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THALAMOCORTICAL
DEVELOPMENT: HOW ARE WE
GOING TO GET THERE?
Guillermina López-Bendito and Zoltán Molnár
The arealization of the mammalian cortex is believed to be controlled by a combination of intrinsic
factors that are expressed in the cortex, and external signals, some of which are mediated
through thalamic input. Recent studies on transgenic mice have identified families of molecules
that are involved in thalamic axon growth, pathfinding and cortical target selection, and we are
beginning to understand how thalamic projections impose cytoarchitectonic differentiation on the
developing cortex. By unravelling these mechanisms further, we should be able to increase our
understanding of the principles of cortical organization.
EPIGENETIC

Describes a change in
phenotype that is brought about
by changes in the regulation of
gene expression or changes in
the function of gene products,
rather than by a change in
genotype.
VENTRICULAR ZONE

The proliferative inner layer
of the developing brain and
spinal cord.
SUBVENTRICULAR ZONE

A layer of cells in the developing
brain that is generated by the
migration of neuroblasts from
the adjoining ventricular zone.
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The mechanisms that control neocortical regionalization — or arealization — have been the subject of much
debate. Intrinsic mechanisms, such as differential gene
expression that is autonomous to the neocortex, and
extrinsic influences, such as input from thalamocortical
afferents, have both gained support from recent
studies1. Although some components of local specialization are determined by differential patterns of commitment at an early stage of development (perhaps
even during mitosis), there is considerable evidence that
the developing cortex is partly multipotential, and that
some localized extrinsic signal is needed as an EPIGENETIC
cue to control the ultimate differentiation of each
area2,3. The obvious candidate for this extrinsic signal, at
least for primary sensory areas, is the input from the
appropriate thalamic nucleus.
Sense organs (except for the olfactory organs) and
the subcortical motor centres provide input to one or
more thalamic nuclei, and these nuclei have welldefined reciprocal connections with the cortical
regions through which they process sensory information (FIG. 1a,b). The reciprocal connections have area
and lamina specificity, they are remarkably similar for
all cortical areas, and are highly conserved between
species. Most of the thalamic input terminates in layer
IV of the neocortex, although there are some terminations in layers I, II/III and VI. Layer VI neurons of
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each area send corticofugal projections back to the
corresponding thalamic nucleus, and layer V sends
projections to additional nuclei4 (FIG. 1c).
This article provides an overview of the exciting
recent progress that has been made in the field of thalamocortical development. The transgenic mouse has
proved to be a very powerful tool to increase our understanding of the principal developmental mechanisms,
and it has helped us to dissect the causal relationships
between thalamocortical fibre targeting and areal
specialization in the cortex. Through the analysis of
these mouse mutants, we are beginning to identify the
importance of various forms of communication
between the cortex and thalamus, and the roles that
these interactions have during embryonic and early
postnatal development.
Early organization of the cortex and thalamus

Formation of the cortical layers. The largest region of
the cerebral cortex, the six-layered neocortex, is the part
of the mammalian brain that has shown the most
extensive expansion and specialization during evolution5,6. Most neocortical neurons, including the projection neurons, are generated within the VENTRICULAR and
SUBVENTRICULAR ZONES (VZ/SVZ) of the lateral ventricle.
The first postmitotic neurons accumulate below the pial
surface, forming a new layer called the preplate.
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Neurons that are subsequently generated in the VZ/SVZ
migrate along radial glial processes to form the cortical
plate, which splits the preplate into a superficial marginal zone (MZ) and a deep subplate. The cortical plate
gradually differentiates in a deep to superficial, or
‘inside-out’, pattern, forming layers VI to II of the adult
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neocortex7. The cortex also becomes patterned along
anteroposterior and mediolateral axes7.
A largely transient population of neurons that is
located in the subplate has been proposed to have a crucial role in cortical development8. These neurons send
local and long-distance projections, pioneering the
INTERNAL CAPSULE (IC) and the main input and output
projection paths between the cortex and the rest of the
central nervous system (CNS)8–10.
Formation and differentiation of thalamic nuclei. The
thalamus and cortex develop synchronously. Most of the
thalamic neurons in the rat are born between embryonic
day (E) 13 and E19 (REF. 11), which coincides with the
period of neuron generation in the cortex. The lateral
geniculate nucleus (LGN) is generated over two days
between E12 and E14 (REF. 12), and the thalamus and
hypothalamus can be distinguished after E12. On E13, a
wedge-shaped enlargement appears in the diencephalic
wall, with further furrows defining the developing dorsal
and ventral thalamus. At around E16/E17, nuclear differentiation begins in the thalamus, starting with the epithalamus and ventral thalamus, and later spreading to
the dorsal thalamus4. The thalamic reticular nucleus is
considerably larger during development, and a substantial proportion of its cells disappear by adulthood13. Only
dorsal thalamic neurons send projections to the cortex;
the epithalamus and ventral thalamus do not4. In addition to the cerebral cortical projections, distinct dorsal
thalamic regions send axons to the STRIATUM, the OLFACTORY
TUBERCLE, parts of the AMYGDALA, the piriform cortex and
the hippocampal formation4. It has been suggested that
the different subsets of thalamic projections find their
targets by recognizing specific signals in these regions,
and on reaching the appropriate target, they establish
topographically ordered representations8,14.

STRIATUM

Part of the subpallium and one
of the components of the
striatopallidal complex. It
comprises deep (caudate
nucleus, putamen and nucleus
accumbens) and superficial
(olfactory tubercle) parts.
OLFACTORY TUBERCLE

A structure in the base of the
telencephalon that acts as a relay
centre for olfactory information.
It was initially classed as a
component of the olfactory (or
piriform) cortex, but its cellular
architecture more closely
resembles that of the striatum,
with which it shares a common
developmental origin in the
lateral ganglionic eminence. It is
particularly prominent in
species that rely heavily on their
sense of smell, such as rodents.
AMYGDALA

A small almond-shaped
structure, comprising 13 nuclei,
buried in the anterior medial
section of each temporal lobe.

Thalamocortical and corticothalamic projections

Figure 1 | Sensory modalities reach the cerebral cortex
through different thalamic nuclei. a | Visual input from the
retina (blue line) is relayed through the dorsal lateral geniculate
nucleus (dLGN) to reach the visual cortex (V1, blue area in b).
Somatosensory information from the whiskers (red line) reaches
the ventrobasal complex (VB) through the brainstem, and is
relayed to the barrel field of the primary somatosensory cortex
(S1, red area in b). Acoustic information (purple line) arrives at the
medial geniculate nucleus through numerous relays, and is then
relayed to the primary auditory cortex (A1, purple area in b).
b | The sensory and motor cortical areas of the mouse brain.
Orange dashed line indicates plane of section in part c.
c | Forebrain section, showing S1 and VB and the pathways
that link them. The red line indicates the thalamocortical fibre
running from VB to layer IV of S1 (red shading). The blue line
indicates thalamocortical projections to the anterior segment of
V1 (blue shading). Neurons in layer VI of the same area project
to VB. Layer V extends projections to the cerebral peduncle
(CP). White brackets in layer IV represent septa of barrels. CPU,
caudate putamen; GP, globus pallidus; IC, internal capsule; M1,
primary motor area; M2, secondary motor area; S2, secondary
somatosensory cortex; TRN, thalamic reticular nucleus; vLGN,
ventral lateral geniculate nucleus; WM, white matter.
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In rodents, the forebrain undergoes extensive changes
during the second and third week of gestation. It differentiates into distinct domains — prosomeres — each
with specific morphological features and gene expression patterns15,16. Around the same time, the neocortex
and dorsal thalamus start to link with each other
through reciprocal connections — in mice this occurs
between E13 and E18. Thalamocortical and corticothalamic projections have to cross several emerging
boundary zones to reach their ultimate target cells (FIG. 2).
These include the diencephalic–telencephalic and the
pallial–subpallial boundaries (DTB and PSPB, respectively), which are demarcated by distinct molecular
properties17 (FIG. 2). For example, the PSPB has been
characterized by the absence of expression of both Emx1
and Dlx1 (REF. 17), and the presence of Pax6 (REF. 18). This
zone is believed to have an important role during development and evolution, acting as a transient barrier zone
for fibres and a corridor for migrating neurons19.
It has been shown that fibre trajectories and fasciculation patterns change as thalamocortical and corticofugal
axons cross these sharp gene expression boundaries20.
For example, both thalamocortical and corticofugal
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boundary, thalamocortical and corticofugal fibres
resume their advance, intimately associated with each
other, and proceed towards their targets20 (FIG. 2b). In contrast to these well-defined boundaries, the exact nature
of forebrain prosomeres remains controversial, so it is
not yet clear how closely thalamocortical and corticofugal
axons respect their boundaries.
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Figure 2 | Thalamocortical axon growth through the developing mouse forebrain. During
embryonic development, thalamic axons travel long distances to reach their target cortical areas.
a | At embryonic day (E) 13.5, thalamic axons (red lines) leave the dorsal thalamus (DT) descend
among ventral thalamic cells (dark green) and cross the boundary between the diencephalon and
the telencephalon (DTB). Then, they extend through the medial and lateral ganglionic eminences
(MGE and LGE, respectively). Cells located at the internal capsule and thalamic reticular nucleus
(light and dark green circles, respectively), and their projections (green lines), seem to have a close
relation with thalamic projections en route to the cortex (Ctx). At the same time, corticofugal axons
(blue lines) leave the cortex and transiently pause at the pallial–subpallial boundary (PSPB). b | At
E18.5, both sets of projections are approaching their targets. Thalamic axons are located mainly at
the intermediate zone and subplate of the cortex, and some of their side branches have started to
invade the deep cortical plate. Corticofugal axons arrive at the dorsal thalamus in a topographically
organized manner. DG, dentate gyrus; ET, epithalamus; Hp, hippocampus; HT, hypothalamus;
LV, lateral ventricle; Str, striatum; TE, thalamic eminence; VP, ventral pallium; VT, ventral thalamus.

ORPHAN NUCLEAR RECEPTOR

A receptor for which a ligand has
not been identified.
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projections show puzzling behaviour at the DTB and
PSPB. The developing thalamocortical axons first proceed ventrally from the dorsal thalamus and then turn
dorsolaterally at the DTB, where they enter the IC by E13
in the mouse (FIG. 2a). They advance rapidly to a largely
transient population of cells in this region21, where they
pause before traversing the PSPB at E15. Projections that
originate from the preplate in the neocortex also pause at
the PSPB at around E14 (REF. 22). Although projections
from different cortical regions arrive at this zone asynchronously according to the cortical developmental
gradient7, the front of the early corticofugal projection
lines up along the PSPB22. After their interaction at this
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Guidance molecules in the thalamocortical pathway.
The early steps of thalamocortical fibre deployment
depend on various factors. The indication that a patterned cortex might direct the ingrowth of thalamic
afferents came from observations that certain macromolecules that are generated in this region seem to participate directly in setting up the correct thalamocortical
connectivity23–26. Distinct gene expression patterns show
regions of the developing brain that express a diverse set
of diffusible or membrane bound molecules, which
guide the establishment of early connectivity. Some of
these molecules have several functions at different
developmental stages (FIG. 3).
The release of attractive and repulsive factors, and
axon guidance molecules, from the cortex is believed to
have an important role in channelling the growing projections though the forebrain, and also in the focusing of
specific sets of axons to particular cortical areas3. Limbicassociated membrane proteins (LAMP) (FIG. 3), the
ORPHAN NUCLEAR RECEPTOR Coup-tfi, Cadherin 6 (Cdh6),
Cdh8 and Cdh11, and the ephrins and Eph receptors are
expressed in distinct regions of the cerebral cortex, and
could attract or repel specific sets of thalamocortical
projections. A recent study, in which neurotrophin 3
(NT3) was specifically deleted in the neocortex, provided
evidence for a target-derived function of neurotrophins
in the establishment of synaptic interactions between
thalamic axons and cortical neurons27. Additionally, the
p75 neurotrophin receptor is expressed in a low-rostral
to high-caudal gradient within the subplate during the
period of thalamocortical targeting. In p75-knockout
mice, the thalamic input to the visual cortex is reduced,
implying a role for neurotrophins and their receptors in
the area-specific targeting of thalamic axons28.
One molecule that has been implicated in thalamocortical pathfinding is netrin 1 (REF. 29) (FIG. 3a). It is
expressed in the ventral telencephalon when thalamocortical axons are navigating through this region30, and
in vitro it has been shown to act as a chemoattractant for
cortical axons30. The existence of a ventral telencephalic
chemoattractant activity for dorsal thalamic axons has
recently been demonstrated using in vitro axon guidance
assays31,32. It has also been suggested that the hypothalamic area releases a chemorepellent signal for thalamic
axons31, but this signal has not yet been identified.
Molecules such as Slits have been suggested to play a
prominent part in the development of thalamocortical
connections, by preventing them from invading the
hypothalamus and from crossing the midline33.
Recent studies have shown that netrin 1 is expressed
by cells in the IC region, where it acts as an attractant for
thalamocortical axons that travel through this ventral

www.nature.com/reviews/neuro

© 2003 Nature Publishing Group

REVIEWS

a

b

++

c
II/III

IZ

+

–
–
+
–

+
+++
++
++
++
– vTel +
– –
– –

DT

–
++
+ –
–
–

–

– + + IV
+
–

IZ
LGN
VBN

–
–––
–
HT

Netrin 1
+ Chemoattractant signal
for thalamic axons
+ Chemoattractant signal
for corticofugal axons
– Chemorepellent signal
for thalamic axons
– Chemorepellent signal
for corticofugal axons
Thalamocortical axons
Corticofugal axons

LAMP
Limbic thalamic axons
+ Chemoattractant LAMP signal
for limbic thalamic axons
– Chemorepellent LAMP signal
for non-limbic thalamic axons

Ephrin-A5 expression
+ Chemoattractant Ephrin-A5 signal
for thalamic axons
Ephrin-A4 expression
Ephrin-B3 expression
– Chemorepellent Ephrin-B3 signal
for lateral thalamic axons
LGN thalamic axons

Figure 3 | Signals, receptors and guidance molecules postulated in the development of area-specific thalamocortical
connectivity. The deployment of thalamic fibres through different telencephalic and diencephalic regions requires a meticulous
organization of attractive and repulsive signals and other guidance molecules. Certain molecules have been proposed to act as
chemoattractant or chemorepellent signals to modulate the paths of thalamocortical (red lines) and corticofugal (blue lines)
projections. a | Netrin 1 is a strong candidate for an early attractive signal in the internal capsule. It is expressed early in the ventral
telencephalon (vTel) and dorsal thalamus (DT), when thalamocortical axons are navigating through these regions. It has also been
shown in vitro to act as a chemoattractant signal for early cortical axons (blue +). The existence of a ventral telencephalic and a
cortical chemoattractant activity (red +) for dorsal thalamic axons has been demonstrated. Moreover, a chemorepellent signal for
thalamic axons (red –) by the hypothalamic area (HT) has been also indicated. b | The limbic system-associated membrane protein
(LAMP) might also be involved in the regional specification of a subset of thalamocortical projections. LAMP is selectively expressed
in the perirhinal and frontal limbic cortex and medial limbic thalamic nuclei (purple shadows) at early developmental stages. In the
limbic cortex, LAMP attracts limbic thalamic axons (purple +) and also serves as a repulsive cue to prevent non-limbic thalamic axons
from innervating inappropriate cortical regions (pink –). c | Ephrin-A5, Ephrin-A4 and Ephrin-B3 are thought to play a later part in
generating the correct thalamic invasion and arborization pattern in the appropriate cortical layer. Ephrin-A5 is expressed in the
somatosensory cortex, with stronger expression in layers IV and VI (blue area). Ephrin-A4 is enriched (green area) in the lateral
geniculate nucleus (LGN), in the ventrobasal complex of the thalamus (VB) and in the intermediate zone (IZ) of the cortex. Ephrin-B3
(red area) is highly expressed in the embryonic ventral telencephalon at late embryonic ages (embryonic day 17). In the neonate, it is
expressed in the amygdala, piriform area and entorhinal cortex.

telencephalic domain en route to the cortex30 (FIG. 3a). In
netrin 1-deficient mice, however, thalamocortical axons
initially project along their normal path and can reach
the dorsal cortex, implying that netrin 1 is not required
by the thalamocortical axons to cross the DTB to reach
the IC32. However, the pathway of thalamic axons
through the IC region is disorganized in the netrin 1
mutant mice and fewer thalamic axons reach the cortex32.
Taken together, these observations indicate that netrin 1
is a chemoattractant molecule that is required for the
development of normal thalamocortical projections,
but it might act in combination with other guidance
molecules to control thalamocortical pathfinding.
Recent studies have also provided evidence that
ephrins and their receptors have a key role in guiding
thalamocortical axons to their appropriate target cells in
the developing cortex (FIG. 3c). In mice that lack the
ephrin-A5 gene, the relative scale of the different regions
within the body representation was altered in the primary
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somatosensory area34. Ephrin-A5 has also been implicated in the patterning of thalamocortical connections
between areas of the neocortex and the limbic cortex26,35.
In addition, blocking endogenous ephrin-A ligands abolishes the preferential branching of thalamic projections
on substrates from their target layer, and ephrin-A5,
which is expressed in layer IV of the somatosensory
cortex, induces collateral formation of thalamic axons36.
This indicates that ephrin-As are instrumental not only
for areal targeting, but also for the formation of terminal
arborizations of thalamic axons in their target cortical
layer. Recent in vivo evidence has implicated ephrin-A5
in the patterning of thalamocortical connections between
areas of the neocortex and limbic cortex37.
Further support for a role for ephrins and their receptors in the formation of region-specific thalamocortical
connections has come from a recent in vitro study, using
membranes containing ephrin-B3, which is highly
expressed in the limbic cortex38. Membranes prepared
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from this region specifically inhibited axonal growth
in thalamic neurons that expressed EphA4, which are
normally targeted to the dorsal cortex (FIG. 3b,c).
Another important set of guidance signals in the
forebrain is the semaphorins — a large family of transmembrane and secreted proteins39–41. They have been
shown to selectively inhibit the formation of terminal
arborizations, to prevent branching and maintain fasciculation42, and to influence pathway formation43. Previous
work also provided evidence that semaphorins can act as
both attractive and repulsive guidance cues during the
initial patterning of corticofugal projections. A repellent
axonal guidance molecule, semaphorin 3A (Sema3a), is
expressed in the IC when projections between the thalamus and cortex are being established44. Time-lapse imaging studies have shown that growth cones can distinguish
between specific cues expressed on axonal surfaces; the
addition of Sema3a to the substrate increases the rate of
HOMOTYPIC fasciculation and enhances HETEROTYPIC growth
cone retractions of thalamic axons44.
Recent tracing studies have shown interesting defects
in thalamocortical development in Sema6a mutant
mice45. Some thalamocortical axons fail to turn dorsally
after crossing the DTB through the IC, and instead project aberrantly to the amygdaloid region45. Sema6a
expression has been described in thalamocortical
neurons and in the IC46 at the time when thalamic
axons grow through different regions and boundaries45.
This might indicate that the guidance defects that are
observed in Sema6a-knockout mice could be partially
cell-autonomous, but further investigations in this
mutant mouse are required to definitively answer
this question.

HOMOTYPIC

A term that refers to interactions
between cells or molecules of the
same type.
HETEROTYPIC

A term that refers to interactions
between cells or molecules of
different types.
PALLIUM

The roof of the telencephalon. It
contains both cortical structures
(for example, hippocampus and
neocortex) and deep-lying
nuclear structures (for example,
claustrum and parts of the
amygdala). Pallium is not
synonymous with cortex.
OCCIPITAL CORTEX

The most caudal of the four
main subdivisions of the
cerebral cortex.
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Forebrain patterning and thalamocortical development.
Recent studies have started to define candidate molecules that control the expression patterns of regulatory
genes and transcription factors in the forebrain. These
in turn control the expression of membrane-bound or
soluble guidance molecules, which modulate the
pathfinding of thalamocortical axons. Signalling molecules, such as fibroblast growth factor 8 (Fgf8), Sonic
hedgehog (Shh), bone morphogenetic proteins (BMPs)
2, 4, 6 and 7, and Wnts 2b, 3a, 5a and 7a, control the
regional expression of specific transcription factors in
well-defined signalling centres47–49. Graded or restricted
expression of different genes that code for transcription
factors, nuclear receptors, cell adhesion molecules, axon
guidance receptors and ligands has been described in
defined areas of the embryonic forebrain15,50–52. For
example, numerous transcription factors, including
Pax6, Mash1, Tbr1, Foxg1, Ngn2, Ebf1, Emx2, Dlx2 and
Otx2, are expressed in distinct patterns in the ventral
PALLIUM, whereas Gbx2 and Emx1 transcripts are absent
from this region. These expression patterns probably
modulate molecular patterning at the PSPB, which in
turn influences axonal pathfinding.
Recently, abnormalities of thalamocortical development have been described in several mutants lacking
transcription factors that are expressed along their route
of navigation (FIG. 4). The most severe phenotypes were
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observed in Gbx2, Mash1, Pax6 Sey/Sey and Pax6/LacZknockout mice, where thalamic axons failed to innervate
the cortex53–56 (FIG. 4). Moreover, in Tbr1, Emx2, Pax6 Sey/Sey,
Pax6/LacZ and Gbx2 mutants, pathfinding errors also
affect the reciprocal corticofugal projections. In Tbr1 and
Gbx2 mutants, the errors occur first in the subpallium
during the formation of cortical projections within the
IC (FIG. 4). These findings indicate that cortical and thalamic projections become dependent on each other for
axon guidance in the IC, having grown into the subpallium independently by other mechanisms. The guidance
cues in the internal capsule have not yet been identified.
In Gbx2 and Mash1-knockout mice, the embryonic
regionalization of the neocortex remains normal in the
absence of thalamic innervation, as shown by markers
that reveal regional boundaries, including Cad6,
Cad8, Cad11, Emx1, Lhx2 and Id2 (REFS 50,51). In Emx2knockout mice, a shift in thalamic targeting is matched
with an altered cortical gene expression pattern, but in
Pax6 mutants, in which thalamic projections do not
reach the cortex, an opposite shift of cortical arealization
has been observed57–59. These results indicate that the
shift in cortical arealization might be independent of the
early alteration of thalamic targeting, and that it is driven
by the altered Emx2 and Pax6 expression in the cortex.
Recent analysis of Dlx1/2 and Ebf1-knockout mice
has implied that the early topography of thalamocortical axons is not governed by information within the
neocortex and dorsal thalamus. In Ebf1 mutant mice, in
which the early cortical and thalamic gene expression
pattern seems to be normal, thalamocortical axons shift
towards more caudal neocortical domains, and projections from the dorsal part of the lateral geniculate
nucleus (dLGN, or the visual thalamic nucleus) do not
reach the OCCIPITAL CORTEX46. Similar results are found in
the Dlx1/2 double knockout mice, in which the majority
of dLGN axons fail to reach the neocortex, and a shifted
topography of thalamic projections is found in the IC
and neocortex46. These experiments indicate that the
relative positions of thalamic axons that traverse the
basal ganglia and ventral telencephalon might have an
important role in organizing the cortical targeting of
these projections46. The fact that there is no shift in
embryonic cortical gene expression pattern in Ebf1 and
Dlx1/2 mutants implies that thalamocortical axon targeting is not strictly governed by cortical signals, and
supports the idea that early thalamic axons are not
responsible for setting up these early cortical gene
expression gradients.
The previously mentioned studies (FIG. 4) showed
that the development of thalamocortical interconnections requires the correct expression of a specific set of
transcription factors along their pathway, especially at
the DTB and PSPB. However, caution is needed when
interpreting the results in these mutants, as defects in
thalamocortical pathfinding might not be due to defects
in the path along which the axons grow, but rather to
defects in the thalamic cells themselves60. For example,
the axons might lack the ability to respond to perfectly
normal cues along the pathway, and this could explain
why pathfinding defects are sometimes seen at target
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Figure 4 | Abnormalities in thalamic and corticofugal development in transcription factor gene mutants. Several
transcription factors are expressed in the embryonic forebrain (b–h) along the routes of thalamocortical (red lines) and corticofugal
(blue lines) fibres (a). b | Emx2 is expressed in the dorsal cortex in a low-rostral to high-caudal and a low-lateral to high-medial
gradient, and also in the ventral telencephalon. Loss of this homeobox gene in knockout (KO) mice causes both corticofugal and
thalamocortical axons to follow an aberrant route through the ventral telencephalon (VT). This altered development occurs in
conjunction with a displacement of internal capsule cells (green circles) and their early dorsal thalamic projections. c | Loss of Tbr1,
which is expressed in the dorsal pallium and the thalamic eminence (TE), produces errors in the targeting of both thalamic and
corticofugal axons. Some thalamic fibres deviate from their normal route to the cortex (Ctx) and invade the amygdaloid region. Loss
of either Gbx2 (d), Mash1 (e) or Pax6 (f) leads to a complete loss of thalamic innervation. Defects in corticofugal pathfinding also
occur in Pax6 and Gbx2 KO mice, but normal corticofugal development was described in Mash1 KO mice. g | Thalamocortical
axons seem to develop normally in Nkx2.1 mutant mice, but corticofugal projections from layer V neurons develop abnormally and
extend to the ventral telencephalon and hypothalamus (HT). Projections from layer VI neurons to the dorsal thalamus (DT) develop
normally. h | Dorsal lateral geniculate nucleus (dLGN) axons are misrouted in the amygdala of Ebf1–/– embryos. Ebf1 inactivation
induces a shift in thalamocortical and corticothalamic connections. DTB, diencephalic–telencephalic boundary; LGE, lateral
ganglionic eminence; LV, Lateral ventricle; MGE, medial ganglionic eminence; PSPB, pallial–subpallial boundary; VP, ventral pallium.
PERIRHINAL CORTEX

One of the subdivisions of the
medial temporal lobe. It is
involved in learning and
memory, and is believed to be
particularly important for object
memory.
GANGLIONIC EMINENCE

The proliferative zone of the
ventral telencephalon, which
gives rise to the basal ganglia,
and also generates some cortical
neurons and glia. It consists of
lateral, caudal and medial
subdivisions.

sites where the mutated genes are not even expressed54.
Therefore, it is difficult to conclude whether the primary
cause of axonal growth defects resides within or outside
a particular forebrain structure.
Interactions with other cells and fibres. The earliest generated cells of the mammalian forebrain are in the preplate, PERIRHINAL CORTEX, thalamic reticular nucleus and
the ventral part of the GANGLIONIC EMINENCE7–9. These are
also among the first cells to develop connections in the
mammalian forebrain10,61–64. As these cells and their
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connections are situated along the future path of
thalamocortical connectivity, it has been suggested that
they guide thalamic axons along their trajectory to their
cortical target. Cells with a similar function have been
described in various species, including hamster21, rat64
and human65.
It has also been suggested that the early outgrowth of
thalamocortical axons from the diencephalon might be
governed by pioneering projections from cell groups that
are located in the ventral telencephalon and ventral thalamus20,21. Several studies have implicated the projections
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Figure 5 | First contact with the cortex. a | Maturation of cortical lamination and ingrowth of
thalamic fibres summarized on schematic coronal sections of mouse cortex. At embryonic day
(E) 11, the first postmitotic cells migrate to the outer edge of the cerebral wall to form the preplate
(PP), which is subsequently split into the marginal zone (MZ, the future layer I) and the subplate
(SP) by the arrival of neurons in the true cortical plate (CP). When thalamic axons (red lines) arrive
at the cortex at E15, only a densely packed cortical plate is present. The axons start to accumulate
in SP, although some axons and side branches penetrate the deep part of the cortical plate
(DCP). During the early postnatal period (P0), most thalamic fibres invade the CP and layers V and
VI. Thalamic axons assume their characteristic periphery-related pattern and impose a barrel
arrangement on cortical layer IV neurons. b | Optical recording with voltage-sensitive dyes
revealed that thalamocortical projections can conduct action potentials at E15, and also that
direct thalamic stimulation begins to elicit sustained depolarization in the internal capsule and SP
at E18–E19. This depolarization spreads to almost the entire thickness of the cortex shortly after
birth. By the end of the first postnatal week (P8), the characteristic periphery-related clustering of
activation appears in layer IV. IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular
zone; WM, white matter. Adapted, with permission, from REF. 70  (2000) Graham Publishing.

from IC cells in the guidance of thalamic axons through
different boundaries and telencephalic subdivisions14.
The strongest evidence for a role for IC cells and their
projections in guiding thalamocortical axons has come
from mutant mice. In Mash1-knockout mice, the IC
cells with thalamic projections are missing, and thalamocortical axons fail to enter this region53 (FIG. 4e). In Emx2
and Pax6 homozygous mice, the early IC projections
take an aberrant ventral route at the DTB, and some of
the thalamocortical axons follow them as they traverse
that region56,59.
Interactions between thalamic and cortical axons. The
‘handshake hypothesis’ postulates that projections from
the thalamus and the early-born cortical preplate cells
meet and intermingle in the basal telencephalon, such
that thalamic axons grow over a scaffold of preplate
axons14. Although their contact is now well documented20,54, it is still not known whether both sets of
fibres depend on each other to advance, extend and
develop normally towards their targets, or whether their
paths and destinations are autonomously controlled at
the cortex and thalamus. Recent results in Ebf1 and
Dlx1/2 mutant mice, in which a shift in thalamocortical
and corticofugal connectivity has been described46,
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strongly argue for a guiding role for the IC. It has been
suggested that in these mutants, thalamic projections
might change their relative position with their corticofugal counterparts, and that this, in turn, causes a shift
in the cortical targeting of thalamic axons46.
One important stipulation of the handshake
hypothesis is that the development of thalamocortical
and corticofugal connections and forebrain regionalization has to be synchronized. Errors in corticothalamic
and thalamocortical pathfinding within the region of
the IC were described in mice with mutations in transcription factor genes that are expressed in the cortex
(Tbr1), thalamus (Gbx2) or in both (Pax6)18,54,56. In
these mutants, both thalamic and corticofugal connections are aberrant and do not arrive at their final targets.
This supports the idea that it is necessary for thalamic
axons to form an intimate relationship with the scaffold
of preplate axons.
Further support for this model has come from
analysis of the Coup-tfi mutant, in which subplate
defects impair the capacity of thalamocortical axons to
reach the neocortex66. In Coup-tfi mutant mice, few
thalamocortical axons are able to grow out of the IC,
project into the intermediate zone and innervate the
cortex66. This abnormal thalamocortical development
might be explained by altered expression of guidance
molecules and the premature death of subplate cells
after E16.5 (REF. 66). Although these recent results are
indicative, it has still not been unequivocally demonstrated that selective fasciculation of the two fibre sets is
essential for their mutual guidance. In Coup-tfi mutants,
the subplate scaffold is initially present, but this is not
sufficient to guide thalamocortical axons to their target44,66. More direct evidence for the handshake hypothesis could be obtained from experiments where subplate
projections are selectively eliminated before E14 in mice
— before the arrival of thalamocortical axons in the IC.
Recently, an interesting idea has come from studies
in Nkx2.1 mutant mice. In these mice, thalamocortical
axons seem to develop normally, but corticofugal projections from layer V extend aberrant connections at
the ventral telencephalon and hypothalamus67. This
implies that corticofugal projections from layer V
might require different guidance mechanisms for their
subcortical targeting than layer VI or subplate projections. So, it is possible that only the guidance of layer VI
and subplate projections relies on an intact thalamocortical projection. The two sets of corticofugal projections could have a different affinity for the thalamic
reticular nucleus, which might be involved in the sorting
of these projections13. It is not clear whether corticofugal projections from the subplate and/or layer VI
accumulate here temporarily before advancing to the
core of the dorsal thalamus22.
First communication with the cortex

In mammals, thalamic fibres arrive at the appropriate
cortical regions before their ultimate target neurons are
born12,68,69, and they have to wait for two or three days
(E16–E19 in rodents) before they can continue their
growth and establish their final innervation pattern
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CHONDROITIN SULPHATE
PROTEOGLYCANS

Important components of the
extracellular matrix and
connective tissue. These proteins
contain hydrophilic, negatively
charged polymers of glucuronic
acid and sulphated N-acetyl
glucosamine residues.
HEPARAN SULPHATE

A glycosaminoglycan that
consists of repeated units of
hexuronic acid and glucosamine
residues. It usually attaches to
proteins through a xylose
residue to form proteoglycans.
BINOCULAR ENUCLEATION

Surgical removal of both of
the eyeballs.
BARREL

A cylindrical column of neurons
found in the rodent neocortex.
Each barrel receives sensory
input from a single whisker
follicle, and the topographical
organization of the barrels
corresponds precisely to the
arrangement of whisker follicles
on the face.

within the cortical plate (FIG. 5a). The early deployment
of thalamocortical connectivity is established in an
autonomous fashion before the afferents from the sensory periphery reach the dorsal thalamus. However, the
sensory periphery could start to modify this juvenile
topography after the initial targeting, during the process
of thalamic fibre ingrowth and arborization70. It has
been proposed that while the thalamic axons accumulate in the subplate, they engage in activity-dependent
interactions with these cells, and this might lead to their
realignment before they enter the cortex71,72.
Thalamic axons are known to develop numerous
transient side-branches as they accumulate in the subplate73–75. This side-branch formation might be regulated
by electric fields that are generated by activity along the
axons. Interestingly, when tetrodotoxin (a sodium channel antagonist that blocks action potentials) was delivered into the brain of cat fetuses at the same time as the
arrival of thalamic projections at the subplate, abnormal
connections were established by the LGN axons72. Only a
few thalamic fibres entered the visual cortex, and an
aberrant topography was formed within the cortical
plate72. Although these findings indicate that even the
initial phases of thalamocortical targeting might depend
on early activation patterns, the exact nature of the
required neural activity is not known.
It has also been shown that early thalamic projections can elicit sustained depolarization patterns in the
subplate at the time of side-branch formation76,77
(FIG. 5b). This early interaction is different from mature
postnatal activation, being relatively small but much
longer lasting.
Shortly before birth, most of the thalamic axons start
to detach from the subplate and grow into the cortical
plate, forming branches and synapses in the appropriate
layer (FIG. 5a). It has been suggested that a ‘stop’ and/or a
‘branch’ signal in the cortex plays a part in the specific
targeting of thalamic axons to their appropriate layer14.
In vitro studies indicate that LGN axons recognize their
target cell layers in the cortex. In organotypic co-cultures,
composed of LGN and visual cortex explants, thalamocortical connections form with essentially the same laminar specificity as they do in vivo78–81. The existence of
the stop signal has been shown more directly using
time-lapse imaging in LGN axon co-cultures82. Most
thalamic axons form branches in layer IV, regardless of
their direction of entry into the cortical explants, indicating that the stop behaviour might be produced by a
relative difference in molecular signals between layer IV
and the adjacent layers, rather than being an intrinsic
property of layer IV itself.
There are several possible molecular mechanisms that
could underlie the axonal stop in layer IV. Contributing
factors might include a decrease in growth-promoting
activity in layer IV, or the detection of relative changes in
the local concentrations of some molecules by LGN
axons. Evidence for these hypotheses comes from experiments using chemically fixed cortical slices in combination with enzymatic perturbation83. More thalamic
axons grow in deep layers (V and VI) than in superficial
layers (II–IV). The inhibition of growth is markedly
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reduced by a pretreatment with phosphatidylinositolspecific phospholipase C (PI-PLC). Therefore, an inhibitory factor or factors might contribute to the axonal
termination by decreasing the growth rate of thalamic
axons that reach layer IV (REF. 84).
Several cell surface and extracellular matrix molecules, including cadherins25,85, semaphorins40,41,86, Eph
receptors and ephrin ligands26,35,52, and CHONDROITIN
and HEPARAN SULFATE PROTEOGLYCANS87,88, are expressed in a
lamina-specific fashion, and these might account for
some of the molecular differences between the cortical
layers that influence the termination of thalamocortical
projections. The molecules that are required for thalamic
branch formation are also beginning to be identified, and
Fgf2 (REF. 89) and Slit2 (REFS 90,91) are prime candidates.
Thalamocortical axons and cortical patterning

Intrinsic molecular determinants of the proliferative
zone are proposed to play a part in the early broad
regionalization of the developing neocortex92,93. Using
co-culture studies, several groups have demonstrated
that the initial expression of region-specific markers is
probably independent of thalamic innervation94–97.
Several genes, including Tbr1 (REF. 98), Pax6 (REFS 18,99),
Emx2 (REFS 100,101), Latexin102, Cad6 and Cad8 (REF. 50),
Coup-tfi, Chl1 (REF. 103) and Id2 (REF. 98), are expressed
in a region- and lamina-specific manner before thalamic afferents invade the cerebral cortex. For example,
Pax6 and Emx2 are expressed in opposing gradients in
the dorsal telencephalic neuroepithelium — the proliferative zone that gives rise to cortical neurons — and
Cad6 and Cad8 are markers of the somatosensory
and motor areas respectively. Therefore, some aspects
of early cortical regionalization do not seem to require
extrinsic influences. Support for this hypothesis came
from studies in Mash1 and Gbx2-knockout mice51,54.
Mash1 and Gbx2 are not expressed in the neocortex,
and mice that are deficient for either gene fail to develop
a correct thalamocortical projection to the cortex53,54.
Despite the lack of cortical innervation by thalamic
axons, prenatal region-specific cortical gene expression
develops normally51.
However, numerous studies have shown that the differentiation of many of the anatomical features that distinguish different cortical areas depends to a large extent
on the input of thalamocortical axons6,92. Several studies
have shown that thalamocortical projections can influence the size and even the identity of specific cortical
areas6,104,105. For example, reduction of thalamic input to
the cortex following BINOCULAR ENUCLEATION alters cortical
areal fate by creating a ‘hybrid’ visual cortex in place of
area 17 (REFS 106–108). Similarly, early ablation of thalamic
nuclei leads to an alteration in the size and cell number in
the corresponding area of the neocortex109. However, a
recent study examined the thalamic connectivity formed
by grafts of embryonic (E16) parietal or occipital cortex
placed homo- or heterotopically into the neocortex of
newborn rats110. This showed that although E16 parietal or occipital cortical grafts attract thalamic projections, their cells do not have the capacity to differentiate
and maintain the organization of the BARREL cortex110.
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Figure 6 | Formation of the periphery-related pattern in the somatosensory cortex.
a | By birth (P0), thalamic projections have entered the cortex and started to form branches, but
these do not yet segregate in a periphery-related fashion. b | A tangential section, cut at the level
of layer IV (orange dashed line in a). The distribution of these branches in layer IV (shown through
cytochrome oxidase, CO, staining) and the cells in this layer (Nissl staining) seems to be
homogeneous. c | At the beginning of the second postnatal week (P8), the organization of cortical
layers is complete. Thalamic axon arbors cluster according to a periphery-related pattern in S1
and layer IV cells organize around the thalamic projections in a barrel pattern (blue barrels).
d | A tangential section (orange dashed line in c) in layer IV shows the distribution of the thalamic
arbors, revealed by CO, and the cytoarchitecture of the target layer IV cells, revealed by Nissl
staining. The periphery-related pattern formed by thalamic axons reflects the organization of the
whiskers at the periphery. DCP, deep cortical plate; MZ, marginal zone; WM, white matter.

These observations indicate that cortical regionalization
is initially created by the graded expression of various
genes, and that thalamic input controls the later stages
of areal subdivision through activity-dependent or
independent mechanisms.
The role of thalamic projections in determining the
identity of cortical areas and establishing their architecture might not be limited to later stages, however.
Recent in vitro studies indicate that thalamic afferents
release a diffusible factor that promotes proliferation of
neurons and glia in the proliferative zones of the
cortex111. Moreover, neuronal migration in the cortex is
facilitated by thalamic fibres in organotypic thalamus–
cortex co-cultures112. If a similar mechanism operates
in vivo, this early influence of thalamocortical axons on
corticogenesis could contribute to area-specific differences in cytoarchitecture that become evident later in
postnatal development.
The remodelling of cortical circuitry during thalamic
fibre invasion is a complex process, in which expression
of surface molecules and growth factors, plus patterns of
afferent and local activity, seem to play an important
part113. The primary somatosensory cortex of the rodent
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is an excellent model system in which to investigate the
influence of the periphery on cortical development. A
huge area of this region is devoted to the representation
of the whiskers of the snout. Stimulation of a single
whisker results in the activation of a well-defined cortical region, corresponding to that particular whisker.
Blocking or changing the flow of sensory input during
the first postnatal week alters the pattern of cortical representation according to the peripheral pattern. Thalamic
axon arbors are aligned according to the peripheryrelated pattern, and they are targeted into the middle of
the layer IV cells, where they become arranged into a
circular pattern of barrels114.
Understanding the formation of the barrels gave us
considerable insight into the interactions between thalamocortical projections and the cortex. During the first
two days after birth in mice, thalamic axons grow
through the lower layers of the primary somatosensory
cortex to form arbors in a periphery-related pattern115,116
(FIG. 6). Subsequently, layer IV neurons become displaced
to form the barrel walls, and they reorient their dendrites
into a cell-sparse region in the centre of the barrel, where
they receive synaptic contacts from segregated groups of
thalamic axon terminals.
Several lines of evidence indicate that the morphological reorganization and differentiation of cortical
neurons to form barrels depends, at least in part, on signals that are conveyed by invading thalamic axons (see
later discussion). However, molecules released from
telencephalic centres seem to set up the early general
patterning of different cortical areas. A recent study has
shown that Fgf8 is involved in the regulation of the
anteroposterior neocortical pattern117. Expanding or
reducing the endogenous Fgf8 source shifts cortical
areas posteriorly or anteriorly, respectively, and if a second Fgf8 source is introduced into the posterior cortical
primordium, a duplicate somatosensory barrel field
develops with mirrored reversal to the original area.
Therefore, there is direct evidence for a secreted signalling molecule that is involved in the regulation of the
neocortical area map, but whether this feature has a
direct or indirect relationship with changes in thalamocortical projections remains unknown.
Thalamocortical segregation in the barrel cortex

Gene deletion studies and in vitro assays are beginning to
disclose the molecular signals that direct topographic
thalamocortical connections and the patterning of maps
in sensory cortical areas118,119. In mice with null mutations in either the monoamine oxidase A (Maoa) gene or
the adenylyl cyclase 1 (Adcy1) gene, ingrowing thalamic
axons fail to segregate to form the primordial peripheryrelated pattern, and cortical cells do not rearrange as
cytoarchitectonic entities120–122 (FIG. 7). A disruption of
thalamocortical patterning is caused by elevated levels of
5-hydroxytryptamine (5-HT, serotonin) but not other
amines, in the Maoa-knockout mouse. Genetic removal
of 5-HT1B receptors, or pharmacological blockade of
5-HT synthesis in this mutant mouse restores normal
patterning of thalamic axon terminals and near-normal
segregation of cortical barrels121,123.
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Figure 7 | Relationship between thalamocortical connectivity and cortical map formation. Thalamic axons (red lines) traverse the telencephalon and enter the
lower layers of the cortex by birth in mice. During the first few days of postnatal life, they organize themselves into clusters to form a periphery-related pattern that will
induce the cytoarchitectonic barrels. a | In normal mice, most layer IV neurons become displaced to form the barrel walls (as seen by Nissl staining), and they reorient
their dendrites into the cell-sparse region in the centre of the barrel, where they receive synaptic contacts from the corresponding group of thalamic axons (as seen by
cytochrome oxidase, CO, staining). b | In cell adhesion molecular L1 mutant mice, abnormally thick thalamic bundles were observed along the internal capsule and
striatum. However, thalamic axons arrive at layer IV, where they form a normal periphery-related pattern of barrels. c | In the reeler mouse embryo, the thalamic fibres
penetrate the cortical plate and run up diagonally to the abnormal unsplit preplate (the superplate) at the top of the cortex. From this aberrant position, thalamocortical
axons descend and arborize in the middle of the cortical plate and assume an almost normal periphery-related pattern. The barrels are not visible in Nissl stained
sections. d | Deletion of the N-methyl-D-aspartate (NMDA) receptor 1 gene, NR1, in excitatory cortical neurons prevents the formation of cytoarchitectonic barrels.
However, despite a marked reduction in NMDA-mediated synaptic activation, the periphery-related thalamic terminal patterning remains intact. e | In mice lacking the
phospholipase C-β1 (Plcβ1) gene, the embryonic thalamocortical axon development seems normal, but postnatal defects in barrel formation have been described.
f | In metabotropic glutamate receptor 5 (mGluR5)-knockout (KO) mice, segregation of thalamocortical axons into periphery related patterns does not occur normally
— rows are apparent in layer IV and no individual barrels are formed. g, h | In mice with null mutations in either the monoamine oxidase A (Maoa) or the adenylyl
cyclase 1 (Adcy1) gene, ingrowing thalamic axons fail to segregate to form the periphery-related pattern, and cortical layer IV cells do not form cytoarchitectonic
entities as was originally demonstrated in barrelless (BRL) mice. E, embyronic day; P, postnatal day.

Group I metabotropic glutamate receptors (mGluR1
and mGluR5) have been implicated in cortical and hippocampal plasticity124. Postsynaptic molecules, such as
mGluR5, and the receptor-activated G-protein-coupled
phosphodiesterase Plcβ1, also seem to be involved in
cytoarchitectonic differentiation imposed by thalamocortical axons within the cortex. Mice with a deletion of
the mGluR5 gene display normal segregation of large
whisker thalamocortical axons, but these only form in
rows, not individual patches within rows, and these mice
also lack barrels125. The fact that deletion of mGluR5
leads to the loss of barrels indicates that mGluR5
signalling is also crucial for transmitting the peripheryrelated pattern from thalamic axons to their postsynaptic target in the cortex (FIG. 7f). It is known that
thalamocortical arbors in layer IV are segregated into a
periphery-related pattern shortly after they colonize the
cortical plate116,120, but whether mGluR5 has a role in
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this initial phase of segregation of thalamic axons, or
whether its role is limited to the maintenance of segregation and cytoarchitectonic pattern formation in layer IV,
still remains unclear.
Interestingly, in mice that lack the Plcβ1 gene, defects
in barrel formation have been described in the absence
of defects in the patterning of thalamocortical axons125
(FIG. 7e). The expression of Plcβ1 in the developing cortex is mainly postsynaptic (T. Spires, personal communication), and phosphoinositide hydrolysis following
activation of the group I mGluRs is dependent on Plcβ1
expression during the first postnatal week, indicating
that mGluR5 activation of Plcβ1 is crucial for barrel formation. The mechanism responsible for the segregation
of thalamic axons according to the peripheral pattern is
not known. Activity mediated through N-methyl-Daspartate receptors (NMDARs) does not seem to be
involved, because deletion of the NMDAR1 (NR1) gene
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could modify the relative position of the peripheryrelated pattern. Abnormalities in axonal guidance have
been described in mice with mutations in Sema6a or
the gene that codes for the cell adhesion molecule L1
(REFS 45,132), and these could provide good models to
follow development into adulthood.
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Figure 8 | When does neural activity play a part in thalamocortical development?
Thalamic fibres undergo topographic refinement as they approach the cortex and start to
accumulate in the subplate layer, and also as they enter the cortex and reach layer IV. The neural
activity in the cortical network, or in the thalamic fibres themselves, is believed to play a part in this
process. Different types of intercellular communication might be involved in each step of axonal
guidance and the establishment of synapses. During axonal outgrowth, spontaneous exocytosis
and neurotransmitter (NT) release might have a role in the selection of different pathways and
guidance towards the target. As the axons approach their target, trophic factors released by the
postsynaptic cells could be also involved. As the selection of the target is made, the final
communication and synapse formation might depend on evoked, synchronous NT release.
Activity-dependent mechanisms are believed to be crucial in this process. KO, knockout.

in excitatory cortical neurons did not completely prevent the formation of the periphery-related pattern of
thalamocortical axons, but cytoarchitectonic barrels
failed to form126,127 (FIG. 7d).
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Signalling process that involves
the secretion of molecules from
a cell, which act on other cells in
the immediate neighbourhood
that express appropriate
receptors, rather than acting on
the same cell (autocrine
signalling) or on remote cells
(endocrine signalling).
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Is the early topography crucial? It seems that a precise
trajectory of thalamic axons might not be crucial for
the final pattern of cortical targeting, and that thalamic
projections are capable of re-aligning themselves after
altered delivery. In the reeler mouse, in which the
preplate fails to split and remains at the pial surface128,
the thalamocortical projections show a spectacular
rearrangement. They penetrate the cortical plate and
run diagonally up to the abnormal unsplit preplate,
where they wait before turning down again into the
plate itself 129,130 (FIG. 7c). During early postnatal development, lectin binding delineates slightly abnormally
shaped barrels, but they appear according to the normal pattern in the somatosensory cortex131. The thalamic barreloid complex, however, reveals a disposition
of glycoconjugates that is completely normal. So, the
reeler mouse provides an example in which thalamic
projections arrive at the cortex through an aberrant
route, but they form a normal periphery-related pattern
in the primary somatosensory cortex.
It will be interesting to study further the question of
whether abnormalities in thalamocortical pathfinding
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There are three known forms of neurotransmitter
release: regulated synaptic vesicle release, spontaneous
vesicle release and PARACRINE non-vesicular release (FIG. 8a).
It has been shown that peripheral neurons are already
generating spontaneous activity patterns by the time that
sensory afferents begin to reach the thalamus133. These
activity patterns could elicit excitatory postsynaptic
potentials on thalamic projection neurons, and these
patterns could influence the formation of terminals
within the subplate and layer IV (REFS 134,135). A controversial question in this field is whether the activity arriving from thalamic axons, or that of the target network,
has a crucial role in the correct deployment, subsequent
entrance from the subplate, and precise arborization of
thalamic axons in the proper layer and area72,136,137.
Extensive studies of the components of the machinery that triggers neurotransmitter release have indicated
that the SNARE (N-ethylmaleimide-sensitive fusion
protein (NSF)-attachment protein receptor) proteins
and Munc18 are required for membrane fusion during
exocytosis, and attractive models to investigate their
function have been developed138. Snap25, a member of
the SNARE complex, is present in the presynaptic membrane terminal. The Snap25-deficient mouse, in which
action potential-regulated synaptic vesicle release is
disrupted139, provides a model system to evaluate the
contribution of regulated and spontaneous neurotransmitter release to embryonic cortical development.
Surprisingly, a recent study in this mutant indicated that
axonal growth and early topographic arrangement of the
thalamic fibre pathway do not rely on activity-dependent
mechanisms that require evoked neurotransmitter
release140. However, spontaneous vesicle release and
paracrine non-vesicular release are still present in the
Snap25-knockout mice. Unfortunately, these mice die at
birth, probably due to respiratory failure, so the role of
synaptic activity in the later phases of thalamocortical
development, when invasion of and branching within
the cortical layers are occurring, remains unknown.
The Munc13 and Munc18 proteins, which are mammalian homologous of the Caenorhabditis elegans unc13 and unc-18 respectively141, are involved in the docking
of secretory vesicles to the plasma membrane. Mutations
in these proteins completely block membrane fusion,
and in Munc13 and Munc18 mutant mice there is a complete absence of spontaneous vesicle release, leaving
paracrine non-vesicular release only. A recent study has
identified Munc13-3 as a candidate gene for critical
period neuroplasticity in the visual cortex142.
Further in vivo and in vitro studies using these
mutants could be important in establishing which
mechanisms are required for different periods of cortical
and thalamocortical development. With these powerful
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tools, it should be possible to define the various forms
of neuronal interaction that are important for the development of a precise thalamocortical connectivity and
cortical network.
Concluding remarks

Cortical development involves shaping the fate of the
cortical epithelium into discrete cortical areas with specific input, output and networks. There are continuous
interactions between the thalamus and the cortex
in moulding these features. During the last few years,
considerable progress has been made towards understanding the early development of thalamocortical projections and their interactions within the developing
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