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The development of cortical layers, areas and networks is mediated by a combination of factors
that are present in the cortex and are influenced by thalamic input. Electrical activity of
thalamocortical afferents has a progressive role in shaping cortex. For early thalamic innervation
and patterning, the presence of activity might be sufficient; for features that develop later, such as
intracortical networks that mediate emergent responses of cortex, the spatiotemporal pattern of
activity often has an instructive role. Experiments that route projections from the retina to the
auditory pathway alter the pattern of activity in auditory thalamocortical afferents at a very early
stage and reveal the progressive influence of activity on cortical development. Thus, cortical
features such as layers and thalamocortical innervation are unaffected, whereas features that
develop later, such as intracortical connections, are affected significantly. Surprisingly, the
behavioural role of GewiredGrortex is also influenced profoundly, indicating the importance of

patterned activity for this key aspect of cortical function.

The mammalian neocortex, afolded sheet that in
humans containsover 10 billion neurons, isthe seat of
our highest sensory, motor and cognitive abilities.
Understanding how it developsand how it changesis
centra to our understanding of brain function and is
crucia to the development of treatmentsfor neuro-
logical disease. Cortica development involvesthefor-
mation of many discrete areas that uniquely process
different kinds of information. Individual areasare
characterized by specific setsof inputs, by intrinsic
processing networks and by specific outputs. In addi-
tion, thereare small but potentialy significant differ-
encesin laminar detail between areas. Cortical specifi-
cation refers to defining the ways in which these
variousfeaturesare set up during development; each
of thesefeaturesinvolvesacombination of intrinsic
factorsand extrinsic events. Intrinsic factorsin cortical
development refer to genes and molecules expressed
within thetissue. Thenature of extrinsic factorsdiffers
depending on the time and stage of development.
However, it isnot possible to separate cleanly between
intrinsic and extrinsic aspects of developmental pro-
grammes N no gene actsindependently of an envi-

ronment, and the environment aways needs ascaffold
on Which to act.

Much discussion hasfocused on whether thereis
detailed specification of cortical areas by genesand
moleculesthat areexpressed early in theventricular
zonein amanner that recapitulatescortica parcelation
N theprotomap hypothesist N or whether the cortex
isatabula rasa whoseidentity isbestowed on it by thal-
amic afferentsN the protocortex hypothesis?. We pro-
poseinstead that the development of layers, areasand
networkseach derivesfrom acombination of factors
that arepresent in the cortical mantleand areregulated
by thdamicinput.

Formation of cortical layers

Theadult neocortex consists of six layers. Theseare
generated by aheterogeneous population of precursor
cellsthat ispresent in theventricular and subventricu-
lar zones. Tt iswell established that thetime of neuroge-
nesisin theventricular zoneregulateslaminar loca-
tion®®, Cellsthat leave thecell cycleearlier form the
deeper cortical layers, whereascellsborn later form
progressively more superficia layers (riG.1). Thereisa
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Figure 1 | Timeline illustrating many of the main events during the development of the visual cortex and its connections with the thalamus in the ferret.
The period of neurogenesis in the cortical layers is shown in red, whereas the time of laminar differentiation is shown in blue. Neurogenesis of the adult layer VI
commences on embryonic day (E) 22. Progressively more superficial layers are generated over the following five weeks, with genesis of layers I/l not completed until
postnatal day (P) 14; the exception to this is layer |, which is generated both early and late (not shown)*3. A similar progression of laminar differentiation follows as for
neurogenesis”>!%. The time course of thalamocortical development is shown in green. Axons from the dorsal lateral geniculate nucleus (LGN first arrive below the
developing visual cortex at E27 (REF. 164) and begin their ingrowth into layer IV at around P10, as soon as it differentiates from the cortical plate®. Cortical patches
following injection of the LGN, which are believed to represent the initial formation of ocular dominance columns (ODCs), are visible from P16 (REF. 49), whereas ocular
dominance columns visualized using transneuronally transported tracers from the eyes are not visible until approximately three weeks later'®1%7. The development of
corticothalamic connections is shown in pink. The initial projection from the cortex to the thalamus, as shown by the in vivo transport of tracers, is formed by layer V
neurons a few days after birth. The layer VI projections form about one week later*. The development of intracortical connections is shown in purple. A subset of
neurons show orientation preference from the onset of visual responsiveness in the cortex, but the adult pattern is not attained until seven weeks after birth'®, Clustered
horizontal connections are present by around P27 (REF. 110), whereas an orientation map as shown by optical imaging can be seen by around P31 (REF. 112).

progressiverestriction of cell fatein the precursor pop-
ulation: early progenitorsare pluripotent and might
giveriseto neuronsthat cometo residein any cortica
layer, whereaslater progenitorsgiveriseonly to neu-
ronsof moresuperficial layers®. The laminar fate of a
neuron issealed in thelate Sor G2 phase of thefinal
round of mitoss. Just before this, during the Sphase of
thefina mitotic division, cell fateismore plastic and
can be affected by environmenta cues'®. Other extrinsic
signalspresent during thefina cell cycle can dso influ-
enceneurona phenotype™.

Eventsthat occur at the ventricular zone can con-
tributein other waysto regiond differencesin cytoar-
chitecture. Thedynamicsof the cell cycle show regiond
variation!?3, Most notably, the germinal zone of pri-
mary visual cortex of theprimate N aregion with twice
theneuronal density of other areasN hasanotably
higher rate of cell production that isassociated with
changesin the parametersof thecell cycle!. Thalamic
afferents can exert amitogenic effect on cortical pro-
genitorshy decreasing thelength of the G1 phase and
by facilitating the G1/S transition, resulting in an
increasein thenumber of proliferativedivisions. The
identity of the Signd that mediates thismitogenic effect
isnot known; however, itisknown to beadiffusible
factor whose effect isblocked by antibodiesto basic
fibroblast growth factor (bFGF), indicating that bFGF

signdling might beinvolved“. Theinfluence of thalamic
inputson cortica development, therefore, startsduring
very early stages of development with the cell cycleand
laminaeformation.

Formation of cortical areas

Cortical determinants and thalamocortical matching.
Thereisconsiderable evidenceto suggest that at least the
initia broad parcellation of cortex isregulated by mole-
cular determinantsthat areintrinsic to theproliferative
zoneof thedeveloping cortex and is, therefore, indepen-
dent of thalamic influences'®. For example, evidence
from transplantation and co-culture studiesindicate
that theinitial expression of region-specific markersor
phenotypes's® is probably not dependent on specific
thalamicinnervation. Similarly, factorsthat regulate
later cortical connectivity seem to be determined by
embryonic day (E)14 (REFS21,22) in therat, an agebefore
the arrival of thalamic axons. Several genes, such as
Latexin?, Tbr- 1 (REF. 24), cadherins 6 (Cad6) and 11
(Cadll) (Rer.25), COUP-TFI1, CHLI, 2m3 and 36ml
(ReF. 26) are differentially expressed between cortical
areasbefore thaamic afferents seem to haveinvaded the
cortical plate. Similarly, thedifferential expression of
severd genescan occur normaly in theabsence of thaa-
mocortical innervation; for instance, in micelacking
Gbx2 (REF.27) of MashI (REF. 25).
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EPHRINSAND EPH RECEPTORS
Two families of moleculesthat
mediate cell-contact-dependent
signdling, and areprimarily
involved in the generation and
maintenanceof patternsof
celular organization. They
accomplish thisgoal by the
control of repulson at a
boundary or gradient, or by
upregulating cell adhesion.

SOMATOSENSORY BARRELS
Discretefunctiona units present
in layer IV of therat cortex,
which processtectileinputs
derived from asinglewhisker.

Other evidence indicates that gradients of gene
expression in theneuroepithelium of different cortica
areasmight regulate theinitid arealization of the neo-
cortex. For example, Pax6isusually expressed in alow-
caudomediabhigh-rostrolateral gradient®?°. In Pax6
homozygous mutants, caudolateral areasare expanded
and rostrolateral areas are contracted®. Conversely,
Emx2isexpressed in alow-rostrolateralEhigh-cando-
medid gradient®* and the mutants show shrinkage of
caudomedia cortex and an expansion of rostrolateral
cortex. These shiftsare shown both by the staining pat-
ternsof molecular markersand, importantly, by the pat-
tern of anatomical connectivity with the thalamus®%,
Thus, genesthat control theinitia arealization of the
neocortex can aso affect targeting of thalamocortical
and corticothaamic axons.

TheEphA receptor tyrosnekinasesand ther ligands
dso show differentid gradientsof expression in the cortex
before thalamic innervation®. The subtypesof eprriNs
examined so far have been shown to regulate sizes of
aress. deleting ephrin-A2 and ephrin-A5 affectsthetar-
geting of thalamocortical axonsto neocortical regions
in vivo, aslateral portionsof thebody map in somato-
sensory cortex areenlarged and distorted®. Matching of
thaamic afferentswith cortica gradientsto produce spe-
cificareasisindicated by experimentsthat involve the
early ablation of large portionsof cortex in marsupias®.
Here, afferentsfrom al of the thalamic sensory relay
nuclei still innervate cortex and form cortical areasthat
arein theappropriateregional relationship, athough
they areof reduced Szeand show someoverlap.

In the transgenic mouseline H-271, thelacZ reporter
is expressed in layer IV neurons of the postnatal
somatosensory cortex!”. Theexpression of thismarker is
regionalized specificaly to the somatosensory cortex
from asearly as E11.5 (Rer 20). However, postnatd thaa-
micinnervation servesto ater and match the zone of
expression with the zone of thalamic innervation®,
Other work has shown that the expression of latexin, a
carboxypeptidase A inhibitor that specificaly marksa
subset of neuronsin thelatera cortex®, can be tempo-
rally regulated by regional environmental cues®. So,
whereas the molecular phenotype of acortical region
can appear early, the extent to which thisphenotypeis
expressed can be affected by loca environmenta signas.

Thalamic and local influences. Whereasintrinsic mark-
ersmight delineate broad areas of cortex at very early
stages of development, thalamic afferents can subse-
quently influencethe size and even theidentity of spe-
cific areas. Transplantsof extremely immature cortex
(E12in rats) can take on inputsand expressmolecules
characteristic of thehost region rather than theregion
of origin, garreLs N a characteristic of rodent
somatosensory cortex N have been reported to develop
in occipital cortex transplanted to the parietal region®.
However, morerecent work showsthat occipital to pari-
etal transplantsat E16 do not develop barrelsor sub-
stantial connectionswith the somatosensory thalamus,
athough they do form connectionswith thedorsa lat-
erd geniculate nucleus (LGN)Z. Work from the same

group has shown that occipita to fronta transplantsat
E12 can form projectionsto the spina cord. However,
thiscapacity hasbeen lost by E14 and tecta projections
N acharacteristic of theregion of origin N areformed
instead?. Interestingly, asimilar age-dependent switch
between E12 and E14 influencesthe cortico-cortical
connections made by transplanted perirhinal cortex
into the parieta region®. Thisindicatesthat there might
bean early timewindow during which theinput and
output connectionsof acortical areacan be sculpted by
thalamic and local area signalsto produce an area-spe-
cific phenotype. It isthereforelikely that cortical areas
ariseby progressive specification of ther region-specific
phenotype from amultipotent phenotype.

Consistent with therole of thalamic influenceson
cortical differentiation, reduction of thalamicinputshy
binocular enucleation aterscorticd areafateby creating
ahybrid visual cortex in place of area 17 (REFS43,44).
Similarly, early thalamic ablation leadsto the develop-
ment of athinner cortex and of cortical areasthat are
reduced in size®®. Together, the evidence presented above
indicates that specification of cortical areasrequires
multiple cuesthat involve theregiona and/or graded
expresson of moleculesaong with spatial and tempora
signasregulated by thalamic afferents. Theinfluence of
thalamic inputshasbeen studied intensively in thefor-
mation of thalamocortical patternsand intracortical
connectionsand isdiscussad next.

Formation of cortical networks

Thecortex differentiates progressively into layersand, as
layer IV appearsin the cortica plate, thalamicinnerva-
tion specifiestheprincipal sensory areas (FIG. 2). Con-
currently, descending projectionsfrom cortex innervate
specific thalamic nuclel, primarily by the targeting of
layer V axonsto principa and/or association nucle, fol-
lowed by the development of layer VI projectionsto
principd relay nucleié#’. Thus, athalamocortica loop is
set up very early in development (FIG. 2), and theinitial
specification of cortica areasisfundamentally aspecifi-
cation of uniquefeedforward and feedback connections
between thalamus and cortex. The development of
intracortical circuitry (indicated in FIG.2 ashorizonta
connectionsin layer II/III) follows thaamic innerva-
tion, dthough some evidenceindicatesthat cortica net-
worksmight develop early and be matched to peripherd
input. Consderablerecent evidence, primarily from the
visual cortex, pointsto acombination of intrinsic and
extrinsic factorsasbeing responsiblefor theformation
and maintenance of specific thalamocortica and intra-
cortica connections. In particular, theimportance and
roleof eectrica activity hasbeen clarified, and the sum
of evidenceindicatesaprogressiverolefor activity. Its
presenceissufficient for early thadlamocortica innerva-
tion and its speific spatiotempord pattern isnecessary
for ingtructing lateintracortical networks.

Thalamocortical patterning. Ocular dominance
columnsN regionswithin layer IV of thevisual cortex
that receive input exclusively from one eye through the
LGN N areset up during very early development. In
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Figure 2 | The development of the ferret’s visual cortex and its interconnections with the
thalamus. By the day of birth (P0), axons from the dorsal lateral geniculate nucleus (LGN) have
arrived below the developing visual cortex'®* and have begun to probe the base of the cortical
plate (CP)3. At this stage the CP consists of an undifferentiated region containing predominantly
the neurons that will form layer V, and a differentiated region below which is the developing layer
VI (REFS 75,163). Corticothalamic projections have not yet formed®. By postnatal day (P) 7, layer
V is visible below the undifferentiated CP, and the initial corticothalamic projection has been
formed by collateral branches of layer V neurons that have grown past the thalamus. By P16,
layer IV has differentiated and thalamic axons have grown in and established synaptic
contacts® that are segregated into patches reminiscent of ocular dominance columns™®. The
layer VI projection to the thalamus has also formed. By P30, layer II/lll has differentiated and
horizontal connections have begun to form*'%. These connections show a more mature
clustered pattern by P42 (MZ, marginal zone; SP, subplate).

HEBBGRULE

QWhen the axon of cell A excites
cell B and repeatedly or
persistently takespartin firingit,
some growth processor
metabolic changetakes placein
oneor both cellsso that AB
efficiency asoneof thecels
firing Bisincreased O

LONG-TERM POTENTIATION
AND DEPRESSION

Long-lasting activity-dependent
changesin theefficacy of
synaptic transmission.

primatesthey are present at birth, suggesting that visu-
al experienceis not required for their formation®.
Recent work indicates that they might also be set up
before eye opening in ferrets® and in cats®, soon after
geniculocortical axonsinnervate layer IV. Surprisingly,
they might not even require the presence of the eyes
for their initial establishment®. Monocular enucle-
ation doesnot degrade these early columnsimmedi-
ately®, and binocular lid suture doesnot reduce their
development in catsfor thefirst three weeks®?. One
possibility isthat ocular dominance columnsare set up
initially by the molecular matching of inputsfrom dif-
ferent layers of the LGN (each layer representing a
given eye) with appropriatetarget regionsin V1.

An aternative view is that ocular dominance
columns are set up by activity-based developmental
rules. Thus, correlated inputsfrom oneeyeand uncorre-
lated inputs from the other eye can lead to cortical
stripesthat resemble ocular dominance columns®. The
application of anessian rulefor strengthening and weak-
ening connections, together with local excitation and
long-rangeinhibition in the cortex in amanner formaly
similar to Turing@formulation® can indeed account for
theformation of the columns. Correlated inputsin the
form of spontaneouswaves of activity exist in thereti-
naebefore eye opening®%, Thisactivity can drivecells
in the LGN to fireburstsof action potentials in vitro®
and recent work in ferretshasfound that thisisaso the
case in vivo™®. Hereit hasbeen shown that thefiring of
neuronswithin agiven eye-specific layer of theLGN is

well correlated, wheress correlation between eye-specific
layersismuch less evident. Interestingly, removal of
inputs from the eyes while leaving corticothalamic
inputsintact sustains correlated bursts. The pattern of
electrical activity transferred to the cortex, therefore,
seemsto be strongly regulated by interactions between
the thalamusand cortex, and activity in the thalamocor-
tical loop might be sufficient for eye-specific patterning.
However, two issuesremain unanswered. First, the con-
tralateral eyedrivesLGN activity far more strongly than
the ipsilateral eye®, posing a problem for purely
Hebbian modelsof ocular dominance development.
Second, the LGN activity hasbeen examined during the
fourth postnatal week whereas ocular dominance
columnsappear to beaready present by the third week.
So experimentsat earlier agesarerequired. At the same
time, significant support for the hypothesisthat ocular
dominance columns can arise by activity-dependent
sorting of eye-specificinputs comesfrom thefinding
that eye-specific stripes form in the optic tectum of
@hree-eyed@rogs. In frogs, the optic tectum usually only
receivesinput from the contralateral eye so no stripes
arepresent normaly in the tectum. However, implanta-
tion of athird eyeforcesonetectum to receiveinput
from two eyesand the terminals segregate into eye-spe-
cificbands®. Exposure of the tectum in these animalsto
NMDA (N -methyl-p-aspartate) receptor antagonists
resultsin desegregation of the eye-specific stripes®, fur-
ther showing the importance of activity-dependent
mechanismsin thisprocess.

Whereastheroleof electrical activity in instructing
theformation of ocular dominance columnsinV1is
not totally clear, thereis convincing evidencethat elec-
trical activity isrequired to maintain them. Just afew
days of monocular lid suture leads to shrinkage of
columnsfrom the closed eye®™. Activity within the target
cellsof thecortex itself regulatesthe direction of this
plastic change. Blocking cortical activity by infusion of
the GABA (y-aminobutyric acid) receptor agonist mus-
cimol® resultsin dominance of cortex by theclosed eye,
aongwith shrinkage of columnsfrom the open eye®®.
In principle, such evidence is in agreement with a
Hebbian modé of strengthening presynaptic inputsthat
are correlated with postsynaptic activity and weakening
of non-correlated inputs. Lon-TERM POTENTIATION (LTP)
and LonG-TERM DEPRESSION (LTD) arepostulated to bethe
cellular correlatesof plasticity in thevisua cortex®%, In
thismodel, NMDA receptorsact asdetectorsof correlat-
ed neural activity. Blockade of NMDA receptorspre-
ventsplasticity commonly associated with monocular
lid suture®”. NMDA-receptor blockade might also
reduce cortical activity nonspecificaly®; however, infus-
ing antisense DNA for NMDA receptor subunit mRNA
into V1 preserves cortical responses while blocking
NMDA-receptor function, and also prevents ocular
dominance plasticity®.

Activity-dependent plasticity might reflect competi-
tion for atrophicfactor that isproduced by thetarget cell
and isonly availablein limited amountsto activeinputs.
Current evidenceindicates that the neurotrophins might
besuch afactor. Decreased retinal activity resultsin a

254 [ APRIL 2001 | VOLUME 2

www.nature.com/reviews/neuro

#2 © 2001 Macmillan Magazines Ltd



REVIEWS

ORIENTATION SELECTIVITY
Property of visual cortex
neuronsthat alowsfor the
detection of barsand edges
within visua imagesand the
encoding of their orientations.
Asthecortexisorganized in
columns, neuronsthat belong to
the same column sharethe same
orientation tuning.

decreasein theexpression of brain-derived neurotrophic
factor (BDNF)™™ and blockade of BDNF receptorspre-
ventsocular dominance column formation™. Neuro-
trophinsareaso known to havelaminae-specific effects
on dendritic remodélling™. Intriguingly, theinfusion of
BDNF into thevisual cortex of monocularly deprived
kittens actually resultsin ashift in ocular dominance
towardsthe closed eye™, similar to theeffect of increas-
ing cortical inhibition mentioned above. Thereisaccu-
mulating evidenceto indicatealink between BDNF, the
maturation of inhibition and thecritical period for ocu-
lar dominance plasticity (FIG.1). The maturation of inhi-
bition lagsbehind excitation and, in ferrets, thereisa
late peak in GABA neuron density™ that correlateswith
theend of thecritical period for monocular depriva-
tion. Rearing animals in complete darkness delays
both theend of thecritica period and the maturation of
GABA-mediated inhibition” 8. BDNF has been shown
to promote GABA release from cortical synaptosomes’™.
In transgenic mice that overexpressBDNF, thereisan
accderated rate of maturation of the GABA system; this
isaccompanied by an earlier than normal end to the
critical period®®, Conversely, in transgenic mice with
reduced GABA function thereisno endogenouscritical
period®. However, acritica period can beinduced at
any age by artificially enhancing GABA-mediated inhi-
bition”. Other work has suggested that a switch in
NMDA receptor subunitsfrom NR2B to NR2A might
also beinvolved®. Itisvery likely that several of these
factorswork in concert to regulate ocular dominance
plasticity (FIG. 1).

In the somatosensory cortex of therodent, thereis
also an early critical period during which whisker
removal preventstheformation of cortica barrels*. As
in thevisud system, thereisacorrelation between this
susceptibility to peripheral influencesand the ability to
induce LTP and LTD in the thalamocortica projec-
tion®®, Thereisaso adevelopmental increasein the
proportion of cellsexpressing the NR2A receptor sub-
unit during thisperiod®. Interestingly, whereasearlier
work had suggested that activity might havelittlerolein
barrel formation N barrelsform even when peripher-
a® or cortical activity isblocked® N recent work with
transgenic mice lacking cortical NMDA receptorsindi-
catesthat NMDA receptorsareindeed crucial for the
formation of barrels®.

NMDA receptors, at least in the cortex of adult cats
and kittens in vivo, are often engaged at resting mem-
brane potentialsand contribute significantly to cortical
responsesto natural stimuli®®%, It istherefore possible
that thecrucid role of NMDA receptorsin theearly pat-
terning of thalamocortical inputsin both thevisud and
Ssomatosensory cortex isprimarily to flux cacium rather
than to detect correlated activity. If so, activity might be
permissivefor the development of thalamocortica pat-
terns, including ocular dominance columnsin V1 and
barrelsin somatosensory cortex. That is, the presence of
activity and of activity-dependent factors (such asneuro-
trophins) areimportant for the maintenance, and prob-
ably theinitia development, of these patterns, but the
specific corrdations of inputs might belessimportant.

It hasbeen suggested that ocular-dominance devel-
opment and plasticity are separate processes*®, so that
thecritica period for plasticity followsthe early estab-
lishment of ocular dominance columns (FIG. 1).
Validating this theory requires proof that the early
manipulation of activity hasno effect on ocular domi-
nance development. One study that involved very early
monocular deprivation indeed showed no effect on eye-
specific driving of cortical responsesthrough thefirst
threeweeks, followed by areduction in driving by the
closed eye®?. These dataare also compatiblewith the
ideathat the development and plasticity of ocular dom-
inance columnsare partsof the same process. Activity
in the thalamocortical loop alowstheinitial develop-
ment of ocular dominance columns, whereas visua
inputsare ableto provide sufficient drivelater® and
bring on thecritica period for plasticity.

Intracortical connections. ORIENTATION SELECTIVITY S Creat-
ed in V1by aligned thalamic inputs® whose activity is
amplified by loca intracortical connections®®%,
Orientation selectivity ispresent in V1 of primatesat
birth%, and to adegreein catsand ferretsat or before
thetime of natura eye opening (FIG. 1), dthough selec-
tivity increaseswith visua experience”™®, Short-term
binocular deprivation impairs, but doesnot completely
prevent, the maturation of orientation-selective
responsesi®®% whereas prolonged deprivation leadsto
aprogressive deterioration of specific receptive-field
properties'®1o4,

Orientation-selective cellsin V1 arelinked by hori-
zonta intracortical connections in the superficial
layers'® to form an orientation map'®. The adult pat-
tern of clustered horizontal connectionsispresent at
birth in primates'”. In catsand ferrets, crude clusters
appear just before eye opening and arerefined after the
onset of vision'®2; hinocular deprivation prevents
thisrefinement!, The orientation map, revealed by
optica imaging of intrinsic Signals, developsin parale
with the development of orientation selectivity in Sin-
glecells, starting with amap that showslower signal
strength but well-developed size, location and periodic-
ity of orientation domains that remain remarkably
constant as development proceeds'?. Short-term
binocular suturedoesnot ater the normal layout of
orientation maps°2!!3 however, long-term binocular
sutureinducesaprogressvedeterioration of the map®.
In cat area18 or V2, oneweek of monocular lid suture
after orientation mapshave already formed disrupts
the map from the closed eye; reverselid suturerestores
the map precisey. In addition, matching orientation
mapsfor thetwo eyesdevelop even in catsraised under
areverse-suture paradigm from before the naturd time
of eye opening, so that the two eyesnever had common
visual experience!. Together, these studiesindicate
that, athough visud experienceisnecessary for orien-
tation selectivity and mapsto fully mature, the emer-
gence of orientation-selective responsesin single cells
and theoveral layout of the orientation map doesnot
require patterned vision. At the same time, infusion of
the sodium channel blocker tetrodotoxin (TTX) into
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Box 1 | Redirecting afferent axons

Schneider® first showed that neonatal lesions of specific subcortical structures in
hamsters could cause retinal axons to innervate targets that they do not normally
innervate. Since then, cross-modal rewiring has been obtained in several different
preparations and between different sensory modalities*®%. Sur et al.** induced retinal
axons to innervate the auditory thalamus in the ferret, a carnivore that has a highly
organized visual pathway and is born at a very early stage in development, so that cross-
modal plasticity can be induced by neonatal (rather than in utero) surgery. Furthermore,
the routing of retinal projections to the auditory pathway can be induced extremely early
in development, allowing one to probe the role of patterned activity in the establishment
(and not simply maintenance) of response features and cortical circuitry.

In normal ferrets (a), the retina projects predominantly to the lateral geniculate
nucleus (LGN) and superior colliculus (blue pathway). The LGN projects to the primary
visual cortex. The medial geniculate nucleus (MGN) receives most of its subcortical
afferents from the ipsilateral inferior colliculus (red pathway), although afferent
projections also arise from the contralateral inferior colliculus (red dashed line) as well as
from other ipsi- and contralateral brainstem nuclei (not shown). The MGN projects to
the primary auditory cortex.

Extensive neonatal deafferentation of the MGN (b) induces retinal axons to innervate
the MGN®¥®%, This lesion is accomplished by unilaterally destroying the brachium of
the inferior colliculus, which conveys ipsilateral inputs from the inferior colliculus to the
MGN, along with a lesion of the superior colliculus down to the deep layers, which
carries inputs from the contralateral inferior colliculus. Alternatively, the same effect can
be obtained by lesioning the inferior colliculus bilaterally. There is a positive correlation
between the degree of deafferentation and the extent of rewiring. However, ablation of
normal visual targets is neither sufficient nor necessary to induce rewiring. In addition to
deafferentation, the factors that influence the ability of retinal axons to invade a novel

a Normal

Auitory cortex

Visual cortex

Superior
colliculus

Inferior
colliculi

b Rewired
Visually responsive
uditory cortex

Visual coriex

target include the expression of repulsive membrane-bound molecules such as the ephrins'® and possibly attractant molecules or diffusible factors.

The novel retino-MGN projection arises from most, if not all, RETINAL GANGLION CELL TYPES, including cells with small somata and fine axons

139161 and cells

with the largest axon calibre normally encountered in the optic tract'®. Electrophysiological recordings indicate that the novel projection is functional, as
cells in the MGN of adult ‘rewired’ ferrets are visually responsive, as are cells in the main cortical target of the MGN — the primary auditory cortex or Al
(REF 162). Activity in visual afferents has a very different spatial and temporal structure than activity in auditory afferents. So, visual input is relayed from
the MGN to auditory cortex via thalamocortical projections whose physical identity is unchanged but that provide spatiotemporal patterns of electrical

activity to auditory cortex that are very different from normal.

V1 reduceshoth orientation tuning of single cells'® and
clustering of horizontal connections'’. Thus, sponta-
neousactivity in cortex or in the thalamocortica loop
isimportant for theinitia establishment of local and
long-rangeintracortica connections.

The role of patterned electrical activity

Most experimentson therole of activity in the visual
pathway haveinvolved reductionsin activity N for
example, by lid suture or by intraocular injection of
TTX. These studieshave thereforelargely examined
the effect of manipulating the amount of activity on
cortical networks. Furthermore, it isnow clear that in
many experiments the manipulation wasinitiated after
ocular dominanceor orientation columnshad aready
formed. Therefore, these studies examined the effect of
the manipulation on the maintenance of columns
rather than on their initial establishment. Few experi-
ments have examined theinfluence of the pattern of
activity on cortica network development and mainte-

RETINAL GANGLION CELLS
Thethreemain classes of retina
ganglion cellsin carnivoresare:
X cells, which have the smallest
receptivefields, Y cells,which
havelarger receptivefields, and
W cdlls, which have
heterogeneousproperties.

nance. Such manipulationsincludeartificial strabis-
mus, optic nerve stimulation, specific rearing para-
digms such as stripe-rearing, and routing of visual
projectionsto the auditory pathway.
Strabismusrefersto misalignment of thetwo eyes)
optica axes, whereby theimageson the two retinae can-
not bebrought into register. Asaresult, activity from cor-

responding retind loci in thetwo eyesareno longer tem-
poraly correlated, dthough thetotd amount of activity
that reachesthe cortex viaeach eyeisequd and probably
similar to that in normal animals. Artificially induced
strabismus causes neurons in V1 to become almost
exclusively monocular®®18, Ocular-dominance columns
aremoresharply ddineated™® and have dtered spacing'®
ascompared with normal animas. Long-rangehorizon-
ta connectionswithin the superficid layersof V1aredso
affected. Whereasin normal catsthese connectionsclus-
ter to link regionswith Smilar orientation preferencebut
do not dign with ocular dominance columns'®, the con-
nections cometo link columnswith similar eye domi-
nance'® and orientation preferencein strabismic cats'?.
Thus, correlationsin input activity areused to sharpen
and organize ocular dominance columns'?, and to shape
intrindc horizontd connections.

Evidencethat the temporal pattern of activity hasa
rolein ocular-dominance and orientation development
comes from experimentsin which the optic nerveis
dectrically simulated. Bilatera blockade of retina activ-
ity with TTX in kittens combined with asynchronous
stimulation of the two optic nervescauses cortical cells
to become predominantly monocular, wheress synchro-
nous stimulation increasesthe proportion of binocular
cells'®. Stimulation of an opticnervein ferretsbefore
and just after thetime of naturd eye opening'® disrupts
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Figure 3 | Terminal patterns of subcortical afferents to the dorsal lateral geniculate nucleus and the medial geniculate
nucleus in normal ferrets, and to the medial geniculate nucleus in rewired ferrets. a | Retinabl GN (lateral geniculate nucleus)
projections in normal ferrets. The LGN is shown in the horizontal plane. A, A1 and C are eye-specific dorsal LGN layers. Dashed lines
within the A layers delineate the border between the on and off sublayers. Three main types of retinogeniculate axon are shown:

X axons (red) project to the A layers, Y axons (blue) to layers A and C, and W axons (green) to the C layers only. b | The projections
from the inferior colliculus (IC) to the ventral division of the medial geniculate nucleus (MGv). The MGN is shown in the coronal plane.
Afferents from the IC form terminal clusters (ovals) that align within fibrodendritic lamellae. The lamellar pattern in MGy is due to the
ordered alignment of its relay neurons. ¢ | Retinal projections to the MGv in rewired ferrets. Retinal axons form adjacent but non-
overlapping eye-specific terminal clusters (ovals) that align along the MGv lamellae. (MGd, MGm: dorsal and medial divisions of the

MGN; A, anterior; D, dorsal; M, medial.) (Adapted from REF. 136.)

thedevelopment of orientation and direction selectivity
but doesnot dter orientation maps. Patterned neural
activity isthereforerequired for singlecellsto achieve
their norma adult receptivefield sdectivity. It ispossible
that synchronizing activity in oneoptic nervedid not
dter thelayout of orientation mapsbecansethe stimula-
tion wastoo intermittent and the protocol wasinitiated
relatively latein development, when someorientation
selectiveresponses are aready present and are probably
aready organized in acolumnar fashion'?,

Rearing kittensin avisua environment consisting of
alternating black and white stripes restricts pattern
vision, and seemsto shift theorientation preference of
cortica cdlstowardstheexperienced orientation® (but
see also REF. 128). Although ashift could be caused by a
passivelossof responsesto non-experienced orienta-
tions'®, thereisan expansion of cortica columnsdevoted
to theexperienced orientation'®, indicating an instruc-
tive effect of patterned visual experienceon orientation
sdectivity and theorientation map.

Rewiring cortex. A different paradigm for investigating
theroleof patterned afferent activity in the develop-
ment of cortical circuitry and function isto experimen-
taly redirect afferentsthat carry information about one
sensory moddlity to central targets and pathwaysthat
normally processadifferent sensory modadlity (BOx ).
Rewired ferrets, with retina projectionsinduced to
innervate a novel target N the MGN N provide a
unique paradigm for examining how asensory cortical
areadevelopsunder theinfluence of novel spatiotem-
pora activity patterns. In normal ferrets, retind axons
segregateinto paralle eye-specificlayersin thelr norma
target N the LGN Moreover, axons from on-centre
and off-centreretina ganglion cellsfrom each eyefur-
ther segregateinto on and off sublayerswithin each
eye-specific layer'321* (FiG. 3a). By contrast, within the
ventral division of thenormal MGN (MGv), afferents
from the inferior colliculus form terminal clusters

aligned within fibrodendritic lamellae that each map a
narrow range of sound frequencies®®** (FiG.3b). In the
MGN of rewired ferrets, retinal axonsfrom the two
eyesinitidly overlap but segregate by the third postnatal
week into small eye-specific clustersthat arealigned
within the MGv laméllag™® (FIG. 3¢). Thus, the segrega-
tion of retina axonsinto limited eye-specific domains
isdriven by spontaneousactivity in retinal afferents,
whereasthesize and genera layout of thedomainsis
determined by the cellular configuration of the target.

Retinal ganglion cell axons form focal terminal
arbourswithin the MGN in rewired ferrets'®, leading to
an orderly retinotopic map'®. Receptivefiddsof visud-
ly responsive cellswithin the MGN are monocular and
unorientated'®, similar to their retinal ganglion cell
input. In rewired animals, thelamination and cell dens-
ty of Al appears indistinguishable from normal.
Similarly, the structure of thdamocortica arbourswith-
in Alappearsnot to be affected and isSimilar to norma
MGN axon arbourswithin A1, but different from LGN
axon arbourswithin V1 (FIG.4). Thus, patterned activity
haslittleinfluence on these aspectsof cortex even when
dtered at avery early stagein development.

However, themap of visua spacein rewired A1, the
generation of orientation- and direction-selective
responses, and themap of orientation-selectivecellsall
show theroleof patterned activity in shaping cortical
networks. An orderly two-dimensiona retinotopic map
developsin Al of rewired ferrets?, an areaof cortex that
normally mapsaone-dimensiona surface, the cochlea
(FIG.4). In normal animals, axonsof LGN cellsareorga-
nized anatomicaly within V1 to makeavisud field map
(FIG.4a,b), whereasMGN projectionsto Al areanatomi-
cally narrow dong thevariablefrequency axisbut highly
divergent and convergent along theisofrequency axisto
make a sound frequency map'#? (FIG. 4c). Such
MGNEA1 projection patternsarenot altered in rewired
ferrets314 (AG.4d). Thegeneration of aretinotopic map
in rewired A1, despitewidely dispersed and overlapping
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Figure 4 | Cortical maps and thalamocortical projections in normal and rewired ferrets. a | Top: Schematic of the right retina, with a grid showing the
representation of the right visual field in nasal retina. Retinal locations are marked as C, central; P, peripheral; D, dorsal; V, ventral. Bottom: The left cortex, showing the
locations of V1 and A1. b | Top: The retinotopic map in normal V1. Note that cortex marked D maps dorsal retinal locations or ventral visual fields, whereas cortex marked
V maps ventral retinal locations or dorsal visual fields. Bottom: Schematic diagram of projections from the dorsal lateral geniculate nucleus (LGN) to V1. The LGN is
shown in horizontal section (compare with FIG. 33), so that central retinal locations map medially whereas peripheral locations map laterally; ventral/dorsal retinal locations
project to superior/inferior regions of LGN that extend above and below the plane of section shown here. Thalamic axons arising from eye-specific LGN layers terminate
in the corresponding ocular dominance column in layer IV of V1. ¢ | Top: The representation of the cochlea in normal A1. Low sound frequencies are represented laterally,
whereas high sound frequencies are represented medially in cortex. Bottom: Projections from the ventral division of the medial geniculate nucleus (MGv) to A1 in normal

ferrets. The MGv is shown in coronal section (compare with FIG. 3b). Thalamic axons arising from a small locus in MGv (see FIG. 3b) form several terminal patches (ovals)
that align along anteroposteriorly orientated isofrequency slabs in A1. Thalamocortical axons from individual MGv lamellae project to slabs that represent the same
frequency in A1, and different lamellae project to different isofrequency slabs. d | Top: The retinotopic map in rewired A1 (from REF. 140). Bottom: Projections from the
MGN to A1 in rewired ferrets. Retinotopic projections to the MGv are as shown. The thalamocortical projection pattern in these animals appears similar to that seen in
normal animals (b), and individual axons show the same degree of convergence and divergence®. Thus, a two-dimensional retinotopic map in A1 would require
selection of a subset of synapses along the anteroposterior dimension of A1 in order to generate restricted receptive fields and topographic progression along the

dorsoventral axis of the retina.

ANISOTROPIC

Medium in which physical
propertieshave different values
when measured along axes
orientated in different
directions.

thaamocortica projections, indicatesthat well-locaized
receptivefieldsand their orderly progression are created
by correlation-based mechanismsthat operateintra-
cortically to select and strengthen aspecific subset of
synapsesfrom an anatomicaly available broader set.
Visual cellsin rewired A1 have orientation-tuning,
direction-tuning and velocity-tuning indicesthat are
quantitatively indistinguishablefrom V1 cells', sug-
gesting that Smilar mechanismsoperatein thegenera-
tion of receptivefield propertiesin the two cortices.
Optical imaging of intrinsicsignalsin Al of rewired
ferretsrevedsthat orientation-tuned neuronsare orga-
nized into an orientation map® (FIG. 5b). Similar to the
map in V1 (FIG.5a), themap in rewired Al showsasys-
tematic distribution of orientation domainsaround
singularitiesin apinwhed-likefashion. In addition, the
strength of orientation tuning across the imaged
regionsisnearly identical in the two CortiCes (FIG. 5¢)
and resemblestheorientation tuning of single cells.
However, thereare two differences between the orienta-
tion maps between rewired A1 and V1: orientation
domainswithin V1aresmaller in Sze and show ahigh-
ly regular, spatidly periodic organization'¥’, whereasthe
domainsin rewired Al arelarger on average and are
organized lessperiodically than in V1. Sharp orienta-
tion tuning coupled with alessorderly map in rewired

Alindicate that thesetwo cortica features can develop
independently of each other (comparewith REF. 125).
Thedifferencesin thelayout of the orientation mapsin
V1and rewired Al reflect differencesin theunderlying
organization of superficia layer long-rangehorizonta
connectionsin these two cortices'*6*, In V1, horizontal
connections are spatialy periodic and anisoTroPIC,
extending along a mediolateral axis parallel to the
V1/V2border (FIG.5d). By contrast, horizontal connec-
tionsin normal Al aremoreband-likein organization,
show little spatial periodicity and have an anisotropic
distribution along theisofrequency (anteroposterior)
axis of cortex (FIG. se). Horizonta connections in
rewired Al (F1G.5f) resemble connectionsin V1 more
than thosein normal AL: the connectionsin rewired A1
form much smaller and moreregular patchesthan in
norma Al, athough the patchesarelarger in sSizethan
in V1. So, horizontal connectionswithin cortex are
shaped significantly by input activity.

Rewired ferretsalso provide aunique opportunity
for examining whether thebehaviourd roleof acortical
areaisset by intrinsic determinantsor by the pattern of
afferent activity during development. If the perceptua
modality of acortica areaweredetermined intrinscally
and independent of afferents, then ferretswould per-
ceivevisuad activation of therewired auditory cortex as
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Figure 5 | Orientation maps and horizontal connections in V1 of normal ferrets and in A1 of rewired ferrets. a | Orientation map in normal V1. Top: Lateral view
of the ferret brain showing the location of the imaged region (blue). Optical imaging of intrinsic signals'® was carried out by illuminating the cortex with light of 610 nm
and obtaining images of the cortex while stimuli (gratings of different orientations) were shown to the animal. Neurons that respond selectively to a particular grating
orientation cluster in iso-orientation domains, and the use of oxygen in these domains causes them to appear as dark spots in the single orientation images'®. Images
obtained in response to a range of equally spaced stimulus orientations (typically eight) are used to compute a vector average at each pixel of the responses and yield a
composite map of the angle of orientation preference. Bottom: The orientation map in V1. Colour bar: key used for representing different orientations. Scale bar: 0.5 mm.
b | Orientation map in rewired A1. Top: Location of the imaged region (red). Bottom: Orientation map obtained in similar fashion as the map shown in (a). Single
orientation domains are organized quasi-periodically, and different domains are arranged in pinwheel-like fashion around singularities. Scale bar: 0.5 mm. ¢ | Cumulative
distributions of the magnitude of the orientation vector of pixels in normal V1 (blue; n= 3) and rewired A1 (red; n= 4) maps. Light thin traces indicate individual cases,
thick traces indicate means. The orientation vector magnitude represents the strength of orientation tuning at each pixel in the cortex and is a measure of the degree of
orientation selectivity. d=f | Distribution of retrogradely labelled cells in the superficial layers of cortex following injection of tracer in normal V1, normal A1 and rewired
A1. Asterisks indicate injection site centres. Colour bar underneath e shows cell density, ranging from <1 cell per mm? to >140 cells per mm?, and applies to d and f as
well. Scale bars: 500 um. (A, anterior; L, lateral; M, medial; P, posterior.) (Adapted with permission from REF. 146 © (2000) Macmillan Magazines Ltd.)

an auditory stimulus. Conversely, if the modality were
determined by afferent activity, visua inputswould be
perceived assuch. Ferretswererewired in onehemi-
sphereand weretrained in aforced-choicetask to asso-
ciateonereward location with avisua stimuluspresent-
ed to their normal hemisphere and adifferent location
with an auditory stimulus*. Subsequently, visua stim-
uli were presented only to the rewired hemisphere
under three successive conditions. With both thenor-
mal retinaBLGN and rewired retinaBDMGN pathways
intact, animals associated visual stimuli with aresponse
at thevisual reward location. With thevisua thaamus,
including the LGN and adjacent thalamic nuclei,

lesioned but theretinaBMGN pathway intact, animals
still associated visud stimuli with thevisua (and not the
auditory) reward location. Finally, animalswith the
rewired auditory cortex aso lesioned werefunctionaly
blind in the rewired hemisphere and responded at
chancelevelsat either location. Severa control experi-
ments supported the conclusion that rewired ferrets
interpret visua stimuli that activate the rewired projec-
tion asvisud rather than asauditory. Smilarly, rewired
hamstersare able to use ectopic pathwaysfrom thereti-
nathrough the thalamusto mediate visua discrimina-
tions™™. Rewired ferrets can distinguish different spatial
frequenciesof visual gratingswith therewired projec-

NATURE REVIEWS | NEUROSCIENCE

VOLUME 2 [ APRIL 2001 [ 259

#2 © 2001 Macmillan Magazines Ltd



REVIEWS

tion, athough the acuity of the projection islessthan
that of thenorma visua pathway'®.

Everything the cortex knows about the external
world iscontained in the spatiotempord activity of its
afferents. These experiments show that the perceptual
modality of acortical areacan beinstructed by the pat-
tern of activity in thalamocortical projectionswithout
atering the connections themselves'®. One way in
which therewired auditory cortex could mediate avisu-
a responseisthrough the development of new connec-
tions between the rewired Al and subcortical brain
regions. It isalso possible that all GuditoryGpathways
central to thethalamusin therewired hemisphereare
made GisualQincluding the cortex and downstream
structures, with aconcomitant respecification of their
perceptual identity.

Conclusions

Experimentsin ferretswith visual projectionsdirected
to the auditory pathway have addressed whether the
pattern of activity hasan instructiverolein the estab-
lishment of cortica networks. Many experimentson the
influence of activity on cortical development have
involved reductionsin activity (by lid sutureor activity
blockade) and hence cannot address the issue of
instruction by patterned activity. Other studieshave
usad manipulationsthat start latein development, after
propertiessuch asorientation selectivity or even ocular
dominanceareaready in place, and hence addressthe
roleof activity in the maintenance of networksrather

that correlated activity can create eye-specific stripes,
orientation selectivity and orientation maps. That is,
each of thesefeaturesof V1 can, in principle, be con-
structed by activity-dependent mechanismsalone. In
the normal brain, of course, activity acts alongside
intrindc cuestha guide development.

Cortical development involves shaping the fate of
the cortical epithelium into discrete cortical areaswith
specificinputs, outputs and networks. Thisinvolvesa
continuousinterplay of intrinsic and extrinsic factors
at all stages of development N at the ventricular zone
during neurogenesis, in the cortica plate during par-
cellation of cortical areasand within the cortex during
formation and maintenance of cortical networks.
Specifically, we suggest that there are continual inter-
actions between the thalamus and cortex in shaping
thesefeatures. The nature of extrinsic signalswould
vary with developmentd time. These signas probably
includediffusiblefactorsin theventricular zone that
influence theformation of layers, trophic or permis-
sive electrical signalsin early areaformation, and
instructive electrical signalsin late network develop-
ment that persist into adulthood as substrates for
learning and memory.

&) Links
DATABASE LINKS bFGF | Latexin | Tbr-11 Cad61 Cadl11
COUP-TF11 CHLI11Gbx2| Mashl | Pax61 Emx2|

ephrin-A2 | ephrin-A5 | BDNF | NR2B | NR2A
ENCYCLOPEDIA OF LIFE SCIENCES Cerebral cortex

than in thelr establishment. i
Rewired ferretsand @hree-eyed(frogs demonstrate

Rakic, P. Specification of cerebral cortical areas. Science

express phenotype memory. Development 124, 1623D1630

development | Cortex plasticity: use-dependent
remodelling

somatosensory thalamus.

241, 170D176 (1988). (1997). 22. Pinaudeau, C., Gaillard, A. & Roger, M. Stage of

2. O(T)eary, D. D. Do cortical areas emerge from a protocortex? 12. Dehay, C., Giroud, P., Berland, M., Smart, |. & Kennedy, H. specification of the spinal cord and tectal projections from
Trends Neurosci. 12, 400B406 (1989). Modulation of the cell cycle contributes to the parcellation of cortical grafts. Eur. J. Neurosci. 12, 248682496 (2000).

3. Angevine, J. B. & Sidman, R. L. Autoradiographic study of the primate visual cortex. Nature 366, 464D466 (1993). 23. Arimatsu, Y. et al. Early regional specification for a molecular
cell migration during histogenesis of cerebral cortex in the 13. Polleux, F., Dehay, C., Moraillon, B. & Kennedy, H. neuronal phenotype in the rat neocortex. Proc. Nat/ Acad.
mouse. Nature 192, 766E¥68 (1961). Regulation of neuroblast cell-cycle kinetics plays a crucial Sci. USA 89, 8879E8883 (1992).

4. Rakic, P. Neurons in rhesus monkey visual cortex: role in the generation of unique features of neocortical areas. 24. Bulfone, A. et al. T-brain-1: a homolog of Brachyury whose
systematic relation between time of origin and eventual J. Neurosci. 17, 776367783 (1997). expression defines molecularly distinct domains within the
disposition. Science 183, 4250427 (1974). 14. Dehay, C., Savatier, P, Cortay, V. & Kennedy, H. Cell-cycle cerebral cortex. Neuron 15, 63878 (1995).

5. Luskin, M. B. & Shatz, C. J. Neurogenesis of the cat®primary kinetics of neocortical precursors are influenced by 25. Nakagawa, Y., Johnson, J. E. & OQeary, D. D. Graded and
visual cortex. J. Comp. Neurol. 242, 6118631 (1985). embryonic thalamic axons. J. Neurosci. 21, 2018214 (2001). areal expression patterns of regulatory genes and cadherins

6. Luskin, M. B., Peariman, A. L. & Sanes, J. R. Cell lineage in 15.  Rubenstein, J. L. et al. Genetic control of cortical in embryonic neocortex independent of thalamocortical
the cerebral cortex of the mouse studied in vivo and in vitro regionalization and connectivity. Cereb. Cortex 9, 52485632 input. J. Neurosci. 19, 10877D10885 (1999).
with a recombinant retrovirus. Neuron 1, 6358647 (1988). (1999). 26. Liu, Q., Dwyer, N. D. & OQeary, D. D. Differential expression

7. Price, J. & Thurlow, L. Cell ineage in the rat cerebral cortex: 16. Barbe, M. F. & Levitt, P. The early commitment of fetal neurons of COUP-TFI, CHL1, and two novel genes in developing
a study using retroviral-mediated gene transfer. to the limbic cortex. J. Neurosci. 11, 5198633 (1991). neocortex identified by differential display PCR. J. Neurosci.
Development 104, 4730482 (1988). 17.  Cohen-Tannoudiji, M., Babinet, C. & Wassef, M. Early 20, 768287690 (2000).

8. Reid, C. B., Tavazoie, S. F. & Walsh, C. A. Clonal dispersion determination of a mouse somatosensory cortex marker. 27. Miyashita-Lin, E. M., Hevner, R., Wassarman, K. M.,
and evidence for asymmetric cell division in ferret cortex. Nature 368, 460B463 (1994). Martinez, S. & Rubenstein, J. L. Early neocortical
Development 124, 244182450 (1997). 18. Levitt, P, Eagleson, K. L., Chan, A. V., Ferri, R. T. & Lillien, L. regionalization in the absence of thalamic innervation.

9. Desai, A. R. &McConnell, S. K. Progressive restriction in fate Signaling pathways that regulate specification of neurons in Science 285, 906E909 (1999).
potential by neural progenitors during cerebral cortical developing cerebral cortex. Dev. Neurosci. 19, 688 (1997). In Gbx-2 mutant mice, thalamic differentiation is
development. Development 127, 2863E2872 (2000). 19. Nothias, F., Fishell, G. & Ruiz i Altaba, A. Cooperation of disrupted and thalamic axons do not innervate the
Cortical layer IV neurons transplanted into an older intrinsic and extrinsic signals in the elaboration of regional cortex. However, the staining patterns of several
host where layer II/1ll cells were being generated identity in the posterior cerebral cortex. Curr. Biol. 8, region-specific markers in the cortex develop
resulted in the transplanted cells adopting a layer II/1ll 459462 (1998). normally in these mice, suggesting that factors
fate; however, transplantation of layer IV cells into a 20. Gitton, Y., Cohen-Tannoudiji, M. & Wassef, M. Specification intrinsic to the neocortex are responsible for the
younger host where layer VI was being generated did of somatosensory area identity in cortical explants. development of these markers of cortical area.
not adopt a layer VI fate. This suggests that layer IV J. Neurosci. 19, 48894898 (1999). 28. Walther, C. & Gruss, P. Pax-6, a murine paired box gene, is
neurons are multipotent with respect to production of 21. Gaillard, A. & Roger, M. Early commitment of embryonic expressed in the developing CNS. Development 113,
more superficial layers but cannot be induced to neocortical cells to develop area-specific thalamic 1435D1449 (1991).
adopt a layer VI fate. connections. Cereb. Cortex 10, 4430453 (2000). 29. Stoykova, A. & Gruss, P. Roles of Pax-genes in developing

10. McConnell, S. K. & Kaznowski, C. E. Cell cycle dependence Following transplantation, E16 cortical cells form and adult brain as suggested by expression patterns.
of laminar determination in developing neocortex. Science connections with the thalamic nucleus appropriate for J. Neurosci. 14, 1395D1412 (1994).

254, 282E285 (1991). their region of origin: occipital cortex transplanted to 30. Bishop, K. M., Goudreau, G. & OQeary, D. D. Regulation of

11. Eagleson, K. L., Lilien, L., Chan, A. V. & Levitt, P. the parietal region forms connections with the dorsal area identity in the mammalian neocortex by Emx2 and
Mechanisms specifying area fate in cortex include cell-cycle- lateral geniculate nucleus, whereas parietal cortex Pax6. Science 288, 3448849 (2000).
dependent decisions and the capacity of progenitors to transplanted to the occipital region connects with the 31. Gulisano, M., Broccoli, V., Pardini, C. & Boncinelli, E.

260 | APRIL 2001 | VOLUME 2

#2 © 2001 Macmillan Magazines Ltd

www.nature.com/reviews/neuro



REVIEWS

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

Emx1 and Emx2 show different patterns of expression
during proliferation and differentiation of the developing
cerebral cortex in the mouse. Eur. J. Neurosci. 8,
1037D1050 (1996).

Mallamaci, A. et al. EMX2 protein in the developing mouse
brain and olfactory area. Mech. Dev. 77, 165172 (1998).
Mallamaci, A., Muzio, L., Chan, C. H., Parnavelas, J. &
Boncinelli, E. Area identity shifts in the early cerebral cortex
of Emx2°® mutant mice. Nature Neurosci. 3, 6798686
(2000).

Donoghue, M. J. & Rakic, P. Molecular evidence for the early
specification of presumptive functional domains in the
embryonic primate cerebral cortex. J. Neurosci. 19,
596786979 (1999).

Mackarehtschian, K., Lau, C. K., Caras, I. & McConnell, S. K.
Regional differences in the developing cerebral cortex
revealed by ephrin-A5 expression. Cereb. Cortex 9,
6018610 (1999).

Vanderhaeghen, P. et al. A mapping label required for
normal scale of body representation in the cortex. Nature
Neurosci. 3, 3588865 (2000).

Huffman, K. J. et al. Formation of cortical fields on a reduced
cortical sheet. J. Neurosci. 19, 993989952 (1999).
Marsupials provide an excellent model for studying
cortical development. These animals are born very
early in development, before the differentiation of the
cortical plate and thalamic innervation. Early cortical
ablation reduced the size of the cortical sheet but still
resulted in normal spatial relationships between
visual, somatosensory and auditory cortices.

Gitton, Y., Cohen-Tannoudji, M. & Wassef, M. Role of
thalamic axons in the expression of H-2Z1, a mouse
somatosensory cortex specific marker. Cereb. Cortex 9,
6118620 (1999).

Arimatsu, Y., Ishida, M., Takiguchi-Hayashi, K. & Uratani, Y.
Cerebral cortical specification by early potential restriction of
progenitor cells and later phenotype control of postmitotic
neurons. Development 126, 6298638 (1999).

Barbe, M. F. & Levitt, P. Attraction of specific thalamic input
by cerebral grafts depends on the molecular identity of the
implant. Proc. Nat/ Acad. Sci. USA 89, 370688710 (1992).
Schlaggar, B. L. & O®eary, D. D. Potential of visual cortex to
develop an array of functional units unique to
somatosensory cortex. Science 252, 155601560 (1991).
Barbe, M. F. & Levitt, P. Age-dependent specification of the
corticocortical connections of cerebral grafts. J. Neurosci.
15, 1819D1834 (1995).

Rakic, P, Suner, I. & Wiliams, R. W. A novel
cytoarchitectonic area induced experimentally within the
primate visual cortex. Proc. Natl Acad. Sci. USA 88,
2083E2087 (1991).

Dehay, C., Giroud, P, Berland, M., Killackey, H. & Kennedy,
H. Contribution of thalamic input to the specification of
cytoarchitectonic cortical fields in the primate: effects of
bilateral enucleation in the fetal monkey on the boundaries,
dimensions, and gyrification of striate and extrastriate
cortex. J. Comp. Neurol. 367, 70889 (1996).

Windrem, M. S. & Finlay, B. L. Thalamic ablations and
neocortical development: alterations of cortical
cytoarchitecture and cell number. Cereb. Cortex 1, 230E240
(1991).

Clasca, F., Angelucci, A. & Sur, M. Layer-specific programs
of development in neocortical projection neurons. Proc. Natl
Acad. Sci. USA 92, 11145B11149 (1995).

Marotte, L. R., Leamey, C. A. & Waite, P. M. Timecourse of
development of the wallaby trigeminal pathway: IIl.
Thalamocortical and corticothalamic projections. J. Comp.
Neurol. 387, 194£214 (1997).

Rakic, P. Prenatal genesis of connections subserving ocular
dominance in the rhesus monkey. Nature 261, 4678471
(1976).

Crowley, J. C. & Katz, L. C. Early development of ocular
dominance columns. Science 290, 132161324 (2000).
Crair, M. C., Horton, J. C., Antonini, A. & Stryker, M. P.
Emergence of ocular dominance columns in cat visual cortex
by 2 weeks of age. J. Comp. Neurol. 430, 235E249 (2001).
Crowley, J. C. & Katz, L. C. Development of ocular
dominance columns in the absence of retinal input. Nature
Neurosci. 2, 112561130 (1999).

Patchy arbourizations of thalamic afferents,
reminiscent of ocular dominance columns, were
found to be present in layer IV of the visual cortex in
binocularly enucleated ferrets, suggesting that these
might be set up by endogenous mechanisms. The
actual nature of the relationship of these arbours to
normal adult ocular dominance columns remains to
be determined.

Crair, M. C., Gillespie, D. C. & Stryker, M. P. The role of visual
experience in the development of columns in cat visual
cortex. Science 279, 5668670 (1998).

The early development of ocular dominance and
orientation maps in the visual cortex of cats was

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

found to be independent of visual experience.
However, visual experience during the critical period
for cortical plasticity was found to be necessary for
their maintenance.

Miller, K. D., Keller, J. B. & Stryker, M. P. Ocular dominance
column development: analysis and simulation. Science 245,
6058615 (1989).

Turing, A. M. The chemical basis of morphogenesis. Phil.
Trans. R. Soc. Lond. B 237, 23E¥2 (1952).

Galli, L. & Maffei, L. Spontaneous impulse activity of rat
retinal ganglion cells in prenatal life. Science 242, 90E91
(1988).

Meister, M., Wong, R. O., Baylor, D. A. & Shatz, C. J.
Synchronous bursts of action potentials in ganglion cells of
the developing mammalian retina. Science 252, 939£943
(1991).

Mooney, R., Penn, A. A., Gallego, R. & Shatz, C. J. Thalamic
relay of spontaneous retinal activity prior to vision. Neuron
17, 8636874 (1996).

Weliky, M. & Katz, L. C. Correlational structure of
spontaneous neuronal activity in the developing lateral
geniculate nucleus in vivo. Science 285, 5998604 (1999).
Constantine-Paton, M. & Law, M. |. Eye-specific termination
bands in tecta of three-eyed frogs. Science 202, 6398641
(1978).

Cline, H. T., Debski, E. A. & Constantine-Paton, M.
N-methyl-o-aspartate receptor antagonist desegregates
eye-specific stripes. Proc. Natl Acad. Sci. USA 84,
4342P4345 (1987).

Antonini, A. & Stryker, M. P. Rapid remodeling of axonal
arbors in the visual cortex. Science 260, 181991821 (1993).
Reiter, H. O. & Stryker, M. P. Neural plasticity without
postsynaptic action potentials: less-active inputs become
dominant when kitten visual cortical cells are
pharmacologically inhibited. Proc. Nat! Acad. Sci. USA 85,
362368627 (1988).

Hata, Y. & Stryker, M. P. Control of thalamocortical afferent
rearrangement by postsynaptic activity in developing visual
cortex. Science 265, 1732D1755 (1994).

Hata, Y., Tsumoto, T. & Stryker, M. P. Selective pruning of
more active afferents when cat visual cortex is
pharmacologically inhibited. Neuron 22, 3758881 (1999).
Kirkwood, A., Lee, H. K. & Bear, M. F. Co-regulation of long-
term potentiation and experience-dependent synaptic
plasticity in visual cortex by age and experience. Nature
375, 328E831 (1995).

Kirkwood, A., Rioult, M. C. & Bear, M. F. Experience-
dependent modification of synaptic plasticity in visual cortex.
Nature 381, 5268628 (1996).

Kleinschmidt, A., Bear, M. F. & Singer, W. Blockade of
®IMDAGeceptors disrupts experience-dependent plasticity
of kitten striate cortex. Science 238, 3556858 (1987).

Miller, K. D., Chapman, B. & Stryker, M. P. Visual responses
in adult cat visual cortex depend on N-methyl-o- aspartate
receptors. Proc. Natl Acad. Sci. USA 86, 5183E6187
(1989).

Roberts, E. B., Meredith, M. A. & Ramoa, A. S. Suppression
of NMDA receptor function using antisense DNA block
ocular dominance plasticity while preserving visual
responses. J. Neurophysiol. 80, 102191032 (1998).

Rossi, F. M., Bozzi, Y., Pizzorusso, T. & Maffei, L. Monocular
deprivation decreases brain-derived neurotrophic factor
immunoreactivity in the rat visual cortex. Neuroscience 90,
363E868 (1999).

Lein, E. S. & Shatz, C. J. Rapid regulation of brain-derived
neurotrophic factor mRNA within eye-specific circuits during
ocular dominance column formation. J. Neurosci. 20,
147081483 (2000).

Cabelli, R. J., Shelton, D. L., Segal, R. A. & Shatz, C. J.
Blockade of endogenous ligands of trkB inhibits formation of
ocular dominance columns. Neuron 19, 638Y6 (1997).
McAllister, A. K., Katz, L. C. & Lo, D. C. Opposing roles for
endogenous BDNF and NT-3 in regulating cortical dendritic
growth. Neuron 18, 7676778 (1997).

Galuske, R. A., Kim, D. S., Castren, E. & Singer, W.
Differential effects of neurotrophins on ocular dominance
plasticity in developing and adult cat visual cortex. Eur. J.
Neurosci. 12, 331588330 (2000).

Gao, W. J., Newman, D. E., Wormington, A. B. & Pallas, S.
L. Development of inhibitory circuitry in visual and auditory
cortex of postnatal ferrets: immunocytochemical localization
of GABAergic neurons. J. Comp. Neurol. 409, 261£273
(1999).

Issa, N. P, Trachtenberg, J. T., Chapman, B., Zahs, K. R. &
Stryker, M. P. The critical period for ocular dominance
plasticity in the ferret@visual cortex. J. Neurosci. 19,
696586978 (1999).

Fagiolini, M. & Hensch, T. K. Inhibitory threshold for critical-
period activation in primary visual cortex. Nature 404,
183b186 (2000).

In transgenic mice lacking an isoform of the synthetic
enzyme for the inhibitory neurotransmitter GABA

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

(y-aminobutyric acid), there is no critical period for
sensitivity to monocular deprivation. Using
benzodiazepines to enhance inhibition by GABA, this
study showed that a threshold level of inhibition is
required to trigger a critical period for cortical
plasticity.

Benevento, L. A., Bakkum, B. W. & Cohen, R. S. Gamma-
aminobutyric acid and somatostatin immunoreactivity in the
visual cortex of normal and dark-reared rats. Brain Res. 689,
172D182 (1995).

Sala, R. et al. Nerve growth factor and brain-derived
neurotrophic factor increase neurotransmitter release in the
rat visual cortex. Eur. J. Neurosci. 10, 2185E2191 (1998).
Hanover, J. L., Huang, Z. J., Tonegawa, S. & Stryker, M. P.
Brain-derived neurotrophic factor overexpression induces
precocious critical period in mouse visual cortex.

J. Neurosci. 19, RC40 (1999).

Huang, Z. J. et al. BDNF regulates the maturation of
inhibition and the critical period of plasticity in mouse visual
cortex. Cell 98, 739E¥55 (1999).

Hensch, T. K. et al. Local GABA circuit control of
experience-dependent plasticity in developing visual cortex.
Science 282, 1504D1508 (1998).

Quinlan, E. M., Philpot, B. D., Huganir, R. L. & Bear, M. F.
Rapid, experience-dependent expression of synaptic NMDA
receptors in visual cortex in vivo. Nature Neurosci. 2,
3528857 (1999).

Van der Loos, H. & Woolsey, T. A. Somatosensory cortex:
structural alterations following early injury to sense organs.
Science 179, 3956898 (1973).

Crair, M. C. & Malenka, R. C. A critical period for long-term
potentiation at thalamocortical synapses. Nature 375,
3256828 (1995).

Isaac, J. T., Crair, M. C., Nicoll, R. A. & Malenka, R. C. Silent
synapses during development of thalamocortical inputs.
Neuron 18, 269E280 (1997).

Flint, A. C., Maisch, U. S., Weishaupt, J. H., Kriegstein, A. R.
& Monyer, H. NR2A subunit expression shortens NMDA
receptor synaptic currents in developing neocortex.

J. Neurosci. 17, 2469E2476 (1997).

Henderson, T. A., Woolsey, T. A. & Jacquin, M. F. Infraorbital
nerve blockade from birth does not disrupt central trigeminal
pattern formation in the rat. Brain Res. Dev. Brain Res. 66,
146D152 (1992).

Chiaia, N. L., Fish, S. E., Bauer, W. R., Bennett-Clarke, C. A.
& Rhoades, R. W. Postnatal blockade of cortical activity by
tetrodotoxin does not disrupt the formation of vibrissa-
related patterns in the rat@®somatosensory cortex. Brain
Res. Dev. Brain Res. 66, 2448250 (1992).

Iwasato, T. et al. Cortex-restricted disruption of NMDAR1
impairs neuronal patterns in the barrel cortex. Nature 406,
7268731 (2000).

A cortex-specific deletion of a critical subunit of the
NMDA (N-methyl-o-aspartate) receptor has
demonstrated that cortical NMDA receptor activity is
required for the formation of whisker-related barrels
in the somatosensory cortex of mice. Interestingly,
presynaptic thalamic axons cluster to form a whisker-
related pattern and can undergo structural plasticity
in the absence of NMDA receptor activity, although
the patterning and boundaries between barrels is not
as well defined as in normal animals.

Fox, K., Sato, H. & Daw, N. The location and function of
NMDA receptors in cat and kitten visual cortex. J. Neurosci.
9, 2443E0454 (1989).

Rivadulla, C., Sharma, J. & Sur, M. Specific roles of NMDA
and AMPA receptors in direction-selective and spatial
phase-selective responses in visual cortex. J. Neurosci.
21,1710B1719 (2001).

Ferster, D. & Miller, K. D. Neural mechanisms of orientation
selectivity in the visual cortex. Annu. Rev. Neurosci. 23,
4418471 (2000).

Douglas, R. J. & Martin, K. A. A functional microcircuit for
cat visual cortex. J. Physiol. 440, 7358769 (1991).

Somers, D. C., Nelson, S. B. & Sur, M. An emergent model
of orientation selectivity in cat visual cortical simple cells.

J. Neurosci. 15, 5448E5465 (1995).

Wiesel, T. N. & Hubel, D. H. Ordered arrangement of
orientation columns in monkeys lacking visual experience.
J. Comp. Neurol. 158, 307£818 (1974).

Imbert, M. & Buisseret, P. Receptive field characteristics and
plastic properties of visual cortical cells in kittens reared with or
without visual experience. Exp. Brain Res. 22, 25886 (1975).
Blakemore, C. & Van Sluyters, R. C. Innate and
environmental factors in the development of the kitten®
visual cortex. J. Physiol. (Lond.) 248, 663716 (1975).
Albus, K. & Wolf, W. Early post-natal development of
neuronal function in the kitten@visual cortex: a laminar
analysis. J. Physiol. (Lond.) 348, 153185 (1984).
Chapman, B. & Stryker, M. P. Development of orientation
selectivity in ferret visual cortex and effects of deprivation.

J. Neurosci. 13, 525185262 (1993).

NATURE REVIEWS | NEUROSCIENCE

#2 © 2001 Macmillan Magazines Ltd

VOLUME 2 [ APRIL 2001 | 261



REVIEWS

10

=

102.

108.

104,

105.

106.

107.

108

109.

110.

11

112.

113.

114.

1

116.

117,

118.

119.

120.

12

=

12

12

124.

©

o

N

]

. Pettigrew, J. D. The effect of visual experience on the

development of stimulus specificity by kitten cortical
neurons. J. Physiol. (Lond.) 237, 49874 (1974).

Sherman, S. M. & Spear, P. D. Organization of visual
pathways in normal and visually deprived cats. Physiol. Rev.
62, 738E755 (1982).

Fregnac, Y. & Imbert, M. Development of neuronal selectivity
in primary visual cortex of cat. Physiol. Rev. 64, 3250434
(1984).

Mower, G. D., Caplan, C. J., Christen, W. G. & Duffy, F. H.
Dark rearing prolongs physiological but not anatomical
plasticity of the cat visual cortex. J. Comp. Neurol. 235,
448B466 (1985).

Gilbert, C. D. & Wiesel, T. N. Columnar specificity of intrinsic
horizontal and corticocortical connections in cat visual
cortex. J. Neurosci. 9, 2432E2442 (1989).

Bonhoeffer, T. & Grinvald, A. Iso-orientation domains in cat
visual cortex are arranged in pinwheel-like patterns. Nature
353, 429P431 (1991).

Coogan, T. A. & Van Essen, D. C. Development of
connections within and between areas V1 and V2 of
macaque monkeys. J. Comp. Neurol. 372, 327E842 (1996).
Callaway, E. M. & Katz, L. C. Emergence and refinement of
clustered horizontal connections in cat striate cortex.

J. Neurosci. 10, 11341153 (1990).

Durack, J. C. & Katz, L. C. Development of horizontal
projections in layer 2/3 of ferret visual cortex. Cereb. Cortex
6, 178D183 (1996).

Ruthazer, E. S. & Stryker, M. P. The role of activity in the
development of long-range horizontal connections in area
17 of the ferret. J. Neurosci. 16, 725387269 (1996).

. Callaway, E. M. & Katz, L. C. Effects of binocular deprivation

on the development of clustered horizontal connections in
cat striate cortex. Proc. Natl Acad. Sci. USA 88, 7458749
(1991).

Chapman, B., Stryker, M. P. & Bonhoeffer, T. Development
of orientation preference maps in ferret primary visual cortex.
J. Neurosci. 16, 644386453 (1996).

Godecke, ., Kim, D. S., Bonhoeffer, T. & Singer, W.
Development of orientation preference maps in area 18 of
kitten visual cortex. Eur. J. Neurosci. 9, 1754B1762 (1997).
Kim, D. S. & Bonhoeffer, T. Reverse occlusion leads to a
precise restoration of orientation preference maps in visual
cortex. Nature 370, 370E872 (1994).

Godecke, |. & Bonhoeffer, T. Development of identical
orientation maps for two eyes without common visual
experience. Nature 379, 2518254 (1996).

Normally, the map of orientation-selective cells in

V1 is identical for the two eyes. This study used a
reverse suture paradigm to show that even when the
eyes have never shared visual experience, these
maps are identical. This indicates that correlated
visual input might not be necessary for the alignment
of these maps.

Hubel, D. H. & Wiesel, T. N. Binocular interaction in striate
cortex of kittens reared with artificial squint. J. Neurophysiol.
28, 1041D1059 (1965).

Crawford, M. L. & von Noorden, G. K. The effects of short-
term experimental strabismus on the visual system in
Macaca mulatta. Invest. Ophthalmol. Vis. Sci. 18, 4968605
(1979).

Van Sluyters, R. C. & Levitt, F. B. Experimental strabismus in
the kitten. J. Neurophysiol. 43, 6368699 (1980).

Shatz, C. J., Lindstrom, S. & Wiesel, T. N. The distribution of
afferents representing the right and left eyes in the cat®
visual cortex. Brain Res. 131, 103b116 (1977).

Lowel, S. Ocular dominance column development:
strabismus changes the spacing of adjacent columns in cat
visual cortex. J. Neurosci. 14, 745187468 (1994).

. Lowel, S. & Singer, W. Selection of intrinsic horizontal

connections in the visual cortex by correlated neuronal
activity. Science 2556, 209212 (1992).

Schmidt, K. E., Kim, D. S., Singer, W., Bonhoeffer, T. &
Lowel, S. Functional specificity of long-range intrinsic and
interhemispheric connections in the visual cortex of
strabismic cats. J. Neurosci. 17, 548086492 (1997).
Rearing kittens with artificial strabismus caused
intrinsic horizontal connections in V1, as well as
callosal connections, to link neurons with the same
eye-dominance and orientation preference. Normally,
horizontal connections do not respect eye-dominance
columns. So, correlated activity is important for
shaping horizontal connections.

Goodhill, G. J. & Lowel, S. Theory meets experiment:
correlated neural activity helps determine ocular dominance
column periodicity. Trends Neurosci. 18, 4379439 (1995).
Stryker, M. P. & Strickland, S. L. Physiological segregation of
ocular dominance columns depends on the pattern of
afferent electrical activity. Invest. Opthamol. Vis. Sci. 25, 278
(1984).

125.

12

127.

128.

129.

13l

13

182.

134.

136.

137.

138.

130.

140.

14

14

143.

144,

145.

146.

o

©

N

Weliky, M. & Katz, L. C. Disruption of orientation tuning in
visual cortex by artificially correlated neuronal activity. Nature
386, 680E685 (1997).

Goodhill, G. J. Stimulating issues in cortical map
development. Trends Neurosci. 20, 3758876 (1997).
Blakemore, C. & Cooper, G. F. Development of the brain
depends on the visual environment. Nature 228, 4778478
(1970).

Stryker, M. P. & Sherk, H. Modification of cortical orientation
selectivity in the cat by restricted visual experience: a
reexamination. Science 190, 904E006 (1975).

Stryker, M. P,, Sherk, H., Leventhal, A. G. & Hirsch, H. V.
Physiological consequences for the cat@visual cortex of
effectively restricting early visual experience with oriented
contours. J. Neurophysiol. 41, 8968809 (1978).

Sengpiel, F., Stawinski, P. & Bonhoeffer, T. Influence of
experience on orientation maps in cat visual cortex. Nature
Neurosci. 2, 7278732 (1999).

Optical imaging was used to show that kittens reared
in a striped environment consisting of a single
orientation had twice as much cortical surface area
devoted to the experienced orientation as to the
orthogonal one. Thus, visual experience can have an
instructive effect on orientation columns.

. Linden, D. C., Guillery, R. W. & Cucchiaro, J. The dorsal

lateral geniculate nucleus of the normal ferret and its
postnatal development. J. Comp. Neurol. 203, 189E211
(1981).

Roe, A. W., Garraghty, P. E. & Sur, M. Terminal arbors of
single ON-center and OFF-center X and Y retinal ganglion
cell axons within the ferret®lateral geniculate nucleus.

J. Comp. Neurol. 288, 208£242 (1989).

. Hahm, J. O., Cramer, K. S. & Sur, M. Pattern formation by

retinal afferents in the ferret lateral geniculate nucleus:
developmental segregation and the role of N-methyl-o-
aspartate receptors. J. Comp. Neurol. 411, 3278845 (1999).
Kudo, M. & Niimi, K. Ascending projections of the inferior
colliculus in the cat: an autoradiographic study. J. Comp.
Neurol. 191, 545E656 (1980).

. Winer, J. A. in The Mammalian Audiitory Pathway,

Neuroanatomy (eds Webster, D. D., Popper, A. N. & Fay,
R. R.) 2228409 (Springer, New York, 1982).

Angelucci, A, Clasca, F., Bricolo, E., Cramer, K. S. & Sur, M.
Experimentally induced retinal projections to the ferret
auditory thalamus: development of clustered eye-specific
patterns in a novel target. J. Neurosci. 17, 2040E2055
(1997).

Pallas, S. L. & Sur, M. Morphology of retinal axon arbors
induced to arborize in a novel target, the medial geniculate
nucleus. Il. Comparison with axons from the inferior
colliculus. J. Comp. Neurol. 349, 363B876 (1994).

Roe, A. W., Hahm, J.-O. & Sur, M. Experimentally induced
establishment of visual topography in auditory thalamus.
Soc. Neurosci. Abs. 17, 898 (1991).

Roe, A. W., Garraghty, P. E., Esguerra, M. & Sur, M.
Experimentally induced visual projections to the auditory
thalamus in ferrets: evidence for a W cell pathway. J. Comp.
Neurol. 334, 263£280 (1993).

Roe, A. W, Pallas, S. L., Hahm, J. O. & Sur, M. A map of
visual space induced in primary auditory cortex. Science
250, 8188820 (1990).

. Andersen, R. A,, Knight, P. L. & Merzenich, M. M. The

thalamocortical and corticothalamic connections of Al, All,
and the anterior auditory field (AAF) in the cat: evidence for
two largely segregated systems of connections. J. Comp.
Neurol. 194, 663B701 (1980).

McMullen, N. T. & de Venecia, R. K. Thalamocortical
patches in auditory neocortex. Brain Res. 620, 317E822
(1993).

Pallas, S. L., Roe, A. W. & Sur, M. Visual projections induced
into the auditory pathway of ferrets. |. Novel inputs to
primary auditory cortex (Al) from the LP/pulvinar complex
and the topography of the MGN-AI projection. J. Comp.
Neurol. 298, 50868 (1990).

Angelucci, A. Experimental Retinal Projections to the Ferret
Auditory Thalamus: Morphology, Development and Effects
on Cortical Organization Thesis, Massachusetts Institute of
Technology (1996).

Roe, A. W, Pallas, S. L., Kwon, Y. H. & Sur, M. Visual
projections routed to the auditory pathway in ferrets:
receptive fields of visual neurons in primary auditory cortex.
J. Neurosci. 12, 365188664 (1992).

Sharma, J., Angelucci, A. & Sur, M. Induction of visual
orientation modules in auditory cortex. Nature 404, 841E847
(2000).

Ferrets in which retinal projections are routed to the
auditory pathway develop orientation maps in the
‘rewired’ primary auditory cortex. Horizontal
connections that underlie the map are more patchy
and periodic than connections in normal auditory

147.

148.

149.

15

15,

153.

154.

155.

156.

15

158.

15!

160.

16

=

162.

16

164.

165.

167.

168.

]

N

©

@

cortex, demonstrating that the pattern of activity in
inputs to cortex can shape horizontal connections
and the orientation map.

Rao, S. C., Toth, L. J. & Sur, M. Optically imaged maps of
orientation preference in primary visual cortex of cats and
ferrets. J. Comp. Neurol. 387, 3588870 (1997).

Gao, W. & Pallas, S. L. Cross-modal reorganization of
horizontal connectivity in auditory cortex without altering
thalamocortical projections. J. Neurosci. 19, 794087950
(1999).

von Melchner, L., Pallas, S. L. & Sur, M. Visual behaviour
mediated by retinal projections directed to the auditory
pathway. Nature 404, 87 1£876 (2000).

This study shows that the rewired projection from the
retina to the auditory pathway can mediate visual
behaviour. When light stimuli are presented to the
rewired projection, animals respond as if they
perceive the stimuli to be visual rather than auditory.
Thus, the behavioural role of a cortical area is
influenced significantly by the pattern of inputs during
development.

. Frost, D. O., Boire, D., Gingras, G. & Ptito, M. Surgically

created neural pathways mediate visual pattern
discrimination. Proc. Natl Acad. Sci. USA 97, 11068D1 1073
(2000).

. Swindale, N. V. Brain development: Lightning is always

seen, thunder always heard. Curr. Biol. 10, R569ER57 1
(2000).

Schneider, G. E. Early lesions of superior colliculus: factors
affecting the formation of abnormal retinal projections. Brain
Behav. Evol. 8, 730109 (1973).

Devor, M. Neuroplasticity in the sparing or deterioration of
function after early olfactory tract lesions. Science 190,
998B1000 (1975).

Graziadei, P. P, Levine, R. R. & Monti Graziadei, G. A.
Plasticity of connections of the olfactory sensory neuron:
regeneration into the forebrain following bulbectomy in the
neonatal mouse. Neuroscience 4, 7138727 (1979).

Frost, D. O. Anomalous visual connections to
somatosensory and auditory systems following brain lesions
in early life. Brain Res. 255, 6278635 (1982).

Frost, D. O. & Metin, C. Induction of functional retinal
projections to the somatosensory system. Nature 317,
162D164 (1985).

Asanuma, C. & Stanfield, B. B. Induction of somatic sensory
inputs to the lateral geniculate nucleus in congenitally blind
mice and in phenotypically normal mice. Neuroscience 39,
5338645 (1990).

Sur, M., Garraghty, P. E. & Roe, A. W. Experimentally
induced visual projections into auditory thalamus and cortex.
Science 242, 1437D1441 (1988).

Angelucci, A., Clasca, F. & Sur, M. Brainstem inputs to the
ferret medial geniculate nucleus and the effect of early
deafferentation on novel retinal projections to the auditory
thalamus. J. Comp. Neurol. 400, 4178439 (1998).
Lyckman, A. et al. Do Ephrin-A and EphA serve to
compartmentalize visual and auditory structures in the
developing thalamus? Soc. Neurosci. Abs. 24, 901 (1999).

. Pallas, S. L., Hahm, J. & Sur, M. Morphology of retinal axons

induced to arborize in a novel target, the medial geniculate
nucleus. I. Comparison with arbors in normal targets.

J. Comp. Neurol. 349, 343E862 (1994).

Sur, M., Pallas, S. L. & Roe, A. W. Cross-modal plasticity in
cortical development: differentiation and specification of
sensory neocortex. Trends Neurosci. 13, 227233 (1990).
Jackson, C. A., Peduzzi, J. D. & Hickey, T. L. Visual cortex
development in the ferret. |. Genesis and migration of visual
cortical neurons. J. Neurosci. 9, 12421253 (1989).
Johnson, J. K. & Casagrande, V. A. Prenatal development of
axon outgrowth and connectivity in the ferret visual system.
Vis. Neurosci. 10, 1179130 (1993).

Herrmann, K., Antonini, A. & Shatz, C. J. Ultrastructural
evidence for synaptic interactions between thalamocortical
axons and subplate neurons. Eur. J. Neurosci. 6,
172901742 (1994).

. Finney, E. M. & Shatz, C. J. Establishment of patterned

thalamocortical connections does not require nitric oxide
synthase. J. Neurosci. 18, 8826E8838 (1998).

Ruthazer, E. S., Baker, G. E. & Stryker, M. P. Development
and organization of ocular dominance bands in primary
visual cortex of the sable ferret. J. Comp. Neurol. 407,
151D165 (1999).

Angelucci, A., Sharma, J. & Sur, M. in The Mutable Brain
(ed. Kaas, J. H.) 3518892 (Harwood Academic, Amsterdam,
2000).

Acknowledgements

We thank Christine Waite for assistance, and Ania Majewska and
Atomu Sawatari for their comments on the manuscript. This work
was supported by grants from the NIH.

262 [ APRIL 2001 | VOLUME 2

#2 © 2001 Macmillan Magazines Ltd

www.nature.com/reviews/neuro



