl numbers of maxima and minima were useci'
Thi::iiol.i vaiues calculated in this manner are similar to those obtained
q'iu -.th:r rechniques. such as probit analysis, and have the advantage
of r-:rg.-ompuurional ly simpler([.evit t .  l97l).  In the example shown
:n F'3'-rre J. ihe rhreshold value obuined was 1.8%. indicating that the
ino:(3! could discriminate upu'ard from downuard motion when as
feu :s I .--\% of rhe dots *ere in correlated motton.

L,.lr;drs. The lesions *ere made bv injecting small volumes of the

ne,. l . : io\:n. rbotentc acid. into MT. \eurotoxins such as ibotenic acid

har: :he ' . :seful propenl of select ivelv ki l l ing cel l  bodies while leavtng
5ba-'  ". i  lasege in' the underh' ing uhite matler unharmed (see Olney,
i9i -  .  The rec-hniques for these injeclrons have been descnbed in deui l
pre'!rus,] ( \e*some et r i . .  1985: Dursteler er al.-  1987) Brief ly '  we

ina:,:r:tj \{T *rth mtcroelectrodes. and then rmplanted a slainless sleel

-sulc:u:ts lhat qas posrt ioned abour J mm above the target reg:on of
.rt; ii- uryet region *as selecled lo correspond topographically to
:he -:grr.n of r isuat space ln *hich the st imulus apenlire was located'
.\ft.:r i:rpianting the guide tube. we confirmed its location b.v recordtng
*'tt:.: r'.icroeiectrode insened inro \{T through the guide tube' Using
ihe::r.- iodnre scale. u'e determined the depth of MT below the end of
lhe 1::c: tube. and then rnsened a Hamilton svnnge needle through
'.ne g-iije tube so rhat rts rrp resled at the urget dcpth. We then injected

0 . 0 1  0 . 1  1 . 0

S p o t i o l  I n l e r v o l  ( a . g )

Figre 4. Normal psychophysical perlormance exhibited by the mon-
key in cxperimenl ml. We measured thresholds at 5 different spatial
intervals. ranging from 0.04' to 0.64". The temporal interval was con'
sunt at 45 msec. The monkey viewed the dot display perifoveally through
a circular aperture lf in diameter. The aperture was centered on lhe
horizontal meridian, and its nearest edge x'as 2" from the frxation point.
Solid circles show the mean value of l0 or more threshold determi-
nations for each spatial interval; error bars. slandard deviation ofthose
measurements. The monkey was remarkably scnsitive to the motion
signal. being able to discriminate the direction of motion for correlation
values as low as 20,6 at the best spatial intervals.

2 pl of ibotenic acid at a rate of 0.2 pVmin. Afler completing the in-
ject ion, we withdrew the syringe needle 2 mm, al lowed i t  to sit  for l0
min. then withdrew it the rest of the way. Psychophysicai testing re-
sumed the day after the injccrion was made.

Histology. Following perfusion with l0% formalin. the brain was
equilibrated in a 300/o sucrose solution and scctioned at 50 lm intervals.
Every tenth section was stained lor cell bodies with cresyl violel. and
adjacent sections were stained for myelinated frben by the method of
Gallyas (1979). lrsions were identified and their boundarics plottcd
from cresyl violet-stained sections; the boundaries of MT were located
in the myelin-stained sections (see Allman and Kaas, l97l; Van Essen
et al. ,  l98l).  For a given hemisphere, the ful l  exrent ofthe lesion and
rhe architectonically defined borden of MT were then displayed on a
2-dimensional map of the cortex constructed by the method of Van
Essen and Maunsell ( 1980). These "flatrened" maps of the conex permit
quick visualization ofrhe lesions and their location with rcspect to the
boundaries ofthe target visual area (see Fig. l0).

Results
The dau descnbed here are from lesions of lv{T in 3 hemispheres
in 2 monkeys. For 2 of the hemispheres (nr.l and w/). we ob-
tained psychophysical thresholds lor both the motion and the
contrast task. as described in Materials and iviethods. The basic
pattern ofresults is apparent in both ofthese exp€riments. and
we wil l present these data first. We wil l then present results for
the third hemisphere, m2, in which we made a longitudinal
series of lesions to investigate the mechanisms underlying re-
covery from the perceptual defrcits.
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Fisure 5. The psychophysical effects
ofln iborenic acid injection ilto MT
in expenment m1. A-D' Solid line and
error bars indicate the mean prelesion

threshold and standard deviation for
each condirion trx;led�, dashed line, post-
lEsion thresholds obtained 24 hr after
the MT injection. Error bars ar.e not
shown for the postlesion data, since each
point represents a single thresbold mea-
rutemeot for that spatial interval. ,.|'
Motion thresholds for 5 different spa-
tial intervals in the tesl (contralateral)
hemifield. The injection caused a 4-8'
fiold increase i-n motion thresholds in
this hemifield. B, Motion thresholds in
the conuol (ipsilateral) hemiield- Since
threshotds remained normal in this
hemifield. tbe deficits in the test hemi-
6eld cannot be attributed to anomalies
in the animal's level of water satiation,
attention, etc. Prelesion thresholds in

the control hemifield were higher than
those in the test hemifield because the

control bemisphere had alrcady been
subiect to a complete unilateral lesion
of Vt in experiment m2 (see Recovery
of function, in Resuls). The prerrous

experiment (m2) has no bearing on the

intemretation of the present expen'
meni. since the control data are only

intended to show that the animal's
overall motivational state was normd'

C Contrast thresholds for 3 different
spatial frequencies in the test hemifield'
The injection app€ars to have caused a
slieht elevation of contrast thresholds
inihe test hemifield, but lhe effect is far

smaller than that shown in I for the
motioo threshotds. D, Contrast thresh'

olds in the control hemifield. The in-

iection had no eFect on contrast thresh-
blds in this hemifield.
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The motion task: normal psychophysics

In the motion-sensitivity task' we measured the threshold per'

centage of correlated dots for which the monkey could discrim'

inate 
-upward 

from downward motion (see Materials and Meth-

ods). Figure 4 illustrates normal prelesion performance for one

monkey-. Each data point represents the mean of l0 or more

threshold measurements for a particular spatial inten'al' and

the error bars indicate the standard deviation of the threshold

values. The monkey was remarkably sensitive to the motion

signal: for the best spatial intervals, he discriminated upward

from downward motion when as few as 270 of the dots were in

correlated motion. This pe rformanc€ compares favorabll to the

best rhresholds we have obs€rved in human subjects (W' T'

Newsome, S. Friend, and IC Melia, unpublished observations)'

Over the range of spatial intervals tested, the data conformed

to a U-shaped curve. with maximum sensitivity between 0'l'

and 0.4o. Performance deteriorated rapidly for spatial intervals

greater than 0.64'or less than 0.04'' These spatial l imits cor-

Iespond well to the values reported for the "short-range" motion

mechanism a1 similar retinal eccentricities (Baker and Braddick'

1985). This similarity suggests that the neural mechanisms in-

vestigated in the present study may be common to a broad range

of pe-rceptual effects ascribed to the "short-range" mechanism

(sei Anstis, 1980; Braddick' 1980; Nakal'ama, 1985)'

Selecrit'itv of the perceptual deficits

-figure 5 illustrates the effect of a chemical lesion of MT on

psi'chophysical thresholds in experiment ml' The lesion was

unilareral and laryely resrricted to MT (see Fig. l0l). Figure 5,4

O.pl.tt motion ttl.estrotas in the affected (contralateral) hemi-

fieiO. *nite Figure 58 shows motion thresholds in the control

iiptiitt.ofl nemlOeta. The solid lines and error bars indicate

pietesion performance, and the dashed lines illustrate psycho-
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Figure 6. The psychophysical effects of aa ibotenic acid injettion into MT in experiment wl. Solid line and error bars in 1-D indicate the mean
prelesion threshold and standard deviation for each condition tesled', dashed /lne, postlesion thresholds obtained 24 hr after the MT iniecrion. ,4.
\lotion thresholds for 5 different spatial inten'als in the test (contralateral) hemifield. Again, the MT lesion caused striking elevarions of morion
thresholds in the test hemifield. B, N{otion thresholds were '*'ithin the normal range in the control (ipsilareral) hemifield. C The MT iniecrion had
no effect on contrast thresholds in the rest hemi6eld.

phl sical thresholds obtained 24 hr after the injection of ibotenic
acid into MT. The lesion caused dramatic threshold elevations
1^or each of the 3 spalial intervals tested in the contralateral
hemifield: thresholds increased by a0&-800% (Fig. 5.,{). In con-

l -  r f '-  - l -  \  |

\ - -

1 n

trast, thresholds measured simultaneously in the control hemi-
field were entirely normal; Figure 5B shows that all 3 thresholds
from the control hemifield were within the range of prelesion
performance. The lact that the monkey's behavior was unaf-
fected in the control hemifield indicates that the impairmenr in
the test hemifreld resulted from the MT lesion and not lrom
extraneous behavioral factors, such as water satiation or vari-
ation in the animal's level of attention.

Figure 5, C, D, shows rhe effects of the MT lesion on rhe
contrast-sensitivity task. Again, rhe solid l ines indicate prelesion
performance while the dashed lines depict thresholds measured
24 hr after the injection of iborenic acid into MT. We measured
contrast thresholds at 3 spatial frequencies that spanned the
most sensitive range for this retinal eccentncity. This monkey
was extremely sensitive to contrast, performing better on this
task than a human subject resled for comparison. Figure 5C
shows that postlesion rhresholds were slightly above the mean
prelesion level at all 3 sparial frequencies in the test hemifield.
It is possible thal these small increases represent a genuine effect
of the MT lesion, but it is clear that the effect is far less than
that for the motion thresholds i l lustraled in Figure 51. As ex-
pected, contrast thresholds in rhe control hemifield were com-
pletely unaffected by the MT lesion (Fig. 5D).

We obtained the same pattern of results in experiment w/,
illustrated in Figure 6. Prelesion performance on the motion
task (solid l ines, Fig. 6. ..1. B) was similar to rhar of the 6rst
monkey and of human subjects. Figure 6l depicts motion
thresholds obtained in rhe resr hemifield 24 hr after an injecrion
of ibotenic acid into MT. Again. rhe MT lesion caused striking
threshold elevations in the tesr hemifield. while motion thresh-
olds in the control hemifield appeared completely normal (Fig.
6B).

Figure 6C shows rhe monkey's performance on the contrasl-
sensitivity task in the tesr hemifield. This monkey's prelesion
thresholds were considerably higher than rhose for the finr an-
imal, but we are convinced that this represents the best the
monkey could do. since 2 months of practice produced no fur-
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F. Eure 7 . R.ecovery of function following 2 injections of ibotenic acid
irto IIT in expenment m2. Solid line and error bars indicate mean
p:eiesron thresholds and standard devialions: dashed line. elevation of
:otron thresholds 24 hr alter the MT injections. T\e dotted line shows
ii-at the monkey's thresholds returned to normal Ievels by 9 d postlesion.
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F igure 8. An electrophysiological map of NlT. generated in hemisphere

.i iutt.quint to rtre betrauroral recovery illustra.ted in Figure 7' l'

Reconstruction of rhe posterior bank of the superior temporal sulcus

isi$;;;d on etecrropnvsiological recording' we identified surviving

..gr""t .f Uf by the characteristic direction selecrivity of its neurons'

by"strength ofthe visual respons€s, bl visual topography' and by com-

p".i*n 
'*lrn 

a prelesion map of MT.'The boundarl' of MT is outlined

*ltn a sotrd btick line. anda heavt'-lauge line shows lhe medial and

".nr.al bound"ries of rhe ST5. The iumbered recording sitls illustrale

p€nelrations in which we encountered health.v cortex in MT; x's' p€n-

itrations thar passed lhrouglt lhe area of the lesion; O's, penetrations

rf,.irnrtt O l4f .The shadid area shows the toal extent of the lesion'

*ttrctt cotet.O about a rhird of MT' We obse n'ed no spontaneous neural

acdvil)'and could isolate no neurons within the area ofrhe lesion' This

map ij a planar projection of physiological recordings.from a strudure

lll"i i; b;;J in a'major tuicui, "nd scale is nol' therefore' strictlv

accufirtc. However, a general notion ofscale can be obuined' since the

eb";;; pen.t.ations-at sircs2T-29 and 3l form a square erid I mp

o" -in ili.. b, Multiunit recsptive 6elds mapped at recording siles. tn

MT. Reccpdve fields are num-fured according to therr corresponolng

ther improvement in performance' The postlesion thresholds

in Figuie 6C demonsrate that the MT lesion had no effect

whatsoever on contrast thresholds in this experiment. Together,

t he resu l t so fexpe r imen tsn /andn ' / i nd i ca te tha tMT les ions
impair visual perception' and that the impairment is selective

for the percePtion of motion.

Recovery offunction

Filure 7 documents the recoveq' of function that followed the

initial ibotenic acid injections in exp€rim ent m2' The solid line

and error bars indicate the mean prelesion thresholds with their

s tandarddeviat ions.Thishemispherereceivedtwolp l in jec-
tions of ibotenic acid into MT, and the dashed line in Figure 7

shows that the animal was profoundly impaired 24 hr after the

i".i..,iont. The monkey had difficulty with-the discrimination

foi correlation values as high as 80-100%' However' with daily'

practic€, the monkey recoverd norrnal perceptual thresholds

;t 9 d postlesion (dotted line, Fig' 7)' The time course of re-

.ou..y varied from 3-4 d for small lesions, such as those in

.*p..i..n,t ml and x'/, to l-2 weeks for larger lesions' such

as that in expedment m2- The time course of recovery was

ii*ltut to th;t previously reported for eye movement deficits

that follow MT lesions (Newsome et d'' 1985)'

There are at least 3 classes of mechanism that may play a role

in the recovery pro€ss' First, since the MT lesions created by

t-"ft inl..tions of ibotenic acid are subtotal, surviving cells

within MT may have receptive fields that overlap the region of

the visual fietd in which the stimuli are presented' Such cells

may, after an adapting period. be able to assume the functions

of ihe lost tissue. Secondly, plastic changes may occur in the

reprerentation of visual space in MT' Merzenich and Kaas and

their colleagues have shown that plastic changes occur in the

representat;n of the body surface in somatosensory cortex fol--

i;;; peripheral lesions (Merzenich et al ', 1983a' b' 1984)' If

similar changes occur near lesion boundaries in MT' the newly

.*punO.O .ieptiue fields of these cells might play a role in

behavioral recovery' Finally, recovery could be mediated by'

parallel pa&wa)'s involving other visual areas'' 
ln order to distinguish among these possibilities' we per-

formed a series ofelectrophysiologrcal recordings and additional

lesions in hemisphere rn). Follo*'ing the recovery illustrated in

Figure 7, we remapped MT with microelectrodes to determine

(liwhether there were any ob\-ious chlnee.s in topography that

irr'lgh, u..ount for the recovery" and (2),whether lhe surviving

rec"eptiue fields overlapped the region of visual space in which

*. pr.r.nl.d our stimuii. Figure 8A shows a schematic outline

of MT as reconstructed from the electrophysiological recordings.
' 

A solid black line indicates the boundaries of MT' and a second

line depicts the medial and ventral extent of the superior tem-

poral sulcus (STS)' The various numbers and symbols sho*'

piysiofogicaf recording siles as reconstructed on the basis of

microdrive depth and location r'r'ithin the recording cylinder'

Numbered recording sites are those in which the electrode en-

countered healthl' cortex in lvtT' The x's represent recording

---sites within rhe area of the lesion' We encountered no cells in

the latter p€netrations: the onll audible neural activity was an

i
I
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,..ffig t,il tn .e- o^ n,ffiiatcates the region of visual space

*."p-i.i[i ,lc stimulus. try1tt* il tllt,t:f:Tent: x's show the

Dorsal

U"t"rul J

29 &31.-  -

l"p"i.piti; locations of the 2 iborenic acid injections'
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F!gurt 9. Recovery of function follo*'ing a complete unilateral lesron
cf MT rn experiment m2. Solid /ine indicates prelesion thresholds lor
tiris e;..:erimentl' dashed /lnr, posrlesion thresholds obtained 24 hr after
the se:nd round of injections in r.his hem isphere; dotted line, posrlesion
tresr:ids 2-3 weeks postlesion. Symbols for the prelesion and the 3
*'eek:ostlesion data represent the mean value of at least l0 threshold
:neas:=ments for each condition'. error bars, standard error of the mean.
t*'e r=:rd this animal until 5 months postlesion, bu1 observed linle
rsco\':i-v belond that evident at J weeks. The residual deficit thus ap
pear€ to be permanent.

rccas:,.nal faint "swish" response rhat may have signified the
trrese:.:e offunctional afferenls. The shaded region indicates rhe
:rten: of the lesion. as deduced lrom these penetrations. The
,'s r:::resent recording sites in healthy cortex outside of MT.
rr p€:.trations that miss€d the STS altogether. In all of rhese
:rorclgs, we identified MT by rhe characteristic direction se-
i:ctir:ry ofits neurons. by the strengrh ofthe response, by visual
iopog:phy, and by comparison wrth the map of MT obtained
i urir_z prelesion recordings.

As i:ro*r in Figure 8.{, the 2 injections of ibotenic acid de-
s:ro;=j about a third of MT. leaving a patch of healthy correx
tear =e foveal representation (lateral and ventral) and another
:atch :f healthy cortex in the representation of the lar penpher-v
dora- and medial). Figure 8B shows the multiunit recepti\d

iteld -apped at each of the numbered recording sites in Figure
5-{. . l-so depicted in Figure 88 is the location of the circular
:peri '-.-e through which the monkey viewed the visuai stimuli
'dasb=l l ine) and the topographic locations ofthe 2 injecrions
rf ibc.::nic acid ( x 's). As erpected. recording sites 22-j I i  ielded
a clu.:r of receptive fields near the center of gaze. while rhe
trrher::cording sites yielded penpheral receptive frelds.

T'*': conclusions are reasonably clear from the data in Figure
!. Fi=- a few receptive fields overlap the region of visual space
:a u;-,:h our stimuii appeared (l and 25, for example). It is

conceivable that such receptive fields might transmit sumcient
inlormation from this region of visual space to play a role in
the recovery process. Second. our recordings produced no clear
evidence for plastic changes that might account for the behav-

_- ioral recovery. Although the somewhat coarse scale of our re-
cordings may have precluded detection of subtle changes in
topography or receptive-field size, it seems unlikely that such
changes were of sufficient magnitude to..f l l l  in" the entire region
of visual space affected by the lesion: a portion of the represen-
tarion of visual space in MT appeared to be missing entirely
following rhe lesion. Quantitative measurements of receprive_
field size showed that the multiunit receptive frelds in Figure g
were within the range normally observed in MT (see Desimone
and Ungerleider, I 986).

Since some MT receptive fields did overlap the stimulus ap_
erture following behavioral recovery in experiment m2, we made
another series of ibotenic acid injections in this hemisphere,
with rhe goal of creating a complete unilateral lesion of MT. We
made 3 injections (2 pl each) in the loveal represenrarion of MT
and an additional 3 injections in rhe peripheral representation.
Histological reconstruction indicated that the lesion included
all of MT in this hemisphere (see Fig. l0B). Figure 9 depicts
the monkey's performance following the sccond round of in_
jections. The solid l ine and error bars show the animal's prele-
sion performance, while the dashed line represents thresholds
obtained 24 hr afler rhe injections. The deficit was fully rein-
sured following rhe injections, with thresholds for each sparial
interval lall ing near the maximum correlation of 1000/0. After
3 weeks ofpractice, however, the monkey had again recovered
to the extent shown shown by the dotted l ine in Figure 9. We
monitored the animal's performance unti l 5 months postlesion,
and we obsen'ed little recovery beyond the level reached afler
3 *'eeks. The chronic deficit signified by the dorted line in Figure
9 appeared, rherefore, to be permanent. These results indicate
that complete MT lesions can result in permanent perceptual
deflcits, but it is also clear that considerable recovery is possible
in the absence of MT. This recovery presumably depends on
motion information lransmitted via pathways in parallel with
those through MT.

H istological reconst ruct ion

We used histological sections srained for cell bodies and myelin-
ated fibers to reconstruct the lesions from experiments rn 1 and
m2.The monkey in which we performed experiment w,l is still
alive and is being used in a related study. The lesion in exper-
iment wl was made by identical techniques and with similar
resulls as the lesion in experiment m /. It seems likely, therefore,
rhat the reconstmction for experiment nr,l is indicative of the
conical damage in experiment w/ as well.

We displayed the reconstructions on flattened maps of the
conex. as i l lustrated in Figure 10. Figure l0l shows rhe partial
lesion of MT that resulted from the restricted iborenic acid
injection in experiment n/. MT is outl ined on the posterior
bank of rhe STS, and rhe extent of rhe lesion is shown by the
solid black and stippled regrons. The solid black regton depicts
correx in which the lesion extended through the entire 6 layers.
and rhe stippled region indicates cortex in which damage was
restncted to a subset of the layers. The bulk of the damage
occurred near rhe injection site in MT. SIight damage was visible
in the upper layers ofcortex in a location on the anterior bank
ofrhe STS that was direcrly apposed to the injection sire on rhe
posterior bank.
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Fisure 10. Hisrological reconstnrc-
tion of the lesions in experimens rn 1
zind m2. The lesion bounalaries were
identified in cres-vl violet-stained sec-
tions, lv{T boundaries i-n myetin-suired
seclions. The data are displayed on
"unfolded" maps of the cortical surface
created by the melbod ofVal Essen and
Maunsell (1980). i'frin /ines illustrate
the laYer 4 conlours from which the
-"p, *.t .onttruoed. Ihicklines show
the boundaries of major srtlci'. dashed
Ines the fundi of major sulci. The soiid
black areas represenl regions in which
damage from the ibotenic acid extend-
ed thr6ugh all 6 cortical layen. The dot-
red areas illustrate regions in which
damage was restrictd to a subset of

laminie..4. The lesion that resulted from
a small injection of ibotenic acid in ex-
periment m,l. It lras largely restricted
io MT. althouglr a small area ofdamage
was evident on lhe anterior bank ofthe
STS. The anterior bank damage result-
ed from diffusion of the ibotenic acid
from rhe injection site on the posterior

bank. The oblique stripes indicate a re-

sron ofuncertaint; in the exact location
6f *,. VT boundarY B, The comPlete
unilateral lesion of MT thal resulted
from 8 injections of ibotenic acid in
experimenr m?. Ont-v 2 m1-elin-suined
sections l ielded a hint oft issue that re-
sembled MT. This locus is indicated by

the arrou and small ellipse. This leston
included a Ponion of MST on the an-

terior bank of rhe STS. as well as the

entire exlenl of !v{T. We also obsen'ed
some damage in the lunate sulcus that
resulted from backflow of the ibolenic
acid up rhe guide tube lracks- Mf' Mid-
dle temporal visual area: SirS, supenor
temporil sulcus: SS, sl lvian sulcus: LS'
lunire sulcus: /PS, intraparieul sulcus'

Figure 108 il lustrates the tolal extent of damaged cortex fol-

louiig rhe 8 injections of ibotenic acid in experiment m2' An

.*r.niir'. region of cortex was destroyed on both banks of the

STS. and almall reg:on of damaged cortex appeared in the

lunate sulcus (LS) as *ell. The damage in the lunate' which was

largell restricted to la1'er 6. resulted from backflow ofthe ibo-

tenic acid up the Suide tube tracks. The lesion on the posterior

bank of the STS appears lo have completel) 'deslroyed MT' We

could find but one small region on 2 myelin-stained sectlons

thar ma)' have been part of MT; this region is indicated b1 the

arro*' in Figure 108.
The damaged cortex on the anterior bank of the STS in Figure

108 rncludei a significanr porrion of the medial superior tem-

poral area. or MST. MST extends beyond the damaged area in

toth posteromedial and anterolateral directions (lv{aunsell and

Van Essen, 1983c)' and the lesion of lvlST is therefore far from

to ta l . l n the te rm ino logyo fDes imoneandUnger le ide r (1986 ) '
the anterior bank lesionwould probabll include all of the middle

lemporal periphery (MTp)' a substantial ponion of MST' but

-ro..y ti,,t.'oi r-ne floor of ihe superior lemporal sulcus (FST)'

Discussion
.VT and motion Processtng
The results of numerous ph1'siological and anatomical sludies

suggesl that MT is a major componenr of a conical pathwa)'

thaiselectivell '  anallzes visual morion information (see Maun-

i
I
l
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sel i  , :nd Newsome, 1987).  Recent  behaviora l  s tudies have sup-
por:ed this hypothesis by showing that \1T provides motion
into:inalion for the guidance of e)-e mo\ements (Newsome et
a l . .  1985:  Durste ler  et  a l . .  1987).  The present  resul ts  ind icate
rhat \1T plays a role in rhe perception of motion as well. W1-
har ' :  shoun that  smal l  les ions of  MT resul t  in  e levared psycho-
ph1 s ica l  thresholds lor  a mot ion-sensi r iv i ty  task.  w,h i le  thresh-
oids :br contrast sensitivity are affected l itt le or not at all. Similar
hnc:igs have been reporled recently by Siegel and Andersen
( 19!5) .  They t ra ined monkels to detect  the onset  of  shear ing
mo::on and the onset of 3-dimensional structure in a structure-
i-ron-molion task. lvlT lesions caused rhreshold elevalions in
bor:. of rhese detection tasks. while leaving contrast-detection
ihr-hc ids unimpaired.

C:ilectively, these studies provide significant insights into the
fun::ional role of MT in primate vision. First, they indicate that
\{T plals a role in a broad range ofperceptual and behavioral
lun: ' . ions.  inc luding d i rect ion d iscr iminat ion.  detect ion of
sheing motion. detection of 3-dimensional structure lrom mo-
iio..- anci guidance of e1,e movements to moving targets. These
obs:n'ations suggest that I\{T is best vieu'ed as a general purpose
ino--:on proc!'ssor whose outputs are used in a number of be-
N3.'.-.rai contexts. This does not, ho\r'ever. rule out the possi-
bii:--r that MT is more rital for certain motion-related tasks
iha:. ibr others. Motion information is emplo-ved by the visual
s1 s::n ior lar more purposes than have )et been examined with
res:ect :o N'{T lunction (see re view by Nakay-ama. 1985). Future
e\Fnmenls ma.v implicate lvlT more intinrately in a rcstricted
sub.et of these roles.

{ sectrnd imponant consequence of these studies is that they
cor.-:rn phlsiologicall l derired hlpotheses concerning local-
iza: : :n  of  funct ion wi th in extrast r ia le cor tex.  Zeki  and h is  col -
leag:es hrst sho*'ed that cortex in the STS contained an enriched
cLr:,-:nti-alion of directionall l '  selective ceils. and they proposcd
iha:  ih ls  conex was select ive l l  involved in processing mol ion
rn: ' : .nat ion (Dubner and Zrk i .  l97 l :  Zeki .  197la,  b) .  Recent
slu:.es. including the prescnt one, have confirmed this hypoth-
s515 - r1.dc ' f ionstrat ing that  N{T les ions impair  mot ion percept ion
ana:)e movements to moving targels.  but  have no ef fect  on
ia: : :3st  scnsi t iv i tv  or  e)  e mo\  ements to s lat ionarv targets.  I t
:s ....-: l l  that a more complete descnption of the selectivit-v of
i i.e:,: lesions xil l  emerge *' ith continued study. For example.
the :h1'siology of MT neurons suggests that they may play a
rc i : : r  seeing mot ion in  depth (kk i .  1914b.  Maunsel l  and Van
Ess.:. 1983b). but shouid be irrelevant for seeing color (Zeki,
19- i .  \ 'an Essen et  a l . .  l98 l ) .  I t  w ' i l l  be of in terest  to  test  bolh
oi ' . ' :se predict ions wi th behaviora l  expenments.

R,' .  .  r . - r . l '  o . l ' func ' t ion

T:: -pidity wrth which monkel's recover from the effects of
ihe .esiLrns has been one of the nrore puzzling aspects of our
i\r:rmenls. In each of the major studies conducted to df,te
r \ : .s ' .me et  a l . .  1985:  Siegel  and Andersen.  1986:  Durste leret
g i . .  . :S- :  and the present  s tudr ' ) .  monkevs recover*" i ih in several
.ia,: tom the effects of smail ibotenic acid injections into lv'tT.
T:.:: is some evidence for a longer reco'very period with a more
;c: : ler  perceptual  task.  such as the detect ion of3-d imensional
s i . - : : ' . r f i  f rom mot ion (Siegel  and Andersen. . l986) .  but  the
rei: ' .er_-\ 'penod ma;.' onll be lengthened in this case lrom da;-s
io ':tks. The lact that recoverv exists does not compromise
oi.r: :Lrnciusions concerning thc' functional role of \{T: our ar-
gu::r 'r ls are based on the Jeleclrl 'rry of the lesion effects. not on

their duration. Recor.ery of funcrion demonstrates that a dam-
aged hemisphere can generate allernative strategies for accom-
plishing certain tasks. but our results clearly show rhat lesions
of MT disrupt rhe normal funcrion of a pathway thar selecrir ely
analyzes visual morion. Sti l l . rapid recovery lrom such stnking
behavioral deficits begs for explanation.

We considered 3 possible explanations for the recovery (see
Resul ts) :  ( l )  The subrota l  les ions causcd by smal l  in ject ions of
ibotenic acid did not eliminate rhe entire representation in MT
of the stimulus aperture. (2) Plasric changes in topograph.v or
receptive-Reld size within MT might "fi l l  in" rhe missing rep-
resentation of the stimulus apenure. (3) Other visual areas op-
erating in parallel wirh lvIT mighr assume the lunctions of lost
MT cells. We attempred to differenriate among these possibil-
it ies by conducring elecrroph.vsiological recordings in hemi-
sphere rr2 lollowing recovery from an MT lesion. The record-
ings provided no evidence lor r '\tensive plastic changes in
topograph-v or receptive-field size. but the-v did indicate rhat
some surviving receplive fields overlapped the stimulus aper-
1ure.

We therefore made a complere unilateral lesion of MT in this
hemisphere with a series of 6 additional injecrions of ibotenic
acid. This lesion caused a permanent elevation of motion thresh-
olds,  but  the permanent  impairment  was smal l  in  companson
1o the transient deficir rhar t1'pically. follows injections of ibo-
tenic acid into MT (see Figs. 5-7. 9). In this case. rherefore. it
appears that a substantial portion ofthe recovery rvas mcdiated
by other  v isual  areas acr ing in  para l le l  wi th MT. This resul r  is
not  surpr is ing in  l ighr  of  rhe complex anatomv of  the mor ion
palhway. MT sends projections ro I higher cortical areas on this
palhway,  MST and VIP (Maunsel l  and Van Essen.  1983c:  Un-
ger le idcr  and Desimone.  1986).  bur  each of these areas app€ars
to receive inputs from lower visual areas, such as V2. as well
(see Van Essen.  1985).  I f  rhe addir ional  inpurs to MST and Vlp
provide motion infornration to these areas. then either area
could p lausib ly  assume some of  rhe l lnct ions of  damaged MT
cel ls .

We cannot. holrever. rule out rhe possibil i t-v that intra-\lT
mechanrsms medialc- a ponion of rhe recovery' f icl lowing snrcl/
les ions.  I t  is  noteworth l ,  that .  the sc 'cond.  more extensive.  les ion
of  \ ' lT  in  exper iment  nr l  caustd a fu l l  re instatement  of  the
transient deficit from *hich rhe monkey had already. recovered
(see Figs. 7, 9). This observarion would seem ro implv rhat
neurons within MT contnbuted to recover-y- lrom the init ial
lesion. However. an alternative rnterpretation is that an adjacent
vrsual area, such as Iv{ST. mediated rhe init ial recovery, and rhe
second set of injections caused reinstatement of the original
deficit because of dilTusion of the rbotenic acid into lr.IST. In-
deed. histological reconsrruction of rhe lesion in experiment rnJ
{Fig. l0B) revealed a signitrcanr amount of damage in MST in
addi t ion 10 the complete uni la tera l  les ion of  MT. This issue
mus! .  unfor tunate lv .  remain unresolved unt i l  methods are avai l -
able for crearrng e\ en more precise lc-sions of indir idual visual
areas.

Il is natural to ask *hether rhe rapid recoven observ'ed in
recent I lT lesion studies implies rhat the lrulv unique functions
ol\{T are }er to be discovered. Thts question arises from the
view that each area of cortex has irreplaceable functions rhat
should be reffected in robust. p€rrnanent deficirs following de-
struction of that arca. Ir seems hkely. howerer. that many be-
haviora l  capabi l i t ies depcnd on neuralacr iv i r ; -  rhar  is  d isr r ibured
among several corlical areas. The potential for redundancr. in



such s-vstems provides resistance to ihe delelerious effects of

restricied lesions. From this p€rsp€ctive' the behavioral func-

rions of a particular area ma).. be best identified b1' techntques'

iu.t' ut those emplo-ved in the present stud1" that permit be-

havioral resting prior to the activation of comp€nsatoq mech-

anisms. \\'hether N'lT has unique functions in addition to the

shared functions demonstrated thus far should become clear as

a broader range ofperceptual and behavioral tasks are examined

in conjunction with MT lesions.

Note added in proof: Histological analysis has now confirmed

ilui r.rion x'/, liki lesion m/ (see Fig' l0"t), was largel-v re-

st r ic tedtoMT,wi thminordamageoccurr ingintheuppercor-
tical la-".'ers of the anterior bank of the STS'
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