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ABSTRACT

Retinal cells have besn induced to project into the medial geniculate
nucleus, the prineipal auditory thalsmic nucleus, in newborn farvets by reducing
targets of retinal axons in ons hamisphers and cresting alternative terminal space
for thass fibars in tha auditory thalasus. Many cells in the medial geniculate
nucleus are then visuslly driven, have large vecaptive fields, and receive input
from retinasl ganglion cells with smsll somata and slow conduction velocities.
Visual cells with long conduction latencies and large contralatsral rveceptive
fislds can also be recordsd in primary suditory cortax. Soms visual cells in
suditory cortax are direction sslactive or have orisnted receptive tields that
rasembla thoss of complex cells in primary visual cortex. Thus, functional visual
projections can be vouted into nonvisual structures in higher masmals, suggesting
that the modslity of a sensory thalamic nucleus or cortical area may ba specified
by its inputs during development.



What i3 intrinsically "visual" about visusl thalsmus and cortex? Can visual
prejections be induced into nonvisual targets and are thess projections functional?
The organization of the visual pathway in facrets is similar to that in cats (1);
the visusl system of cats has besn studied extensively both anatomically and
_phyniolo.lcany. However, unliks cats, ratinofugal projections in farrats ars vetry
immature st birth (2), and we ressonad that 1t might ba possible to induce
extansive plasticity in the retinothslsaic pathway by surgery in neonatsal ferrsts.

lnt..innl targets were reduced in nevborn ferrat pups by ablating the superior
colliculus and visual cortical sreas 17 and 13 of one hemisphere (3) (rig. 1).
Ablating visusl cortex causss the lsteral geniculate nucieus (LGN) in the
1pl:l1nun1 hemisphers to atrophy seversly by retrograde degensration.
Concurrently, slternative target spacs for retinal affarents vas created in the
ssdisl geniculate mucleus (MGN) by sblating nithgr the inferior colliculus or
sectioning fibars ascanding to tha HGE in the brachium of the inferior colliculus
(4,5)

Exparimsnts wers done on 10 normal adult ferrats and 16 oparated farrets that
wers rearsd to adulthood. In five operated animsls, intravitraal injections of
anterograds tracers {6} ravealed retinal projections to normal thalamic targets,
including the surviving, shrunken LGN, as wall as sberrant projactions to auditory
thalamic nuclei (Fig. 2). Tha nevw retinal projection zonas included patches of
labsl in the dorsal, medial, and ventral {or prineipsl) divisions of the MGN, along
with the lateral part of the postsrior nuclear complex adjscent to the MG and ths
lateral pesterior nucleus. The retinal projections to the MGN complex occupied up
to a third of the volume of tha MGN. We confirmed that tha MGN in operated animals
projacted normsally to suditory cortex (rig. 1}, both by the transneuronal label in
auditory cortex after intraccular injections (6) and by the sxtensive ratrograde
labaling of cells in the MGN after restricted injsctions of horsaradish peroxidase
(HRP) or fluorascent retrograde tracers into prisary auditery cortax (rig. 2).
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These expsrimenti also indicated that the ipsilateral MGN ia thié major routa for
visual inputs to rsach primary auditory cortax. Along vith reciiving major thalamic
projections from the various divisions of tha MGN (7}, the primary auditory cortex
in operated animals retained its connections with other auditory coctical areas.
Thess included ipsilateral and contralateral connections with the second auditory
arsa located lateral to primary auditory cortex, and with areas on the sctosylvian
gyrus locatsd anterior, posterior, and ventral posterior to primary auditory cortex
(8).

We next recorded slsctrophysiologically from the MGN in operated animals (9)
and compared visual responses thers with responses from the surviving LGN in the
sape animals as well as from the LGN in norsal animals. Ws studied the visual
responses of single cells to & battary of tests (10). %a also tested the suditory
responass of cells in the suditory thalsmus with click or tone stimuli delivaered
through sarphones.

In the LGN of normal animals, we recordsd X, ¥ and ¥ cells (Fig. 3A); X and ¥
cells were found in the A lsminae, and ¥ and ¥ cells were found in the C laminae
{11). In the LGN of operated animsls, we recorded almost exclusively Y cells in the
A laminas (Fig. 3B). Ve ascribe the loss of X cells in the LGN to ths retrograde
degsnerstion of geniculate X calls after ablation of visual cortex. A similar
result has besn shown in cats (12}; in cats, neonatszl visual cortical ablation also
leads to transneuronsl retrograde loss of X cells in the retina (13}, and we have
confirmed a reduction in medium-sited ratinal gesnglion cells in our opacated
forrets {14).

In the MGN of oparated animals, we recordsd calls with long latencies to optic
chiasm stimulation (Fig. 3C). The conduction latencies of cells in the MGN of
operated animals (range of latsnclas 2.8 to 11.0 ms, mean latency 4.8 ms, for 94
cells in 5 enimals) were significantly longer than ths latencies of X and ¥ cells
in the LGN of normal animals {range of latencies 1.5 to 3,0 ms, mean latency 2.0
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ms, for 101 cells in 5 animals; P<0.005, Mann-Whitney U-test, for a comparison of
ssan latenciss in individual normal and operated animsls). The visual responsss of
cells in the MGN were often variable or "sluggish” (15); cells rasponded bast to
large, flashing or moving spots of light. Receptive fields were largs, with
diamsters that were two to five timas the diamsters of normal LGN X cell receptive
fields and up to twice the diamater of LGN Y cell rsceptive fields at similar
accentricities. Neurons dorsal in tha MGN represeatsd tha upper visual field,
nsurons located ventrally represantsd lowar visual field, nsurons located madially
rapresented central visual fiald and those located latarally representsd paripheral
Ha’ld. Recaptive fialds were on, off, or on-off center and circulsr. Visuslly
driven calls wers not crientation sslective though 2 of 32 visusl units wers
direction selective (16). We filled retrogradaly with HRP tetinal ganglion cells
that projsctad to the LGN or supericr colliculus in normal animals and to the LGN
or MGH in operated animsls (17). In normal adult ferrets, vetinal ganglion cells
include large-sized a (Y-like) cells that projact to the LGN and superior
colliculus, medium-sized 8 (X-1ike) cells that project mainly to the LGN, and o
heterogeneous population of smsll and medium-sized (W-like) cells that projact to
the LGN and to the supsrior colliculus (18). In cperated ferrets, the projsction to
the MGN arose mainly from the ssall retinal ganglion cslls with heterogensous
morphologiss (Fig. 3D). Our physiological and anatomical results thus suggest that
the retinal genglion cella that project to the MGN in opersted animals beleng to
the W class. However, we cannot ruls out tha possibility that at lsast soma calls
that give rise to tha aberrant ptojictl.on are X or ¥ cells that fail to develop
normally.

We also recorded from single units in primary auditory cortex of operated
animals to datsrmine their visusl response features. Visual responses wers
strongest in the siddle layers, at depths of 600 to 900 ym. In primary suditory
cortex, as in the MGN, calls had long latenciss to optic chiasa stimulation; the
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latencies ranged from 5.5 to 17.0 ms, with a mean latancy of 9.0 ms (57 cells
racorded in 6 operated animals). Por comparisom, latenciss to optic chiasm
stimulation in primary visual cortsx of normal animals, which is dominated by the
moderates~ and fast-conducting X and Y pathways through the LGN (1), ranged from 2.0
to 6.5 ms, with a mean latency of 4.2 ms (63 cells recorded in & normsl animals).
The latancies in normal snimals were significantly shorter than those in operated
anisals (P<0.005, Mann-Whitnsy U-test, for a comparison of msan latanciss in
individual snimsls). Calls in primary auditory cortex that wers driven by visual
stimulation formed a subsst of the cells that were driven by slectrical stimulation
of the optic chiasa (Table 1). Visual cellas in suditory cortex had large receptive
f1elds and preferred slowly flashing or moving large spots or bars. As in the MGN,
receptive fislds wers confined to the contralatersl hemifield (19). About 25% of
the cells that we could drive visually (10 of 3B units) showed directicn
selectivity. About 20X of cells showsd orisntation selectivity (Table 1) (Fig. 4)
(20). All the oriented cells had cosxtensive on and off scnes and vaspondad to
light onset and offset or to light and dark edges, snd we classified thes as
complex (21).

We could drive few nsurons in the MGH or primsry suditory cortex of the
opsrated hemisphers with acoustic stimuli. This was not an unaxpected result since
we hed desfferented the MGN, but it confirmed that saversd axons did not regensrate
from the inferior colliculus to the MGN, at least in largs numbstrs. Wa could
reliably slicit auditory responses from the MGN and primary auditory cortex in the
unoperated hemisphers. We could not elicit responses to sither electrical
stimulstion of tha optic tract or visual field stimslation from cells in primary
auditory cortex in normal animals {n=48 single and multiple units)} (21).

These results demonstrate that retinal projections can ba induced to grow into
nonvisual thalamus in ferrsts, and that thess projections can impart visual
function (that is, visual driving and discernible receptive field properties) to
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calls in nonvisual thalamus and cortex. We suggest that, at least early in
development, tha modality of sensory thalamus or cortax can be specified by its
inputs. Unlike rodents wvhich have transient retinal projections to nonvisual
thalasus that can be made permanent (23), the retina does not project to suditory
thalamus in nevborn ferrets (24). The novel retinal projections to the auditory
thalamus thus represent sprouting from retinofugal fibars. If temporal factors play
a tole in tha plasticity we describs, thoss retinal ganglion cells that have yst to
establish stable thalaaic or midbrain comnections at the time of our lesions -
including the smaller retinal ganglion cells that ars generated last in the retina
(25) - would be the most likely to innervate novel targets. Thus, surgery performed
aven ’uruor in developmsnt might induce more ganglion cells and perhaps other
ganglion cell classes to reroute thair axons as well. Alternatively, only certain
totinal axons, intrinsically different from others, may bs able to reacognize cuas
in the densrvated HGN and sprout into the nucleus.

Apart from the retinal cell classes that are involvad in novel projections to
the auditory system, our sxperimsnts provide a direct comparison of visual
responses of nasurons in the normal visual pathway va. thoss induced into a pathway
through nonvisual thalssmis to cortex. Ideally, an evaluatjon of visual responss
featuras in primary auditory cortex and in normal striate cortex, for sxample,
should involve cells that recsive input from the same class of retinal ganglion
cull in both structurss (26), Still, our axperiments suggest that soma of the
transforustions on visual input parfermed in visual structures such as primary
visual cortex in normsl animals are ﬁouible as wall in the primary suditory cortex
in oparated animals. One possibility consistent with our results is that visual
inputs induce the development of specific intrinsic connections in primary auditory
cortex. An alternative possibility is that intrinsic processing in primary auditory
cortex is similar in certain respacts to that in primary visual cortex. This might
silow auditory cortex to process visual information; indeed, s parsimonicua

?

axplanation of cur results is that primary araas of ssnsory nsocortex parfors

certain similar, stersctypical, opsrations on input regardless of modality (27).

Table 1. Visual cells vecorded in primary suditory cortsz of operatsd animals.
Calls in primary auditory tortax wers considersd to recsive retinal input if they
were drivan by elactrical stimulation through elactrodes implanted at the optic
chiasm. They wers then charactarized by thair responsivensss to visual stimuli. See

text for details.

Cal] characteristic No. of calls
Drivan slactrically from optic chiasm 57
Driven visually i

" Oriented receptive fislds 6
Non-oriented receptive fislds 23
Full field flashes 9
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Pigure Lagends

Fig. 1. The sxperimental design for induction of visual projections to the
auditory system in farrsts, [(Top) Projections in norsal animals. The retina
projects to the lateral geniculate nucleus (LGN) end superior colliculus (sc).
The LGN projects to cortical sreas 17 (primary visual cortex or striste cortex)
and 18 as well as to other sxtrastriate sreas including area 19 and tha lateral
suprasylvian (LS) cortax, In the auditory system, the inferior colliculus (1C)
projects to the medisl geniculate nucleus (MGN). The ventral and the dorsal
divisions of the MGN project heavily to primary auditory cortex (AI), as vell as
to ;thu- cortical areas including the anterior auditory field (AA?) and the
posterior auditory fisld (PAF) in cortex (28). (Bottom) If cortical aress 17
and 18 are ablatad in nsonstsl ferrets, the LGN atvophies severaly by retrograde
dagenaration, Ablating the supsrior colliculus as well, and deafferenting the
MGN by ablating the inferior colliculus or ssctioning fibers ascending from it,

causes the retina to project to the MGN and hence to suditory cortax.

Fig. 2. Exparimentally induced retinal projections to the auditory thalamus, and
tha connactions of auditory thalamus with auditory cortax. The ays contralateral
to the operatsd hemisphare projects to the surviving dorsal LGN (LGd) and ventral
LGN (LGv) as well as to patchas within the dorsal and ventral divisions of the
MCN (MGA and MGv, raspectively). Tha figure shows numbared parasagittal sectiona
of the thalamus. In the same animal, an injsction of HRP in primary suditory
cortax (A1) (tha injection eits is shown at top left) fills cells ratrogradely in
MGv, NGd, and the lateral division of the postarior complex (PO1). Many ceils in

MGd and MGy overlis the retinal projection zons.

1ig. 3. Rlectrophysiologicsl results from tha thalsmus of operated and normal
15

anisals, and anitomical labsling of retinal ganglion cells that provide input to
tha thalamus in these snimals. A. Tha distribution of the latencies of firing,
after slectrical stimulation of the opr:l.c chiasm, of X, Y and W cells in tha LGN
of normsl animals. The histogras includas 107 cells pooled from 5 animals. X and
Y calls ars found in the A laminss whils the C laminas contain Y and ¥ cells
(11). B. Tha LGN of operated animals contains Y cells (found in the A and C
laminas), along with W cells (found in the C laminas), tut very fev X cells. Data
from 81 cells pocled from 5 snimals. C. Cells in the MGN of operated animsls (94
calls in § animals) have long latencies to optic chiasm stimulation cowparsd to
cells in the LGN of normal snimals (same dats as in A). D. Histogram of soma
sizes of retinal ganglion calls filled retrogredely from a HRP injection in ths
thalamus of a normal animal and an operated animal. Tha injection in the normal
animal was centared on the LGN and tha injection in the oparated animal vu.

centered on the MGN, Rach bar in the histogram rspresents the ganglion cells in a
given size range as & percentage of the total population of backfilled celis.

Retinal input to the thalamus in normal ferrets {18) arises from a or Y-like
cealls {thasa are, in general, large (L) cells with soma sizes of 400 ym2 snd
larger), B or X-1ike ceils {generally medivm (M) sized calls with soma sices
batwean 300 and A00 pm2), and a heterogensous population of W-liks calls

{genarally small (S) cells with soma sices smaller than 300 pm2, though this
class can include medium wized cells as well]. In opetrated farrsts, the calls

that project to the MGN lis mainly in the small size range.

FAE. 4. Receptive fislds of visual cells in primacy auditory cortex of an

operated animsl with visusl projections induced into tha auditory systes, and

comparison with raceptive fields in primary visual cortex of a norsal snisal.

Calls ware classified as nonorianted or oriented simple or complex sccording to

the criteria of Hubel and Wiesal (21): simple calls heve orientsd fields with
16
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Figure 1

ssparats on (+)} and off (-) scnas, vhersas complex cells have oriented fields

usually with coextansive on and off tonss.

(Laft): Cakls recorded in aresa 17 of a normal animal. Receptive f1sld locations

shiftad prograssively higher in the visual fisld as recording locations moved 7w 1Bis Al AAF PAF
from medial to lateral in srea 17, consistent with the map of visual space in

area 17 in farrets (29). The cross denotea tha locaticn of the ares centralis.

Small arrows within the raceptive field danote the direction of stimulus movement LaN MaN

| §C

yielding maximal response. Oriented line within sach recaptive fleld extending

bayond receptive fisld edgss danotes lack of and-stopping; lines that terminate ic

at vecaptiva fisld ..dgu indicate and-stopped fialds. (Right): In primary Aetinn
auditory cortax of an oparated ferret, visual cells had either noncriented

(eircular) or oriented (rectangular) receptive fislds. The orientsd fields were

complex-like. Receptive fields moved from dorsal to ventral in the visusl fiald 17 18 19 L8 Al AAE PAR
48 recording locations moved from posteromedial to anterclatsral in auditory

cortex. (Inset) (bottom left)s Peri-stimulus tims histogram of a visual cell in

primary auditory cortax responding to a bar sweaping across the raceptive fisld LGN MGN

at the crisntation indicated sbove the histogram, sad for the dirsctions of 4
movement shown by arrows. Bar width 1°, bar length 20°, valocity 5%/, 50 8c /

stimulus swveapa. ) /\5 ic
Retina

17
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Figure 2
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Figure 3
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Visual Fieids n Area 17 Visual Fields in Auditory Cortex
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