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Glossary

arealization A process by which necuroccio
derm thar will give risc to the
cerebral corntex is partidoned into
anatomically and functionally dis-
LIRCE areas.

A telencephalic structure where
learning, memory, reasoning, and
SEnsoOry perception aocur.

A subdivision of the thalamus thar
normally processes and  relays
visual informarion.

A subdivision of the thalamus thar

cerebral cortex

Lateral genicudate
mucleus (LGN)

med:al gemiculare

mecleus (MGN) normallv  processes and  relavs
zuditory informasion.
thalommes A diencephalic structure that pro-

cesses and relays information from
the senses 1o the cortex.
A molecule that regulates the tran
scrption of other goncs.

frawsaphon faclor

3.07.1 Introduction

Understanding neural development can inform us
about how a brain structure evolves. By examining
the development of a corrical region, one can elucidate
the role that molecular cues and afferent inputs play in
derermining the evolution of a cortical structurc, its
funcrion, and associated behaviors., Cross-modal
cxperiments provide msight through a gam-of-func-
tion approach, whereby inpurs of one sensory system
are redirected o a different sensory modality. This
zllows the role of intmnsic and extninsic factoss to be
disunguished and their relative contribution to comical
structure, function, and behavior (0 be determined.
Here we will discuss how molecular cues in early
development may influence the evolution of a cortcal
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structurce, as well as how rewiring visual inputs to
mnervate the auditory pathway provides insight into
the role of parterned clectrical activizy as a key extrin-
sic factor determining the ulumare organizanion and
function of a structure (see A History of Ideas in
Evolutionary =~ Neuroscience,  Relevance  of
Understanding Brain Evolution).

3.07.2 Early Development and the
Evolution of Cortical Structure: Molecular
Influences on Cortical Arealization

The mammalian cerebral cortex develops as a con-
rinvous sheet of cells that is divided into
anatomically and functionally distinct areas during
the course of development (see The Development
and Fvolutionary Expansion of the Cerebral
Cortex in Primates). This results in a2 pattern of
cortical areas thar is gencrally consistent among
individuals within a species bur varies berween spe-
cies, especially with respect o size and areal
position (Krubitzer and Kahn, 2003). Influence
over the patmrern of these areas can potentially
come from [wo Sources: extrinsic sensory input.
which reaches the cortex in an arca-specific manner.
and mtrinsic molecular cues, which are encoded in
the genome and expressed during development.
Idenuifying the contributions of each of these is
esscntizl for understanding the mechanisms under-
lying the formation and diversification of the
cerebral cortex. The first indication of arcalization
in the developing cortex is regionzl gene expression
(Rubensicin e al.,, 1999). Two studies have
used mice in which thalamocortical axons fail
to recach the cortex to cxamine the effect of
blocked semsory input on early arcalization
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(sce The Role of Transicnt, Exubcrant Axonal
Strucrures in the Evolution of Cerebral Cortex).
Interestingly, in these mice (Ghx2 7 or Mask1 /),
the initial expression of regionally expressed corti-
cal genes appears normal (Mivashita-Lin et al,
1999. Nakagawa ef al., 1999). This indicates that
parterned gene expression occurs independent of
extrinsic factors and argues that corrical pattern
formation may be investigated using a logic similar
to that used 1o study pattern formation in orher
embrvonic rissues.

Identifyving  interactions among nerworks of
transcriprional factors and signaling pathways
has been critical in understanding the basic
mechanisms of embryonic patterning (Wolpert,
2002). While a variety of transcription factors
have been implicated in cortical arealization
(O’Leary and Nakagawa, 2002; Sur and
Rubcenszein, 2005), one of the most heavily stu-
died is Emx2. This molecule 15 expressed in a
gradient across the candal correx, and a loss of
Emx2 funcrion results in an expansion of the
rostral cortical markers at the expense of markers
for the caudal cortex (Bishop er al., 2000).
Constitutive overexpression of Emx2 in mouse
cortical precursors using zestin cis-regularory ele-
ments is capable of altering both the size and
position of primary sensory arcas, and this change
is complementary to that seen when Emx2 fume-
tion is reduced (Hamasaki ef al., 2004).
Intercellular signaling also appears ro be involved
in arealization, with the most well-studied path-
way being the Fgf receptor (Fgfr) pathway. Fgf8,
which is a scercred ligand in this pathway, is
expressed in a high-rostral, low-caudal gradicnt
across the mouse correx during development.
One srudy has shown that Fgl8 is capable of
changing the location and patterning of mouse
cortical arcas when ecropically expressed early in
cembryogenesis  (Fukuchi-Shimogori and  Grove,
2001). Furthermore. mice homozygous for a hypo-
morphic Fgf8 allele show rostral shifts in the
expression of arealization marker genes (Garel
et al., 2003), and projections that originate in
the caundal cortex project ectopically into the ros-
tral cortex (Huffman et al., 2004). Fgf8 and Emx2
appear to interact with one another during corti-
cal development (Fukuchi-Shimogori and Grove,
2003; Garel ef al., 2003; Hamasaki er al., 2004),
although the narure of this interaction awaits
clarification.

Thinking abour cortical arealization as a net-
work of molecular interactions can help us
understand how changes in cortical propertics
may have arisen in evolution. Subtle murarions

ar the genomic level may result in alteratons in
molecular interactions that can lead to profound
phenotypic changes when amplified over the
course of development. This, in turn, provides a
mechanism for bringing about gross phenotypic
change in evolution (reviewed in Pires-daSilva
and Sommer, 2003). It is possible to imagine, for
example, that a murtation causing a subrle change
in expression level or binding affinity in a pattern-
ing molecule such as Fgf8 may resuls in a
significant change in cordcal arealization, which
would then be subject to evolutionary sclective
pressure. This can also help us understand how
the wiring of sensory input into the cortex may
change during evolution. In addition to mediaring
early arealization, intrinsic factors also function in
¢stablishing thalamic input into the cortex (Lopez-
Bendiro and Molnar, 2003). For example, loss of
function of the transcription factors Paxé and
Emx2 disruprs normal thalamocortical pathway
development (Bishop et al., 2000; Ilcvner et al.
2002; Jones et al., 2002), and the Ephrin signaling
pathway also appears ro be involved i targeting
thalamic projections into the correx (Gao er al.,
1998: Vanderhaeghen et al., 2000). Thus, mole-
cules involved in establishing thalamocortical
connecrions may act as substrares for evolutionary
changes in cortical wiring.

3.07.3 Development of Structural
Organization: Sensory Influences on
Cortical Organization and Connectivity

Although early patterned gene expression in the
cortex appears o occur independent of extrinsic
factors such as the amount and pawern of electri-
cal activity in input pathways, these can exert a
substantial influence at both carly and late stages
of development and provide insight into the evo-
lution of a cortical structure. For instance, while
ocular dominance columns are present before eve
opening (Rakic, 1976; Crowley and Karz, 2000
Crair et al., 2001}, the existence of retinal waves
of spontancous activity suggests char elecrrical
acuvity generated within the developing brain
may also contribute to the early establishment of
central visuzl connections {(Meister er al,, 1991;
Wong ef al. 1993).

Subsequently, visual experience plays a vieal role in
shaping the organization and connections of visual
corex. A balance of activity berween the eyes
appears 1o be essential for normal cortical develop-
ment during the critical period, when visual
experience has its maximal effect, with disruptions
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to the amount or the pattern of ¢lectrical acriviry in
only one eve having the grearest impact on cortical
structure. For instance, monocular deprivation dur-
ing the critical period induces robust changes in the
anaromy and physiology of visual cortex (Wiesel and
Hubel, 19635; Hubel ez al., 1977; LeVay et al., 1980).
In contrast, binocular deprivarion during the critical
period has lirtle influence on ocular dominance col-
umns, indicating that the balance of activity rather
than the absolute level of activity is critical for the
formaton of intracorrical connections during the cri-
tical period (Crowley and Katz, 1999). Even though
these loss-of-function experiments suggest that input
activiry has a profound mfluence on the organizadon
of the cortex, they cannot distinguish between the
contributions made by the overall amount of activity
and the specific parrern of activity in inducing these
cortical changes.

Artificially induced strabismus, which alters the
spatial correlation berween the two eyes but not the
overall level of activity, causes ocular dominance col-
umns within primary visual cortex to become
exclusively monocularly driven (Lowel and Singer,
1992). More generally, gain-of-function paradigms,
such as the one used in rewiring experiments, allow
separation of the relagve influence of patrerned visual
activity from that of the amount of activity or of
intrinsic factors in specifying the function and organi-
zation of a cortical arca. In these experitnents, visual
input is redirected to the auditory pathway by indu-
cing retinal ganglion cell axons to innervare the medial
geniculate nucleus (MGN) through surgical removal
of its normal inputs at birth (see Figure 1). This creates
an alternarive target for retinal axons and allows func-
tional connections to form in the auditory thalamus,
conveying visual information through existing thala-
mocortical connecrions to primary auditory cortex
{Al). Such rerouting has been donc in mice
(Lyckman &z al., 2001), ferrets (Sur er al., 1988; Roe
et al., 1990, 1992, 1993; Sharma ¢t af., 2000), and
hamsters (Schneider, 1973; Kalil and Schneider, 1975
Frost, 1982; Frost and Metin, 1983).

Retinal axons do nor enter the MGN during nor-
mal development or in adulthaod, but do so when the
MOGN is deafferented during an early developmental
window. Molecular characrerization of the dener-
vared MGN indicares that removal of normal inputs
upregulates molecules that promote sprouting in
other systems, presumably attracring axons of the
optic tract to branch and innervate the nucleus
(Ellsworth, 2004). Remarkably however, once retinal
axons cnter the MGN, they pawern themselves in a
manner similar to thart in their major thalamic rarget,
the lateral gemculate nucleus (LGN; see Figure 2a).
Indeed, experiments examining the patterning of

Auditory

Normal :
\ Visual cortex

Inferior collicul

Figure 1 Schemalics of the principal visual (blue) and audrory
(red) pathways in normal {uppor panel) and rewired animais
(lower panel). LGN, lateral geniculate nucleus; MGN, medial gen-
iculare nucleus. Modilied from Sur, M., and Rubensten. J. R.
2005. Patteming and plaslicity of the cerebral cortex. Science
310, 805-810.

rerinal innervation in the LGN and the rewired
MGN suggest that the same intrinsic molecules facil-
itate parrern formation in both nuclei. In the normal
mammalian visual pathway, retinal input is orga-
nized retinotopically in the LGN and is segregared
into discrere eye-specific regions. A similar eye-speci-
fic scgregation occurs in the rewired MGN
(Ellsworth ez al., 2005), with input from the right
and left eye showing lictle overlap (Figure 2b). There
appears 10 be conservation of patterning molecules
across sensary modalities, with molecules such as the
ephrins and their respective Eph receprors expressed
in mulriple gradients throughout the developing rha-
lamus, including the LGN, MGN, and ventrobasal
(VB) nucleus. In addition, in ephrin knockour mice,
this eve-specific parrerning is disrupted similarly in
the LGN and rewired MGN (Figure 2a; Ellsworth
et al., 2005). Thus, the ephrins appear to shape
rewired retinal projections in the same way they
influence normal LGN parterning. Therefore, ephrin
expression in the MGN and throughout the auditory
pathway may provide a scaffold as well as imposc
targer-derived constraints on the extent to which
connections along rhe auditory pathway are shaped
by visual input.

Nevertheless, visual accivity, which has a very
different sparial and temporal pattern than
auditory activity, leads ro visual responscs in



106 Developmental Studies on Rewiring the Brain

rewired Al that resemble responses in primary
visual cortex (V1) (Sur et al., 1988: Roe ez al.,
1990, 1992; Sharma et ai., 2000). Extracellular
clectrophysiology and optical imaging of intrinsic
signals find that neurons in rewired Al develop
visual response features such as orientation and
direction selectivity {Roe er al., 1992; Sharma

Wild-type
LGd

Ephrin AZ-{A5- Ephrin AZ-/A5-
LGd MGN

Wild-typs
MGN

Nomal

(b)

Figure 2 Target-mediated cuos influsnce normal and novel
retinal projections. &, Schematic representation of Eph—ephrin
nleractions in the relina and relinal largets in wild-type and
ephrin knockout mice. Contralateral projections are labelad in
red: ipsilateral projections are lzbeled in gresn. Ephrn expres-
sion is represantad by the blue gradient within the largst nuclsd,
while Eph receptor expression is depicted by the blue gradient
under ezch refing. Lef, in wild-type mice, ipsilaieral axons anse
from the temporal reting and sxpress high levels of EphA rscsp-
tor. As a result, these axons target regions of the dorsal lateral
geniculate nucleus (LGd) wilh low ephrin-A expression, A similar
aphrin gradient is also apparent in the MGN. As a resuit of these
parallel ephrin gradients. eye-specific projections are similar in
the LGN and rewired MGN: in rewired wild-lype mice, ipsilateral
rotino-MGN projections target ragions of the MGN with low
ephrin expression. Right, in ephnn-A kneckout mice. ipsilateral
axons still show high EphA-receptor expression but targe:
broader regions of the LGN and MGN. Ipsilateral 2xens spread
ventrally in both the LGN and rewired MGN of ephrin knockous
mice. b, Representative coronal sections in a normal (leff) anda
rewired (right) mouse. In the rewired mouse, the retinal axons
overshoot the medial boundary of the LGd and project into the
MGN. Enhanced relinal projeclions info the lateral posterior (LF)
nucleus are alzo sean in rewirad mice. Retinal axens are labeled
with alexafiuor conjugated CTB. Contralateral projections are
labeled red and ipsilateral projeclions are labeled green. While
arrowheads mark the LGA/MGN boundary. Scale bar: 0.1 mm.
Modified from Ellsworth, C. A, Lyckman, A.W.. Feldheim.D. A..
Flanagan, J. G., and Sur, M. 2005. Ephrin-A2 and -AS influence
patiemning of normal and novel relinal projections to ths thals-
mus: Conserved mapping mechanisms in visual and auditory
thalamic targsts. J. Comp. Neurol. 488, 140-151.

el al., 2000) as well as an orderly retinotopic map
(Roe ez al., 1990). That is, rewired Al neurons are
selective for different atteibutes of a visual stimulus
such as a direcrion of stimulus motion, a parricular
line orientation, or a retinotopic location (size and
receptive field location in visual spacce) of the st-
mulus. Each neuron has a slightly different
preference for these features compared to its neigh-
bors, such thar a coherenr stimulus fearure map
develops in rewired Al, similar to the one found
in V1. Oprical imaging experiments reveal thar a
systematic map of orientation information devel-
ops in rewired Al, which is similar o rthe
orientation map found in V1 (Sharma et al..
2000). This oricntation map in rewired Al con-
tains iso-orientation domains, where the neurons
all respond to the same preferred orientarion, orga-
nized around pinwheel centers (Figure 3).

In additon to influencing the organizaton of
visual response feature maps, the visual inputs direc-
ted to rewired Al also shape its local and long-range

Rewired A1 %ﬂ

Normal V1 @

201NN -
211 INS-

Figure 3 Ornientation maps in nomnal visual coreax and rewired
audilory corlex demonstrate the role of input activity in cortical
development. Left, lateral view of normal primary visual corisx
(V1) in the ferret brain. The upper two panels show activity maps
m nommal V1 using oplical imaging of intrinsic signals in
response o vertical and harizontal grating stimuli, respsciively,
Dark regions denote areas of high activity. The bottom map is a
composile map of all orieniaiions ested. The coior key to the
right of the panel shows the orientalions represanted. Right.
lateral view of rewired primary auditory conex (A1) in the ferret
brain. The upper two panels represent the single orentaton
activity mape generatad in rewired A1 under the same condi-
tons as the left panels. The bottom map is a composite map of
2ll orientations tested. The color key to the right of the panel
shows the orienlalions represented. Scale bars: 0.5mm.
Modified from Shama, J., Angelucei, A., and Sur, M, 2000.
induction of visual orientation modules in auditory cortex.
Nafure 404, 841-847.
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connections such that they resemble connections in
V1 (Sharma ¢t al., 2000). Rewired Al neurons form
connecrions berween domains wirh the same orien-
tation preference, just like V1 neurons. The patchy
connecrions seen in V1, which are often elongared
along the orientation axis of the injection site, are
also observed in rewired A1 {Gao and Pallas, 1999;
Sharma et al., 2000). This differs significantly from
the band-like connecrions that extend along the iso-
frequency axis in normal Al. At the same time,
despite the similaritics in the organization of visual
information and connectivity of rewired Al and V1,
there are several notable differences. Rewired Al
orienration domains are larger and less orderly, as
are horizontal connections relative to V1. In addi-
tion, the receprive fields in rewired Al are larger
{Roe et al. 1992) and spatial acuity of the rewired
audirory parthway is lower than the normal visual
pathway (von Melchner et al., 2000). This may
result from the large contribution of retinal W ccll
inpurs to the rewired MGN (Roe ez al. 1993). These
differences may also reflect underlying structural
constraints imposed by A1 that cannot be modified
by experience (e.g., certain parterns of connecrions
within and berween the Al cortical layers). Even
though receprive fields and orientation domains in
rewired Al are larger than n visual cortex, these
rewiring experiments provide powerful evidence
that patterned visual activity plays an nstructive
role in the establishment of cortical connections by
modifving the function and organization of a corti-
cal arca.

3.07.4 Specification of Cortical Areas:
The Relationship between Inputs,
Outputs, and Function

In addition to having a profound influcnce on cort-
cal organization and physiology, rewired visual
inputs can influence behavior. A study of unilacerally
rewired ferrets suggests that patterned visual inputs
influence behavior and drive the outpurs of AT {von
Melchner ez al., 2000). Unilaterally rewired ferrets
were trained ro discriminate between light and sound
(Figures 4a and 4b). After training, the ferrets were
tested with a light presented in the rewired visual
field. The normal and rewired ferress primarily
responded at the visual reward spout, an expected
result given that the rewired hemisphere receives
visual information through both the normal visual
inputs o visual cortex and the rewired projection
from the reting to the MGN ro auditory cortex
(Figures 4¢ and 4d). The normal visual projection
from LGNAareral posterior (LP) nucleus to the

rewired hemisphere was then ablated, and after a
period of recovery the ferrets were retested with a
light presented to the rewired visual field. The
rewired ferrets still responded primarily at the visual
reward spour, indicating thar the intacr projection
from the retina to the MGN to auditory cortex is
capable of mediating the response to the visual so-
mulus (Figure 4¢). The normal ferrets, however,
responded ar chance levels ac the visual reward
spout when retested after ablation of the LGN/LP
and supertor colliculus (SC) (Tigure 4d). Finally the
auditory cortex was ablared, and the rewired ferrers
were again retested after a period of recovery. The
rewired ferrers now responded at chance levels arthe
visual reward spout, indicating that the animals were
no longer able to identify the visual stimulus, pre-
sumably because they were blind in the rewired
visual ficld (Figure 4¢). Thus, the rewired projection
from the retina through the MGN to auditory cortex
is able to mediawe visual behavior and this visual
inpurt influences the behavioral function of the audi-
tory cortex.

In addiion, rewired visual projections in mice influ-
ence learned behavior mediared by subcortical
pathways, such as conditioned fear (Newton et al,
2004). In fear-condirioning experiments, 2 discrete
auditory cue is paired with a mild foot shock, which
induces rapid conditioned fear afrer as few as one
tone-shock pairing (Fendt and Fanselow, 1999;
LeDoux, 2000). In contrast, a discrete visual cue is
less effective, requiring many more light-shock pair-
ngs to clicit a defensive response to the light alone
(Heldr er al., 2000). Dense direct connections from the
MGN to the lateral nucleus of the amygdala
(Figure 5a) are thought to be cruaal for auditory
cued conditioned fear responses (Rogan and
LeDoux, 1993: Doron and LeDoux, 1999: see also
LeDoux et al., 1984; LeDoux, 2000; Namura er al.,
1897). In contrast to the direct auditory pathway from
the MGN to the amygdala, visual inpurs primarily
reach the amygdala through indirect pathways
(Doron and LeDoux, 1999; Shi and Davis, 2001).
Visually cued conditioned fear is thoughr ro be
mediated by projections from the LGN to VI/V2 to
visual association arca TE2/perirhinal correx (Pr) to
the amygdala, or by projections from LP to V2YTE2ZPr
to the amygdala (see Figure 5a; Shi and Davis, 2001).

A study of adult sham lesion and rewired mice
suggests that the rewired visual input to the MGN
mediates the acceleration of visually cued fear con-
ditioning (Newton ef al, 2004). Under these
circumstances, the rewired visual inputs to the
MGN are able to elicit the output fear response
normally associated with an andirory stimulus. In
these experiments, adult sham lesion and rewired
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Figure 4 Retinal projections routed lo the auditory pathway mediate visual behavior in rewired ferrets. a, Pathway from the retina to
the visual thatamus, including the LGN and ihe lateral posierior (LP) nucleus, and io the superior colliculus (SC) in the control
hemisphere (right): and 1o the LGN/LP and MGN in the rewired hemisphere (lefl). The SC and adjacent brachium (b) of the inferior
coliculys (IC) were ablaled neonatally in the left hemisphere, Visual projections in each hemisphere represent the contralateral visual
field. b. Experimental apparatus and the design of the behavioral experiment, Dashed lines denole the borders of the left and right
monocular fiekds and the direction of central gaze. Animals were rewarded al the right spout after a light in the left monocular field. and
at the left spoul alter a sound from a cenlral speaker. Subsaquently. their responses to light in the right monocular field were tested.
Animale initiated tiale by standing in the start box with their muzzle between the infrared LED and a photodiode deleclor. ¢, Response
of 2 rewired ferret to sound and light stimuli under three separate condiions: alter raining with sound and light stimuli. but before the
zblation of the visual LEN/LP pathway (red bars); after the LGN/LP lesion (yellow bar: only the response to the right light is shown);
and after the A1 lesion in the rewired hemisphere (green bars). Responss bars (mesan + s.d.) depicl the performance in the final
1019 days in the pre-LGN/LP lesion conditicn, and in the first 10-18 days in the post-LGN/LP and post-Al lesion conditions.
d, Response of a normal ferret to sound and light stimuli under two separaie conditions; after iraining with sound and light stimul, but
before the ablation of the LGN/LP and SC pathways (red bars) and afier (green bars). Response bars depict performancs in the final
9 days in the pre-LGN/LP + SC lesion gondition, and in the first 12 days in the post-LGN/ALP + SC condition. Medified from von
Meichner, L., Pallas, S. L., and Sur, M. 2000. Visual behaviour mediated by retinal projections directed to the auditory pathway.
Nature 204 B71-876.

mice underwent three sessions of fear conditioning  lighr-condirioned sham lesion mice did nor freeze
with either a visual or an auditory cue (three cue-  significantly more during the cue presentation
shock pairings per session) and bchavioral testing  compared to the habituation peniod (Figure 5b).
after each session. The cued testing behavior of the  Lighr-conditioned rewired mice, however, froze
different groups after one fear conditioning session  significantly more during the cue presenration
are depicted mn Figure Sb. Consistent with previous  after only one session of fear conditioning, as did
studies, afrer one session of fear conditioning. rone-conditioned sham lesion and rewired mice.
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Figure 5 Resinzl projections to the auditary pathway mediate visually cued leaming in rewired mice. a, Simplified schematic of the
principal visual (black) and auditory (gray) cusd fear conditiening pathways in nommal (left) and rewired mice (right). The IC (shewn as
a dolled box) was lesioned bilaterally in neenatal mice to induce retinal projections to the MGN. IC, inferior colliculus; LGN, lateral
geniculate nucleus: MGN, medial ganiculate nucleus. b. The mean freezing per group during the habitustion (white bar) and cue
pressniation (black bar) pariods of the cued festing session after one session of fear conditioning, with error bars denoting the
standard error of the mean (significanl paired t-tests. ™ p<0.01, *** p~ 0.001). Modifiad from Newton, J. R., Ellsworth, C., Miyakawa,
T.. Tonegawa. 5., and Sur, M. 2004. Acceleration of visually cued conditionad fear through the auditory pathway. Nar. Neurosci. 7.

968-973.

These findings indicate that the behavioral func-
tion of a target (in this case, the amygdala) is
influenced by its inputs, and rhar it can activate
the outpur responsc associated with the rarger.
Thus, cxisting pathwayvs can convey novel informa-
tion to cenrral structurcs, and this informarion is
capable of mediating behavior.

3.07.5 Rewiring Experiments and Brain
Evolution

Despite the limitations of rewiring experiments, this
line of research demomnstrates that rthe developing
brain has an extraordinary capacity to reorganize
itself and adapt to its inputs. Furthermore, the influ-
ence of molecular cues in early development on
corrical arealization and che impact of rewired
visual inputs on the organization and the connectiv-
ity of subsequent auditory structures provide insight
into the evolution of a cortical area. In essence, these
gain-of-function experiments provide information
on certain principles by which novel connections
might become functional and even adaptive, serting

the stage for evolutionary change. During evolution,
targers may express novel molecular cues as a resul:
of murtations, and these, in combination wich exist-
ing molecular cues, may form new structural
patterns and funcrional connections. The electrical
drive provided by these novel inputs can be unlized
by target structures to form nerwork connections
that enable these structures or their downstream
targets to process the novel information. Certain
downstream pathways driven by the novel
input may confer substantial adaptive advantage,
as excmplified by rapid visually cued fear condition-
ing in rewired mice causcd by novel retinal inpurs ro
the MGN and subsequent urilization of the
projection from the MGN to the lateral amygdala.

More generally, the studices discussed in this art-
cle suggest that there is a dynamic inrerplay berween
intrinsic and extrinsic factors throughout the evolu-
tion of a corrical region. Both factors play a critical
role in determining the overall structure and fune-
tion of a cortical area, bur tend o exert their
greatest influence at different times and in comple-
mentary wayvs during development.
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