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Intrinsic patterning and experience-dependent mechanisms that
generate eye-specific projections and binocular circuits in the
visual pathway
Catherine A Leamey1, Audra Van Wart2 and Mriganka Sur2
A defining feature of the mammalian nervous system is its
complex yet precise circuitry. The mechanisms which underlie
the generation of neural connectivity are the topic of intense
study in developmental neuroscience. The mammalian visual
pathway demonstrates precise retinotopic organization in
subcortical and cortical pathways, together with the alignment
and matching of eye-specific projections, and sophisticated
cortical circuitry that enables the extraction of features
underlying vision. New approaches employing moleculargenetic analyses, transgenic mice, novel recombinant probes,
and high-resolution imaging are contributing to rapid progress
and a new synthesis in the field. These approaches are
revealing the ways in which intrinsic patterning mechanisms act
in concert with experience-dependent mechanisms to shape
visual projections and circuits.
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Introduction
Specific neural connections underlie all our sensory,
cognitive, emotional, and motor capacities. A fundamental organizing principle of many neural circuits is topography: the maintenance of relative spatial relationships
between afferent and target fields. In the visual system
this ensures that visual space is faithfully represented at
successive levels of the neuraxis. The accessibility and
highly stereotyped organization of the visual system is a
useful and informative model for identifying the mechanisms which regulate neural connectivity. In particular,
seminal studies performed almost 50 years ago by Roger
www.sciencedirect.com

Sperry showed that neurons have chemical identities
which determine their overall projection patterns, while
David Hubel and Torsten Wiesel showed that neural
circuits can be modified by sensory experience. The
mechanisms underlying the generation of visual, and
particularly binocular, circuits has continued to ‘blaze
the way’, serving as an important testing ground for
the field. This review focuses on recent studies
which provide insight as to how early patterning and
experience-dependent mechanisms interact to generate
neural connectivity.

The generation of visuotopy
Binocular vision improves visual ability, enhancing
motion detection, acuity, and depth perception. In order
to generate a single cohesive map of visual space, inputs
from the two eyes which see the same part of visual space
must converge in the brain. The alignment of the retinal
ganglion cell (RGC) axons is a complex, multifaceted
process, which requires the mapping of ipsilateral and
contralateral inputs to be reversed across the azimuth
(nasotemporal) axis (Figure 1). In primary targets such as
the superior colliculus (SC) and dorsal lateral geniculate
nucleus (dLGN) the inputs are visuotopically aligned but
segregated into eye-specific domains. The inputs come
together in the binocular region of the primary visual
cortex (V1) where they ultimately converge onto single
cells.
A critical step in the generation of binocular circuits is the
pattern of decussation of the RGC axons. The ipsilateral
projection originates from temporal retina and defines the
binocular field (Figure 1). The size of the ipsilateral
projection varies between species and is closely correlated
with eye position (reviewed in [1]). In mice, contralateral
projections arise from the entire retina and ipsilateral
projections (3% of RGCs), are confined to the peripheral
ventrotemporal crescent (VTC). In primates, the temporal
half of the retina gives rise almost exclusively to the
substantial (40% of RGCs) ipsilateral projection. The
pattern of decussation is tied to the early specification of
retinal identity. The zinc finger transcription factor Zic2
specifies ipsilateral identity by promoting the expression of
the axon guidance molecule EphB1 [2,3,4], which prevents axons from crossing the ephrinB2-rich optic chiasm
midline. Foxd1, which is highly expressed in VT retina
promotes ipsilateral identity [5] whereas Foxg1, which has
the reciprocal expression pattern, represses ipsilateral fate
Current Opinion in Neurobiology 2009, 19:181–187
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Figure 1

Intersection of intrinsic patterning and experience-dependent processes in the development of eye-specific projections. Left panel depicts the
mapping of the contralateral visual field (1–7) in the geniculocortical pathway in the mouse. Only projections onto the right hemisphere of the brain are
shown for simplicity. Visual field 1–7 projects onto the left (red) retina G–A. Visual field 5–7 is also seen by the right (blue) eye a–c in temporal retina
(region of binocular overlap is shown is purple). Note that a given point in the binocular field (5–7) falls onto a different part of each retina (arrows). The
entire left retina projects systematically onto the right dLGN (A–G). Repulsive interactions between reciprocal EphA and ephrinA gradients in the retina
and dLGN help to mediate this mapping: high EphA expression in retina (point A) maps to region of lowest ligand expression in the dLGN. The
ipsilateral projection also maps systematically onto the dLGN (a–c). The inputs are visuotopically aligned: red A is aligned with blue c; both these points
view visual field 7. Note, however, that red A and blue c arise from different retinotopic positions. Visuotopic alignment requires a reversal of ipsilateral
mapping across the azimuth; this is not accounted for by known EphA–ephrinA mapping mechanisms and suggests a role for eye-specific mapping
cues. This specificity is critical for appropriate representation of the visual field in V1 where ipsilateral and contralateral inputs converge to generate a
cohesive map of visual space. EphA–ephrinA interactions also help to mediate cortical mapping. Right panel lists intrinsic patterning events (with
underlying molecular mechanisms in italics) and activity-dependent events (with specific features in italics) acting at different levels of the visual
pathway that are critical for the generation of eye-specific projections and binocular circuitry. At some levels intrinsic patterning molecules provide a
template which is further shaped by visual experience. At other levels there may be direct interactions between the two (see text for details).

[6]. Foxg1 may also regulate another major aspect of retinal
identity, the topography of its projections [7].
Molecular gradients are present in the retina, SC, and
dLGN and play important roles in the generation of
topography (reviewed in [8]). Members of the EphA
receptor family are expressed in a high temporal–low
nasal retinal gradient in mice, whereas their ligands,
the ephrinAs, are expressed in a high caudal–low rostral
gradient across the SC. RGC axons from temporal retina,
with high EphA expression, are repelled from regions of
high ephrinA expression and map to rostral SC. Nasal
axons, with low levels of EphA expression are not
Current Opinion in Neurobiology 2009, 19:181–187

repelled, and may even be attracted by [9], high ephrinA
expression and thus map to caudal SC. Engrailed may
also attract nasal axons to caudal SC [10]. Deletion of
ephrinAs or EphAs disrupts mapping, both anatomically
[8] and functionally [11,12]. Similar relationships exist
for the dLGN [13]. A critical step in the generation of
retinotopy in rodents is the control of interstitial branching [8]. There is evidence that a high nasal–low temporal
gradient of ephrinA across the retina interacts with a high
rostral–low caudal EphA gradient across the SC to prevent nasal axons from branching in rostral SC [14].
Interestingly, recent work has demonstrated that the
growth-promoting effects of BDNF and TrkB interact
www.sciencedirect.com
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with ephrinA to achieve region-specific branching [15].
EphB–ephrinB interactions help to map the dorsoventral
retinal axis onto the lateromedial axis of the SC [8]. Wnt–
Ryk also plays a role in patterning the dorsoventral axis
[16]. Topographic and eye-specific projections are fundamental aspects of retinofugal development, and the
template for these identities is present from extremely
early developmental stages. Antagonistic interactions
between the sonic hedgehog (Shh) and bone morphogenic protein (BMP) signaling pathways pattern the
dorsoventral axis of the neural retina (reviewed in
[17]) and thus regulate topographic mapping, in part
via EphB expression [18,19]. Foxg1 can regulate the
identity across both the nasotemporal and dorsoventral
axes [7].
While important, intrinsic patterning mechanisms are
not sufficient to generate mature patterns of connectivity. Neural activity is also required and recent evidence suggests that it may interact directly with axon
guidance molecules. Deletion of the b2 subunit of the
nicotinic acetylcholine receptor, which disrupts spontaneous waves of retinal activity before eye-opening
without blocking all retinal activity, results in much
larger, though appropriately placed terminal arbors
[13,20]. Interestingly, disruption of retinal waves has a
much greater impact on the mapping of the nasotemporal
than the dorsoventral retinal axis [11,19,20]. Mechanistically, this may relate to the observation that activity is
required for RGC axons to respond to ephrinAs in vitro
[21] and/or interactions between ephrinA and BDNF–
TrkB signaling [15]. The reduced requirement for
activity in patterning the dorsoventral retinal axis may
also correlate with the presence of BMP-mediated order
in the optic tract [19].
The mechanisms that regulate the mapping of ipsilateral axons are much less well understood than for
contralateral axons. Ipsilateral and contralateral RGC
terminals segregate to form distinct layers, which are
highly stereotyped in terms of their placement within
any given species. Segregation occurs before eye-opening and has been reported to rely on retinal activity via
processes that involve activity-dependent calcium
influx, CREB-mediated gene regulation, and synaptic
pruning (reviewed in [22,23]). Interestingly, eyespecific segregation in the dLGN of the ferret has also
been reported to rely on EphA–ephrinA interactions
[24]. Disruption of ephrinA gradients in mice causes
ipsilateral RGCs to project more caudally in the SC [12]
or ventrolaterally in the dLGN [25] — changes
similar in direction to those observed for contralateral
mapping. No change in the degree of eye-specific
segregation was observed in the dLGN, however
[25]. Currently it is unclear how in the mouse, where
contralateral axons arise from nearly the entire extent of
the retina and eye-specific segregation and retinotopic
www.sciencedirect.com

order arise synchronously over the first eight postnatal
days [22,26], EphA–ephrinA interactions could simultaneously and reliably mediate both processes. While
there may be species differences, peripheral to central
gradients of EphA expression reported in fetal human
retina appear more consistent with a role in retinotopic
mapping than eye-specific segregation [27].
The generation of visuotopy requires that ipsilateral
mapping is reversed across the azimuth (Figure 1). Current knowledge of the mechanisms which regulate azimuthal mapping in mice, the species where these
mechanisms have been most intensively studied, do
not account for this. Recent work has demonstrated that
the visuotopic alignment of ipsilateral and contralateral
axons is critically dependent on the transmembrane glycoprotein, Ten-m3. In its absence ipsilateral, but not
contralateral, RGC axons are profoundly mistargeted
leading to an interocular misalignment in the dLGN
which is transferred to the visual cortex [28]. No change
in eye-specific segregation was found, supporting the
suggestion that topographic mapping and segregation
are independent processes. Ten-m3 is critical for vision,
as mice that lack it display profound visual deficits. The
deficits almost certainly arise from the interocular mismatch as acute blockade of activity in one eye restores
visual behavior [28]. The mechanisms underlying the
ipsilateral-specific mapping deficit remain to be determined. It is likely that Ten-m3 mediates its effects by
interacting with or regulating the expression of other
mapping molecules — these processes have important
implications for the generation of visuotopy. The eyespecific mapping deficit provides a unique opportunity to
probe the rules and mechanisms which generate binocular circuits in visual cortex (Figure 2).

Thalamocortical and intracortical
connectivity: topographic and eye-specific
mapping
Early in development, gradients of transcription factors
specify cortical identity and determine initial placement
of projections from the thalamic nuclei to primary visual
cortex [29,30]. Even before the onset of vision, axons from
eye-specific segments of dLGN have a patchy distribution, suggesting there may be chemical cues for eyedominance in V1 [30–32]. In cats, ferrets, and monkey,
these regions are alternating columns of ipsilateral and
contralateral inputs, while mice have one discrete monocular and binocular zone. Across visual cortex, neurons
with similar response properties are grouped together to
form precisely overlying maps, including ocular dominance and retinotopy [33]. The molecular cues responsible for laying out these maps are only beginning to be
identified; as for subcortical centres, EphA–ephrinA signaling helps to guide topography as well as the size and
location of V1 [34,35]. Cortical maps are further shaped
by local and long-range connections.
Current Opinion in Neurobiology 2009, 19:181–187
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Figure 2

Mechanisms that shape binocular circuitry in visual cortex. Growth-promoting and stabilizing mechanisms that influence connections from the two
eyes to cortical cells have been teased apart experimentally using a monocular deprivation paradigm (see text for details). (1) Maturation of inhibition
(GABAergic interneuron, red) determines the critical period for ocular dominance plasticity [50]. (2, 3) Reduced activity through the deprived eye
(depicted by white oval at bottom right) leads to synaptic depression on the pyramidal cell (blue) and increased spine motility, followed by spine loss
[65]. (4) Homeostatic feedback mechanisms, such as release of TNF-alpha (red circles) by glia (green), scale up synaptic strength globally to maintain
activity levels [60,63]. This scaling contributes to the increased strength of open-eye inputs (depicted by open-eye symbol at bottom left). (5)
Calcium-activated signaling to the nucleus leads to the expression of activity-dependent genes [66].

Refinement of ocular dominance maps by
visual experience
While the role of retinal activity in generating the anatomical foundation of ocular dominance (OD) maps is yet
to be determined, there is clear evidence that visually
driven activity during a critical period of postnatal development is critical for their maintenance and consolidation. OD columns do arise in animals reared in the dark
from birth; however, properties of cortical neurons do not
mature beyond what is normally observed at the time of
eye-opening. For example, receptive field sizes are larger,
and visual acuity, orientation, and direction tuning are
reduced [36–38]. These changes may in part reflect the
requirement for visual experience in the maturation of
subcortical circuitry (reviewed in [22,39]). The absence of
visual experience also alters the morphology and reduces
the density of dendritic spines, the postsynaptic elements
for the majority of glutamatergic connections in the brain
[40].
A widely studied model for examining the role of visual
activity in shaping and maintaining cortical circuits is
ocular dominance plasticity (Figure 2). Following a brief
period of early monocular deprivation, deprived eye
responses get weaker, while open eye responses get
Current Opinion in Neurobiology 2009, 19:181–187

stronger [41], broadening their representation in cortex
at the expense of deprived-eye territory and synaptic
space [42,43]. Changes in relative synaptic strength occur
rapidly in superficial cortical layers, and are followed by
changes in thalamocortical afferents. The classical view
that OD plasticity arises strictly from competition-based,
Hebbian learning rules has been challenged in recent
years, by work demonstrating that a number of other
activity-dependent factors are critical for plasticity and
network stability [44].
Insight into such factors is gained from recent screens for
genes modified by visual experience [45,46,47]. These
genes encode molecules important for an array of
neuronal functions, including calcium regulation, GABAergic inhibition, actin-binding, G-protein signaling, and
transcription. Interestingly, Lyckman et al. [45] demonstrated that the onset of vision increases the expression of
genes important for synaptogenesis, while expression
changes during the critical period serve to stabilize existing connections. Altering the levels of visual drive by
critical period MD reverses this genetic program, presumably to adjust the balance of factors that promote and
restrict growth. Thus, visual activity is important for the
progression of an innate genetic program, and unbalanced
www.sciencedirect.com
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activity can drive novel gene expression changes. These
developmental changes likely specify the downstream
effects of activity-dependent molecules that operate at all
ages, such as MAPK [46]. It should also be noted that
activity drives the expression of molecular factors subcortically as well, such as the homeoprotein Otx2, which is
transferred to cortical interneurons to promote their maturation [48].

Overview of molecular mechanisms
underlying OD plasticity
One key factor for shaping cortical maps is the activitydependent maturation of local inhibition within the circuit, particularly long-range basket cells, which innervate
pyramidal cell somata (reviewed in [49]). Pharmacologically modifying the level of inhibition alters OD column
width in cats and shifts or restricts the critical period for
OD plasticity [50]. Interestingly, enzymatic degradation
of perineuronal nets which surround specific subsets of
GABAergic neurons, can reinstate OD plasticity in adults.
A precise level of inhibitory drive likely guides plasticity
by modulating spike timing and back-propagation of
action potentials into dendrites.
Pyramidal cells detect changes in activity as calcium
fluxes, primarily through activated postsynaptic NMDA
receptors, which are important mediators of synaptic
strength during OD plasticity [51]. This leads to the
activation of number of signal transduction cascades,
involving molecules critical for plasticity such as ERK,
PKA, and CaMKIIalpha [52–54]. These kinases can
directly phosphorylate synapse-associated molecules,
such as subsets of glutamate receptors, to promote
plasticity and may lead to structural rearrangements via
remodeling of the actin cytoskeleton [55]. Indeed, within
two days of activity manipulation via monocular deprivation (MD), spine motility is increased in binocular
cortex [56], and spine pruning is observed by four days
[57]. Further intracellular signaling can lead to CREB
activation, which is necessary for OD plasticity [58], and
may lead to CRE-driven regulation of genes that are
critical for synaptic function.
The synapse-specific changes that result from coincidence detection of afferent activity are also balanced
by homeostatic feedback mechanisms, which promote
stability within the changing network (Figure 2). Such
mechanisms involve the molecules beta3 integrin [59]
and glial-derived TNF-alpha [60], as well as Arc [61,62],
which respectively upregulate or downregulate global
synaptic strength to maintain target firing rates. During
MD, TNF-alpha-mediated synaptic scaling follows the
reduction in deprived-eye drive, thereby contributing to
the strengthening of open eye responses [63]. This
finding supports the idea that changes in deprived versus
open eye drive may involve separable synapse-specific
and global feedback processes, and provides the first
www.sciencedirect.com

direct evidence of a role for glia in shaping activity-dependent plasticity in cortex. Additional feedback processes such as scaling of intrinsic excitability and
plasticity of inhibitory conductances have been demonstrated in monocular domains, but their role in shaping
binocular interactions remains to be determined [64].

Conclusion
The development of powerful new techniques such as
two-photon imaging and informative animal models has
greatly advanced our knowledge of how and when intrinsic patterning and experience-dependent processes intersect to shape neural connectivity in the visual pathway.
Additional tools are being generated every day, and we
foresee rapid progress in this exciting field.

Acknowledgments
This work was supported by NHMRC project grant 302003 and a
University of Sydney Research and Development Grant (CAL), NRSA
Fellowship 1F32EY018065 (AV), and grants from the NIH and Simons
Foundation (MS).

References and recommended reading
Papers of particular interest published within the period of review have
been highlighted as:
 of special interest
 of outstanding interest
1.

Leamey CA, Protti DA, Dreher B: Comparative survey of the
mammalian visual system with reference to the mouse. In Eye,
Retina and Visual System of the Mouse. Edited by Williams RW,
Chalupa LM. MIT Press; 2008.

Herrera E, Brown L, Aruga J, Rachel RA, Dolen G, Mikoshiba K,
Brown S, Mason CA: Zic2 patterns binocular vision by
specifying the uncrossed retinal projection. Cell 2003,
114:545-557.
Identified the mechanism by which a key process in the generation of
binocular circuits, specification of the ipsilateral projection, is determined.

2.


3.

Garcia-Frigola C, Carreres MI, Vegar C, Mason C, Herrera E: Zic2
promotes axonal divergence at the optic chiasm midline by
EphB1-dependent and -independent mechanisms.
Development 2008, 135:1833-1841.

4.

Lee R, Petros TJ, Mason CA: Zic2 regulates retinal ganglion
cell axon avoidance of ephrinB2 through inducing expression
of the guidance receptor EphB1. J Neurosci 2008,
28:5910-5919.

5.

Herrera E, Marcus R, Li S, Williams SE, Erskine L, Lai E, Mason C:
Foxd1 is required for proper formation of the optic chiasm.
Development 2004, 131:5727-5739.

6.

Tian NM, Pratt T, Price DJ: Foxg1 regulates retinal axon
pathfinding by repressing an ipsilateral program in nasal
retina and by causing optic chiasm cells to exert a net
axonal growth-promoting activity. Development 2008,
135:4081-4089.

7.

Takahashi H, Shintani T, Sakuta H, Noda M: CBF1 controls the
retinotectal topographical map along the anteroposterior
axis through multiple mechanisms. Development 2003,
130:5203-5215.

8.

McLaughlin T, O’Leary DD: Molecular gradients and
development of retinotopic maps. Annu Rev Neurosci 2005,
28:327-355.

9.

Hansen MJ, Dallal GE, Flanagan JG: Retinal axon response to
Ephrin-A shows a graded, concentration-dependent
transition from growth promotion to inhibition. Neuron 2004,
42:717-730.
Current Opinion in Neurobiology 2009, 19:181–187

Author's personal copy

186 Development

10. Brunet I, Weinl C, Piper M, Trembleau A, Volovitch M, Harris W,
Prochiantz A, Holt C: The transcription factor Engrailed-2
guides retinal axons. Nature 2005, 438:94-98.
11. Cang J, Wang L, Stryker MP, Feldheim DA: Roles of ephrin-as
and structured activity in the development of functional maps
in the superior colliculus. J Neurosci 2008, 28:11015-11023.
12. Haustead DJ, Lukehurst SS, Clutton GT, Bartlett CA, Dunlop SA,
Arrese CA, Sherrard RM, Rodger J: Functional topography and
integration of the contralateral and ipsilateral retinocollicular
projections of ephrin-AS/S mice. J Neurosci 2008,
28:7376-7386.
13. Pfeiffenberger C, Yamada J, Feldheim DA: Ephrin-As and
patterned retinal activity act together in the development of
topographic maps in the primary visual system. J Neurosci
2006, 26:12873-12884.
14. Rashid T, Upton AL, Blentic A, Ciossek T, Knoll B, Thompson ID,
Drescher U: Opposing gradients of ephrin-As and EphA7 in the
superior colliculus are essential for topographic mapping in
the mammalian visual system. Neuron 2005, 47:57-69.
15. Marler KJ, Becker-Barroso E, Martinez A, Llovera M, Wentzel C,

Poopalasundaram S, Hindges R, Soriano E, Comella J,
Drescher U: A TrkB/EphrinA interaction controls retinal
axon branching and synaptogenesis. J Neurosci 2008,
28:12700-12712.
This paper showed how region-specific branching, the template for retinal
topography is achieved via intersection of ephrinA and BDNF signaling.
16. Schmitt AM, Shi J, Wolf AM, Lu CC, King LA, Zou Y: Wnt–Ryk
signalling mediates medial-lateral retinotectal topographic
mapping. Nature 2006, 439:31-37.
17. Schulte D, Bumsted-O’Brien KM: Molecular mechanisms of
vertebrate retina development: implications for ganglion cell
and photoreceptor patterning. Brain Res 2008, 1192:151-164.
18. Mui SH, Hindges R, O’Leary DD, Lemke G, Bertuzzi S: The
homeodomain protein Vax2 patterns the dorsoventral and
nasotemporal axes of the eye. Development 2002, 129:797-804.
19. Plas DT, Dhande OS, Lopez JE, Murali D, Thaller C,

Henkemeyer M, Furuta Y, Overbeek P, Crair MC: Bone
morphogenetic proteins, eye patterning, and retinocollicular
map formation in the mouse. J Neurosci 2008, 28:7057-7067.
This work showed that the role of BMP on dorsoventral mapping has
EphB-dependent and EphB-independent components.
20. Grubb MS, Rossi FM, Changeux JP, Thompson ID: Abnormal
functional organization in the dorsal lateral geniculate nucleus
of mice lacking the beta 2 subunit of the nicotinic
acetylcholine receptor. Neuron 2003, 40:1161-1172.
21. Nicol X, Voyatzis S, Muzerelle A, Narboux-Neme N, Sudhof TC,
 Miles R, Gaspar P: cAMP oscillations and retinal activity are
permissive for ephrin signaling during the establishment of the
retinotopic map. Nat Neurosci 2007, 10:340-347.
This work revealed an unexpected role for spontaneous retinal activity,
via cAMP oscillations, in the proper repellant function ephrin-A during
retinotopic map development.
22. Guido W: Refinement of the retinogeniculate pathway. J Physiol
2008, 586:4357-4362.
23. Chalupa LM: A reassessment of the role of activity in the
formation of eye-specific retinogeniculate projections. Brain
Res Rev 2007, 55:228-236.
24. Huberman AD, Murray KD, Warland DK, Feldheim DA,
Chapman B: Ephrin-As mediate targeting of eye-specific
projections to the lateral geniculate nucleus. Nat Neurosci
2005, 8:1013-1021.
25. Pfeiffenberger C, Cutforth T, Woods G, Yamada J, Renteria RC,
 Copenhagen DR, Flanagan JG, Feldheim DA: Ephrin-As and
neural activity are required for eye-specific patterning during
retinogeniculate mapping. Nat Neurosci 2005, 8:1022-1027.
This article showed that mapping of ipsilateral axons is reliant on ephrinAs
and that retinotopic mapping and eye-specific segregation are independent processes.
26. Hindges R, McLaughlin T, Genoud N, Henkemeyer M, O’Leary DD:
EphB forward signaling controls directional branch extension
Current Opinion in Neurobiology 2009, 19:181–187

and arborization required for dorsal–ventral retinotopic
mapping. Neuron 2002, 35:475-487.
27. Lambot MA, Depasse F, Noel JC, Vanderhaeghen P: Mapping
labels in the human developing visual system and the
evolution of binocular vision. J Neurosci 2005, 25:7232-7237.
28. Leamey CA, Merlin S, Lattouf P, Sawatari A, Zhou X, Demel N,
 Glendining KA, Oohashi T, Sur M, Fassler R: Ten_m3 regulates
eye-specific patterning in the mammalian visual pathway
and is required for binocular vision. PLoS Biol 2007,
5:2077-2092.
These authors were the first to identify a factor responsible for ipsilateral
eye-specific retinotopic mapping, and demonstrated that matched left
and right eye connectivity are critical for binocular vision.
29. Sur M, Rubenstein JL: Patterning and plasticity of the cerebral
cortex. Science 2005, 310:805-810.
30. Sur M, Leamey CA: Development and plasticity of cortical areas
and networks. Nat Rev Neurosci 2001, 2:251-262.
31. Crowley JC, Katz LC: Development of ocular dominance
columns in the absence of retinal input. Nat Neurosci 1999,
2:1125-1130.
32. Crair MC, Horton JC, Antonini A, Stryker MP: Emergence of
ocular dominance columns in cat visual cortex by 2 weeks of
age. J Comp Neurol 2001, 430:235-249.
33. Yu H, Farley BJ, Jin DZ, Sur M: The coordinated mapping of
visual space and response features in visual cortex. Neuron
2005, 47:267-280.
34. Cang J, Niell CM, Liu X, Pfeiffenberger C, Feldheim DA,
 Stryker MP: Selective disruption of one Cartesian axis of
cortical maps and receptive fields by deficiency in ephrin-As
and structured activity. Neuron 2008, 57:511-523.
This study found that pathways mediated by ephrinAs and early retinal
waves are the main determinants of azimuth map formation, but interestingly the elevation retinotopic map is regulated by an independent
pathway.
35. Cang J, Kaneko M, Yamada J, Woods G, Stryker MP,
Feldheim DA: Ephrin-as guide the formation of functional maps
in the visual cortex. Neuron 2005, 48:577-589.
36. Fagiolini M, Pizzorusso T, Berardi N, Domenici L, Maffei L:
Functional postnatal development of the rat primary visual
cortex and the role of visual experience: dark rearing and
monocular deprivation. Vision Res 1994, 34:709-720.
37. Fregnac Y, Imbert M: Early development of visual cortical cells
in normal and dark-reared kittens: relationship between
orientation selectivity and ocular dominance. J Physiol 1978,
278:27-44.
38. Timney B, Mitchell DE, Giffin F: The development of vision in cats
after extended periods of dark-rearing. Exp Brain Res 1978,
31:547-560.
39. Tian N: Synaptic activity, visual experience and the maturation
of retinal synaptic circuitry. J Physiol 2008, 586:4347-4355.
40. Wallace W, Bear MF: A morphological correlate of synaptic
scaling in visual cortex. J Neurosci 2004, 24:6928-6938.
41. Wiesel TN, Hubel DH: Comparison of the effects of unilateral
and bilateral eye closure on cortical unit responses in kittens.
J Neurophysiol 1965, 28:1029-1040.
42. Antonini A, Stryker MP: Rapid remodeling of axonal arbors in
the visual cortex. Science 1993, 260:1819-1821.
43. Shatz CJ, Stryker MP: Ocular dominance in layer IV of the cat’s
visual cortex and the effects of monocular deprivation.
J Physiol 1978, 281:267-283.
44. Tropea D, Van Wart A, Sur M: Molecular mechanisms of
experience-dependent plasticity in visual cortex. Philos Trans
R Soc Lond B Biol Sci 2009, 364:341-355.
45. Lyckman AW, Horng S, Leamey CA, Tropea D, Watakabe A, Van

Wart A, McCurry C, Yamamori T, Sur M: Gene expression
patterns in visual cortex during the critical period: synaptic
stabilization and reversal by visual deprivation. Proc Natl Acad
Sci U S A 2008, 105:9409-9414.
www.sciencedirect.com

Author's personal copy

Intrinsic patterning and experience-dependent mechanisms Leamey, Van Wart and Sur 187

This DNA microarray study was the first to describe the genetic signatures
of normal visual cortex development, and the reversal of ‘critical period
genes’ by monocular deprivation.

57. Mataga N, Mizuguchi Y, Hensch TK: Experience-dependent
pruning of dendritic spines in visual cortex by tissue
plasminogen activator. Neuron 2004, 44:1031-1041.

46. Majdan M, Shatz CJ: Effects of visual experience on
activity-dependent gene regulation in cortex. Nat Neurosci
2006, 9:650-659.

58. Mower AF, Liao DS, Nestler EJ, Neve RL, Ramoa AS: cAMP/Ca2+
response element-binding protein function is essential for
ocular dominance plasticity. J Neurosci 2002, 22:2237-2245.

47. Tropea D, Kreiman G, Lyckman A, Mukherjee S, Yu H, Horng S,
Sur M: Gene expression changes and molecular pathways
mediating activity-dependent plasticity in visual cortex. Nat
Neurosci 2006, 9:660-668.

59. Cingolani LA, Thalhammer A, Yu LM, Catalano M, Ramos T,
Colicos MA, Goda Y: Activity-dependent regulation of synaptic
AMPA receptor composition and abundance by beta3
integrins. Neuron 2008, 58:749-762.

48. Sugiyama S, Di Nardo AA, Aizawa S, Matsuo I, Volovitch M,

Prochiantz A, Hensch TK: Experience-dependent transfer of
Otx2 homeoprotein into the visual cortex activates postnatal
plasticity. Cell 2008, 134:508-520.
This study described a novel mechanism for influencing critical period
timing, involving transfer of a homeobox protein between cells to promote
the maturation of inhibitory circuitry.

60. Stellwagen D, Malenka RC: Synaptic scaling mediated by glial
TNF-alpha. Nature 2006, 440:1054-1059.

49. Fagiolini M, Fritschy JM, Low K, Mohler H, Rudolph U, Hensch TK:
Specific GABAA circuits for visual cortical plasticity. Science
2004, 303:1681-1683.

62. Shepherd JD, Rumbaugh G, Wu J, Chowdhury S, Plath N, Kuhl D,
Huganir RL, Worley PF: Arc/Arg3.1 mediates homeostatic
synaptic scaling of AMPA receptors. Neuron 2006, 52:475-484.

50. Hensch TK: Critical period plasticity in local cortical circuits.
Nat Rev Neurosci 2005, 6:877-888.
51. Smith GB, Heynen AJ, Bear MF: Bidirectional synaptic
mechanisms of ocular dominance plasticity in visual cortex.
Philos Trans R Soc Lond B Biol Sci 2009, 364:357-367.
52. Di Cristo G, Berardi N, Cancedda L, Pizzorusso T, Putignano E,
Ratto GM, Maffei L: Requirement of ERK activation for visual
cortical plasticity. Science 2001, 292:2337-2340.
53. Taha S, Hanover JL, Silva AJ, Stryker MP: Autophosphorylation
of alphaCaMKII is required for ocular dominance plasticity.
Neuron 2002, 36:483-491.
54. Beaver CJ, Ji Q, Fischer QS, Daw NW: Cyclic AMP-dependent
protein kinase mediates ocular dominance shifts in cat visual
cortex. Nat Neurosci 2001, 4:159-163.
55. Dillon C, Goda Y: The actin cytoskeleton: integrating form and
function at the synapse. Annu Rev Neurosci 2005, 28:25-55.
56. Oray S, Majewska A, Sur M: Dendritic spine dynamics are
regulated by monocular deprivation and extracellular matrix
degradation. Neuron 2004, 44:1021-1030.

www.sciencedirect.com

61. Rial Verde EM, Lee-Osbourne J, Worley PF, Malinow R, Cline HT:
Increased expression of the immediate-early gene arc/arg3.1
reduces AMPA receptor-mediated synaptic transmission.
Neuron 2006, 52:461-474.

63. Kaneko M, Stellwagen D, Malenka RC, Stryker MP: Tumor
 necrosis factor-alpha mediates one component of
competitive, experience-dependent plasticity in developing
visual cortex. Neuron 2008, 58:673-680.
This study was the first to show that synaptic homeostasis, mediated by a
glial-derived factor, is important for ocular dominance plasticity.
64. Maffei A, Turrigiano GG: Multiple modes of network

homeostasis in visual cortical layer 2/3. J Neurosci 2008,
28:4377-4384.
Using cortical slices, these authors tease apart deprivation-induced
homeostatic changes in the cortical microcircuitry. Visual deprivation
induced scaling of either intrinsic excitability or synaptic strength in
monocular cells of cortical layer 2/3, and reduced inhibitory drive to
promote excitability.
65. Majewska AK, Sur M: Plasticity and specificity of cortical
processing networks. Trends Neurosci 2006, 29:323-329.
66. Cancedda L, Putignano E, Impey S, Maffei L, Ratto GM,
Pizzorusso T: Patterned vision causes CRE-mediated gene
expression in the visual cortex through PKA and ERK.
J Neurosci 2003, 23:7012-7020.

Current Opinion in Neurobiology 2009, 19:181–187

