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Recovery of visual responses in foveal V1 neurons
following bilateral foveal lesions in adult monkey
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Summary. Cells in the foveal representation of VI cortex
of adult primates became visually responsive after nor-
mal sensory input was removed. Immediately afier fo-
veae were lesioned bilaterally. a region was found where
oo cells” activity could be modulsted by visual stimula-
tion. Recordings made in that deafferented zone at > 2.5
months after tesions revealed that activity of over half of
the cells coutd be modulated by visual stimuli presented
to intact peripheral retina. Although response charac-
teristics made cells with recovered driving quite unlike
narmal cells. the result suggests a level of visual cortical
reorganization previously observed only in immalure
animals.
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Numerous studies have reported that selective visual
deprivation dramaticatly modifies the type of visual stim-
tius required to elicit neuronal responses in the primary
visezal cortex (V1), but only if’ that deprivation is done
during a critical period early in the animal’s life. not after
it. These results have led to the conclusion that neuronal
connections in V1 are “hard-wired” in the adult and are,
therefore, resistant (0 -environmental manipulation
{Blakemore and Cooper 1970 Hirsch and Spinelli {971;
Hubel and Wiesel 1970: Levay et al. 1980} However,
recent work in both primary (S1) and secondary {S2)
somalosensory cortex of adult monkeys has shown that
neurons there become responsive to adjacent intact paris
of the body when the finger normally providing sensory
input to these cells is surgically removed in older animals
{Merzenich et al. 1984: Pons ¢ al. 1986). Earlier. Eysel
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et al. {19813} had demonstrated in adulr car thar lateral
geniculate neurons representing peripheral relina hecame
responsive to other retinal areas when the normal input
was lesioned. Combined, these tesults suggest that sub-
stantially mere recrganization may take place in the
central nervous system when the normal sensory inpul is
compleiely removed than does when sensory stimulation
is merely manipulated. Therefore, we asked whether the
reinotopic mapping of the visual world onto cells in V1
responding Lo the central cetina is similarly malleable in
adult primates when retinal input to this area is selective-
ly destroved. We used bilateral lovea lesions o remove
the input to foveal V1 neurons and found that about half
of the cells we recorded did recover visual responsiveness
by 75 days following the lesions, demonstrating a re-
markable degree of plasticity in the adult animal. How-
ever. the response characteristics of these neurons were
anomakous. _

One nine-year old. and iwo five-year old. adult
bMacaca nemestring monkeys were used. Each was im-
planted with a stain-less steel recording chamber over the
right hemisphere-foveal projection in V1 cortex using
sterile surgical technique and Halothase nitrous oxide
anesthesia. Each was aiso implanted with a post to re-
strain head meotion and a coit of wire was wound around
the right eye 1o record eye position with the magnetic-
field search-coil technique {Fuchs and Robinson 1966,
Robinson 1963}, The alert behaving animal preparation
was chosen lor this study to assess pre-lesion, immediase
post-lesion, and hiter post-lesion. cell characteristics
within the same unimal. because an acute preparaiion
would have required the use of many more animals to
obtain the pre- and post-tesion data. Operant condition-
ing techniques were used Lo train each monkey (o main-
tain stable fixation of z small red lazget, rear pro, jected un
4 tangent screen 65 cm away forHilervals of EG%SEJ\ en-
ski et al. 1975). Before each session, eve movenients were
recorded with the animal fixating a series of 10 deg are
eccentric targets in order to calibrate the coil and sta-
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Fig. 1A-C. Visual field representation tiep right) on V1 {bottom
right} in recording chamber (heavy vircle) av § recording intervals
in M46, Peri-stimulus time hisiograms on the left of maps show
representative cell responses wo stimuli flashed B times at visual field
locations indicated by tines from each histogram. In A, the top 2
histograms show vigorous discharge of a typical V1 neuron 1o spot
and bar flashed on its receptive feld | RF ). Abbreciarions: LS. Junaie
sulcus: Y™, verticat merdian: HM. Horizomwal meridian. in B,
histograms show respomses of a representative cell in the same

bilization systems. After the lesion. it was possible o use
the same procedure since fixation becomes quite stable
in just a few days following foveal ablation (Heinen and
Skavenski 1988, Visual receptive fields of neurons were
mapped with small bright bars und spots (119 [t-cd) that
were rear-projected onto the tangent screen and fiashed
with a shutter placed in the projection path. The mapping
stimuli were retinally stabilized at selected positions by
feeding horizontal and vertical eye position analogues
inio a pair of galvanometer driven mirrors. This precau-
tion was taken 1o insure that the stimulus stayed on the
same retinal locus across trials. since monkeys do not
always use the same retinal locus to fixate {Snodderly and
Kurtz 1985), as well as to compensale for increased
fixation variability after the lesion. Mean position error
before the lesion during good fixation was normal in
these animals, typically 10 min arc over a 10 s trial. After
the lesion, performance was poorer, but stiil good at 14
min arc for a typicat trial (Heinen and Skavenski 1988).
Cell responses were collecied only when monkeys main-
tained fixation for the entire trial so that retinal siippage
of the mapping stimulus had standard deviations of <2
min arc. Recording of extracellular potentials of single
and muliiple neurons was done with siereotaxically posi-
ioned glass-insulated tungsten microelectrodes using
conventional techniques (Evaris 1968). Eye and targer
pasition signals. as well as interspike intervals, were digi-
tized by computer {PDP 11:23} and peristimulus time-
histograms of spike activity were displayed on-line to
facilitate mapping.

in the first phase of the experiment coarse sampling
of the cortical surface was done to make an inttial pre-
tesion map of the visual field representation within the

represanialga .

cortical location a5 the cellin A shortly after retinal lesions, showing
only spontansous activity to stimuli presented o the oid RF (op)
and cutside lesion (battom). Cross hatching shows represencation
of Foveal lesions in the Feld map. and the non-responsive cortical
zone. In C, histograms show responses of a neuron recorded at the
same location as the cells in A and B at 3 weeks post-lesion.
Stippling indicates visual feld where siimuli modulawed this 1],
and light haiching shows cortex where cells were visually driven

chamber, Receptive field location for each neurcn was
determined by flashing the small stimuli at different reti-
nal locations and noting the retinal area where the neu-
rons were driven by these stimuli. In all animals, the
cortex in the chamber corresponded to a wedge of the
lower left ceniral visual field, with a radius extending
from the central fovea to about 2.5 deg arc eccentricity.
A representative map, along with histograms showing
the response of a representative neuron, is shown in
Fig. 1a.

After chamber position was verified. bilateral laser
photocoagulation was administersd to the foveae. In one
animal (M46), 600 p diameter lesions corresponding 1o
3 deg arc of visual field (de Monasierio et al. 1985) were
made with a red krypton taser, which heats the retinal
pigment epithelium and thereby destroys overlying neu-
ral elementis. In the other rwo monkeys (M62 and Moi).
400 p diameter lesions were made removing two deg arc
of the visual feld, with a preen argon laser. which de-
stroys neural tissue direetly. The effectiveness and spauial
extent of the lesions were verified by fundus phote-
graphy, and by a 1.5 deg arc upward shilt in fixation in
the living animals. Retinal histology, performed alter
recording was complete, revealed a tolal absence of func-
tional photoreceptors and other cells in the arca of the
lesion.

" A second mapping was performed over several
weeks, beginning immediately after retinal lesions. 10
determine the cortical area that was compleiely deaf-
ferented. In ail three monkeys, an area ol cortex was
found in which all neurons were unresponsive o any of
our visual simubi presented anywhere within five deg arc
of the center of the visual field. This region roughly



corresponded to the stereotaxic coordinates of the corti-
cal projection of the ablated retinae. Figure Lb shows the
extent of the retinal lesion in the visual field of monkey
M46, along with the cortical representation of the lesion
where no cells were visually responsive. Aiso shown in
Fig. 1b is the lack of visual response of a representative
netron isolated in this region. This cortical area where
no visual response could be obtained was notably smaller
than the visual field loss in all animals. However, elec-
trodes lowered into a | to 2 mm wide area bordering this
unresponsive zone encountered some cells which could
be driven. and some which could not. on every penetra-
tion. This partiaily responsive area was most likely com-
posed of columas having cells with receptive felds com-
pletely in the retinal lesion and cells with larger receptive
fields that may have included intact retina {Dow et al.
1981 ; Hubel and Wiesel 1974;.

When the totalty unresponsive zone was clearly delin-
eated, recording was suspended until 75 days after retinal
lesions during which time the animals were kept in their
home cages where they received no unusueal viswal stimu-
lation. [n the last phase of the experiment. a third map-
ping was made in the previously compleiely unresponsive
visual cortex, and more than hall of the cells could once
again be driven by visual stimuli. Figure 1¢ shows the
receptive field and response of a representative cell which
was recorded from the same cortical area as the non-
responsive cell in Fig. Ib. Figure 2 summarizes the num-
ber of single and multiple cell samples obrained in alt
animals. and the number of these samples which re-

Sponded to visual stimuli in each mapping.

There were interesting differences in the receptive
field characteristics of cells measured before and after
deaflerentation. For example. some of the “recovered”
neurcns had large. abnormally shaped. recepiive fields.
~ormal foveal striate neurons have small iless than one
deg arc), elongated, receptive fields which ofien have
antagonistic sub-fields (Hubel and Wiesel 1962, 1968).

3

The “recovered™ neurons had excitatory receptive fields
as long as 5 deg arc. which were commonly circular. or
crescent shaped, like the field in Fig. lc. and which had
no antagonistic subregions. Unlike normal cells. many of
the recovered cells had receplive hields with diffuse bor-
ders that were difficult to map precisely. Overall. re-
sponses of cells with recovered driving to flashed stimuli
seemed weaker, and a sample of cells from the first
mapping had a mean peak firing rate of 58 spikes:s to the
optimum stimulus, whereas a sample of cells in recovered
cortex responded with a mean peak rate of only
44 spikes/s; however, this difference was not statistically
reliable. Recovered driving also had a longer {atency to
peak response to the bast stimulus we could find, with a
mean latency to peak firing rate of 285 ms compared to
the mean latency of 137 ms in normal neurons (p<0.01,
student two-lailed t test).

Anatomical results also support the notion that this
recovered area is different from normal cortex. Cyto-
chrome oxidase stainirng performed after recording ended
in the striate cortex of 2 olthe recovered animals revealed
depressed activity in the'foveal region. especially in layers
IVa and Ve compared 1o surrounding cortex with intact
retinal input. Changes were also found in the lateral
geniculate nucleus (LGN}; specificaily, cytochrome ox-
idase levels were lower. and cells were smaller {(as re-
vealed by Nissl staining) in the parvoceltular laver foveal
representation (Skavenski and Sikes 1989). These resulis
appear somewhat different from those of Kaas et al.
(1990) who reported a similar recovery of visual respond- .
ing of ¥ and ¥2 neurons in adult cats after the cells were
deafferented with 5-10 degree diameter retinal tesions
placed peripheral to area centralis. However. they noted
that recovered receptive fields had sizes and response
characteristics that appeared similar to normal cells
(note 9),

Despite these important differences that make re-
covered VI cells unlike normal VI cells or recovered 51
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Fig. 2A-C. Bur graphs showing the total number of cells revorded
tfult bur heightt recorded belore 1AL immedeanely after (8) and at
> L5 months alier ¢C) menkeys were given hiluteral foveal lesions.
Shaded arcas show the number of cells ww of the wial whose
detiviey could be muodutated by visual stemuletion. A—C Are further

broken down intw single and multiple unit responses for each men-

key:e.g.. M46, 5. refers to the single unit responding in one animal.

3 refers to the muliple unit responding m that same animal ik,
recordings made within the shaded gortion of the chamber map nk
Band C of Fig. | ace reported for the X periodds after tesions.
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cells, it was clear that the location and size of receptive
fields of ¥1 cells had changed drastically in animals well
past their critical developmental period. How might these
results be reconciled with previous studies that failed to
find visual cortex plasticity in adult animals? [1 s unlike-
v that the retinal lesions merely “unmasked™ contribu-
tions thai pre-existing connections lrom & broad region
made 1o the normal ceceptive fiefd. 1f unmasking were the
case, then the second mapping done immediately after
the lesion should have encountered visually responsive
cells. [n Fact. no visuzliy responsive cells were found in
the cortical projection of the lesion for a time interval of
more than | month. If the trecovery utilized pre-existing
connections. they must have mitally been quite weak,
and after the retinal 'esion. strengthened gradually over
time. Eysel et al. (1981) also argued against unmasking
as an explanation of the recovered visual driving they
observed in cat LGN because the process took up to one
week,

A more likely reason for the recovery is thai the
bilateral lesion campietely removed all visual input from
a discrete area, leaving visual input intact at the border
of that locus. Monocular enucleation. a paradigm which
produces maximim ocular dominance shifts in the cati-
cal period of animals (LeVay et al. 1980) similarly results
in complete deafferentation of a discrete cortical region,
and could be expecied to opumize the ability of this
deafferented area to modify response characteristics. In
this siudy. LeWVay et al. also found thar the anatomical
labelling of ocular dominznce columns followed an “en-
tirely normal pattern”™ when done in an adult enucieated
animal. implying that the enuclested eve was still repre-
senled in the cortex. However. it was 2 surprise when
these authors found only two visually unresponsive zones
ina second enucleated adult studied physiologically. The
latter result suggested that the normal eye had come to
drive cells previgusly driven by the enucicated eye, ev-
idence that some reorganization had occurred in the
adult animal.

This explanation does not however resolve the issue
of what changes actually take place. or where in the
visual system these changes occur. It is unlikely that
retinal reorganization was Lhe substrate for the renewed
cortical activity, since all retinal celis in the area of the
lesion were functionally destroyed. Some evidence does
exist, however, for involvement of the LGN in this recov-
ery. Evsel et al. {1981}, in 2 similar preparation in cats,
found a recovery of driving in an area ol LGN repre-
senling lesions made at 20 deg arc eccentricity. The area
of LGN filling-in lfound in this study was on the order
of 200 p which encompassed somewhat more than | deg
arc in the visual field. Furthermore, Eysel 2t al. {{981)
tound that area centralis lesions did not reveal such a
remapping, possibly because 200 p of filling-in of the area
centralis LGN would resull in a visual receptive fiebd shift
of only a fraction of a degree: a shift thar was Loo small
to be detected by their technique. Kaas et al. (1990)
observed that the reorganization of visual cortex repre-
senting the periphery extended over several degrees (to
encompass 5 deg or more) which cannot be accounted for
solely by the extent of LGN filling-in Evsel et al. obsery-

ed. In the monkey, we observed that the recovery of
visual responsiveness extends over several millimeters of
visual cortex and corresponds to more than one degres
in the visual field. It seems unlikely that LGN changes
could be the sole expianation for that recovery. Also, the
fact that we observed a lowered cytochrome oxidase leve!
and shrunken cells in loveal LGN suggests that the corti-
cal reorganization may play a more central role in recov-
ery from ceniral retinal lesions.

Studies of cortical reorganization following mono-
cular lid suture during the critical period suppori this
contention providing ¢vidence for synaptic changes at
the geniculo-cortical synapses in layer [V {LeVay et al.
1980; Shaitz and Steyker 1978). Sprouting of stellate cell
dendritic zrbors in layer 1¥c have also been demon-
strated in deprivation studies {Lund and Holbach 1983).
[n normal animals there is alse evidence of divergent
axonal arborizations and long-range intracortical con-
nections, which can extend for several millimeters (Gil-
bert and Wiesel 1989; Rockland and Eund 1983; Tso et
al. 1986). There is a possibility that these connections are
weak, and strengthen when retinal input is removed from
the area which they innervate, a situation which our
unanesthetized preparation might allow us to more easily
monitor. Whatever the cause, our results suggest that
cortical maps in the primate visual system remain malle-
able well past the critical developmental period when a
cortical area within these maps is completely deaffer-
ented. Although the site{s} and mechanisms for the reqr-
ganization remain unresolved, such change seems rea-
sonable given the amount of compensation humans show
for retinal damage incurred not enly during, bui also weli
beyond. the first few vears of life. For example, these
physiological changes might well accompany the percep-
tual filling-in experienced by many scotoma patisnts
(Gernts and Timmerman 1969) who often do not even
notice the sometimes quite large blind spots in their
visual flelds.
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