Genetic Control of Cortical Regionalization
and Connectivity

Herein, the genetic control of regionalization and connectivity of the
neocortex are reviewed. Evidence is accumulating which suggests
that intrinsic mechanisms have a central role in controlling cortical
regional specification and differentiation. Expression patterns of
several genes (/d-2, Thr-1, cadherin-6, cadherin-8, neuropilin-2,
Whnt-7b, Eph-A7 and RZR-beta) are described; the expressions of
these genes have regional boundaries which demarcate distint
functional areas of the cerebral cortex in neonatal mice.

Introduction

The vertebrate cerebral cortex, or pallium, is organized into
several large functional subdivisions: the medial, dorsal, lateral
and ventral pallium (L. Puelles et al., submitted for publication).
In mammals, the medial pallium, or archicortex, includes the
hippocampal and subicular regions; the dorsal pallium corres-
ponds to the neocortex; the lateral pallium, or paleocortex,
includes the primary olfactory cortex; and the ventral pallium
includes the claustrum. Each of these regions has further
subdivisions. For instance, within the neocortex, there are the
prefrontal, motor and sensory regions, each with their own areal
subdivisions. The extensive expansion of neocortical surface
area and complexity in higher mammals (Northcutt and Kaas,
1995), especially in primates (Rakic, 1995), is probably causally
related to the increased sophistication of higher cognitive
processing of these species.

What are the genetic and developmental processes that
produce the diversity of cortical regions? Two schools of
thought have made important contributions to this subject.
The Protomap model (Rakic, 1988) postulates that neocortical
regionalization is primarily controlled by molecular determin-
ants that are intrinsic to the proliferative zone of the neocortex.
These determinants control local regional identity and prolif-
erative capacity (Dehay et al., 1993; Rakic, 1995; Polleux et
al., 1997); radial migration of newborn neurons from the
proliferative zone to the overlying differentiating cortex keeps
the regional specification properties of the proliferative zone in
register with the overlying cortical mantle (see Tan et al., 1998;
Anderson et al., 1999; Walsh et al., 1999).

In contrast to the Protomap model, the Protocortex model
(O’Leary, 1989; Schlagger and O’Leary, 1991) suggests that
neocortical regionalization is controlled in large part by extrinsic
influences, such as thalamocortical axons or by the targets of
cortical axons. Heterotopic transplantation experiments in rats
provide evidence that ectopic immature cortical tissue can
develop efferent projections and histology that are character-
istics of the local cortical tissue (Stanfield and O’Leary, 1985;
O’Leary and Stanfield, 1989; Schlagger and O’Leary, 1991).
For instance, transplantation of late embryonic visual cortex
into neonatal somatosensory cortex, results in the ectopic
visual cortex to develop histological characteristics of the rat
somatosensory cortex (barrels and associated boundary dom-
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ains) (Schlagger and O’Leary, 1991). These results support the
concept that neocortical sensory subdivisions in young animals
have a high degree of functional plasticity. Furthermore,
manipulations that alter the anatomy (ablation of whisker
pads or ventrobasal thalamus) or that alter the function of
the thalamic inputs to the rodent somatosensory cortex (e.g.
mutations or pharmacological disruptions of monoamine
oxidase, adenylate cyclase, serotonin levels, NMDA receptor),
disrupt the development of the barrels (Killackey et al., 1995;
Cases et al., 1996; Welker et al, 1996; Iwasato et al., 1997;
Abdel-Majid et al., 1998). In addition, thalamic inputs are
implicated in regulating the expression of the H-2Z1 transgene
in the somatosensory cortex (Gitton et al., 1999a). These experi-
ments show that anatomical and/or functional changes in axonal
inputs to the neocortex can play a role in modifying existing,
and generating new, neocortical subdivisions (Innocenti, 1995;
Krubitzer, 1995).

While the axonal inputs may regulate region-specific features
of the postnatal rodent brain, we are unaware of evidence that
afferent fibers regulate prenatal cortical development. Further-
more, several experiments suggest that some aspects of early
cortical regionalization do not require extrinsic influences. For
instance, transplantation and explant culture methods have
provided evidence that the expression of regional molecular
markers of the neocortex (Cohen-Tannoudji et al., 1994; Nothias
et al., 1998; Gitton et al., 1999b) and lateral limbic cortex (Barbe
et al., 1991; Levitt et al., 1997; Arimatsu et al., 1999) do not
depend upon extrinsic factors. In addition, several genes are
regionally expressed in the cerebral cortex before thalamic
input has penetrated the cortical plate (Arimatsu et al., 1992;
Bulfone et al., 1995), as exemplified by the discontinuous
expression of 7br-1 in the mouse superficial cortical plate at
embryonic day 16.5 (E16.5) (Bulfone et al., 1995).

A definite answer regarding the role of extrinsic factors on
cortical regionalization will likely require experimental methods
to prevent the cortex from communicating with other brain
regions. Such an approach has already been used (Wise and
Jones, 1978); these authors performed a thalamotomy in new-
born rats and found that a histological characteristic of layer
IV (dense granule cell aggregates) in the somatosensory cortex
was maintained. More recently, we have studied neocortical
regionalization in Gbx-2 mutant mice (Wasserman et al., 1998)
that lack thalamocortical fibers (Miyashita-Lin et al., unpub-
lished data). Gbx-2 is a homeobox gene that is expressed in the
developing thalamus and is required for its proper differentiation
(Bulfone et al., 1993) (E.M. Miyashita-Lin et al., unpublished
data). Because these mice die on the day of birth, probably due
to brainstem abnormalities (Wasserman et al., 1998), we have
had to identify a panel of molecular markers that are regionally
expressed in the cortex of neonatal mice. Herein, we describe
several genes that are expressed in distinct subdivisions of the
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mouse cerebral cortex. In the Discussion, we address potential
mechanisms intrinsic to the telencephalon that may regulate
regionalization of the cerebral cortex. We end by addressing
some genetic mechanisms that regulate the control of cortical
axonal connectivity.

Materials and Methods

Cd-1 mice aged E16.5 (2), E18.5 (3), PO (3), P6 (3) were utilized. For
mounted sections, brains were prepared as previously described
(Anderson et al., 1997). For floating sections, after perfusion and
postfixation for 4 h in 4% paraformaldehyde/0.1 M phosphate-buffered
saline (PBS), 100 pum thick sections were cut on a vibratome. Sections
were stored for up to 2 weeks in PBS. In-situ hybridization was performed
as described (Bulfone et al, 1993; Henrique et al., 1995), using
riboprobes labeled with S** or digoxigenin. Id-2 ¢cDNA was kindly
provided by M.C. Hernandez and M. Israel, NP-2 from M.Tessier-Lavigne,
RZR-beta from M. Levin and S. McConnell, Eph-A7 from A. Wanaka.
Immunohistochemistry was performed as described (Anderson et al.,
1997) using rabbit anti-5-HT polyclonal antibody (1:5000, Incstar).
Cytochrome oxidase staining was performed as previously described
(Vincent, 1992).

Results

Intracortical Limits of Id-2 Expression Correspond to
Areal Boundaries in the Developing Cerebral Cortex

Id-2 is a member of a family of genes that regulate cellular differ-
entiation by the negative control of basic helix-loop-helix genes
(see Kadesch, 1993, for review). It has been shown (Bulfone
etal., 1995) that in neonatal mice that Id-2 and Tbr-1 have
complementary patterns of expression in neocortical layer V,
with Tbr-1 expressed more highly in rostral neocortex and Id-2
expressed more highly in caudal neocortex. To determine when
the layer V boundary forms, we examined Id-2 expression in mice
aged from embryonic day 16.5 (E16.5) to postnatal day 6 (P6).

Figure 14-C shows Id-2 expression in sagittal sections at
E16.5. At this age, when there is little histological evidence of
regional differentiation within the neocortex, expression is
limited to postmitotic cells of the subplate and cortical plate and
appears fairly uniform along the rostro-caudal axis. By E18.5,
expression is detectable in the subplate and layers VI and V.
While expression in the subplate and layer VI appears fairly
uniform, there is a distinct rostral boundary in layer V (arrows in
Fig. 1D-F). Caudal to this boundary expression of Id-2 extends
through the visual cortex, while rostral to this point the
expression diminishes abruptly. The boundary appears at a more
rostral level in more lateral positions. At postnatal day 6, when
neocortical neuronogenesis and migration are complete, the
boundary in layer V remains distinct (arrows in Fig. 1G-D). After
PG, the strength of Id-2 expression decreases throughout the
cerebral cortex (data not shown).

Examination of Id-2 expression in coronal sections at PO
(Fig. 1J-M) and P6 (Fig. 1N-Q) revealed a number of interesting
details. First, strong expression in neocortical layer V is present
laterally and decreases abruptly at a boundary that is progres-
sively more medial in more caudal regions (see arrows in Fig.
1/-0). Based on several properties, this boundary appears to
correspond to the transition between sensory and motor areas
(see Fig. 2). Second, the layer of strongest Id-2 expression
changes from neocortical layer V to piriform cortex layer II
(arrowhead in Fig. 1K and O). Interestingly, cells in these layers
have similar birthdates (Bayer and Altman, 1995). Third, in
caudal regions there is a clear reduction of Id-2 expression in the
entorhinal cortex (arrowhead in Fig. 1Q). Finally, expression of
Id-2 is increased in the superficial layers of the medial neocortex

(cingulate and retrosplenial areas; Fig. 10 and P) which extend
to different lateral positions along the rostro-caudal dimension of
the cortex (asterisks in Fig. 1/-L).

To assess whether the boundary of Id-2 expression in layer V
corresponds to a known neocortical areal boundary, sections
were examined in P6 animals for Id-2 expression, histological
appearance (Nissl stain), immunoreactivity for the neurotrans-
mitter serotonin (5-HT), and cytochrome oxidase staining (CO)
(Fig. 24-H). The regions of dense 5-HT immunoreactivity and
CO staining in layer IV of somatosensory and mixed motor/
sensory regions have a rostral boundary at approximately the
same position as the rostral boundary of Id-2 expression in layer
V (Wong-Riley and Welt, 1980; Fujimiya et al., 1986; D’Amato et
al., 1987, Zilles and Wree, 1995). This relationship indicates that
Id-2 expression in layer V demarcates the transition from sensory
to motor regions. In addition, expression of the T-box containing
putative transcription factor Tbr-1 is much stronger in layer
V rostral to the same boundary (Fig. 2C and see also Bulfone
et al., 1995).

Close examination of Id-2 expression in neocortical layer V at
PG suggests that expressing cells may be organized in column-
like clusters (Fig. 21 and J) separated by non-expressing cells.
This columnar appearance is present at E18.5 (data not shown),
and may indicate that Id-2 is expressed in a subset of functionally
distinct pyramidal neurons that are organized into columns.
These columns appear to be preserved in the absence of
thalamic input (Miyashita-Lin and Rubenstein, unpublished
data). We suggest that these columns of Id-2 positive cells could
prefigure types of columnar organization that are present in the
occipital neocortex in higher mammals (e.g. ocular dominance
columns).

Other gene markers of cortical regionalization

In addition to Id-2 and Tbr-1, we have collected a set of genes
whose expression distinguishes different regions and layers in
the developing cerebral cortex. The expression patterns of most
of these genes have previously been reported by other groups.
We felt that it would be useful to show the PO expression
patterns of these genes as an ensemble. We chose PO, because
many mouse mutants die on, or around, the day of birth. We have
been using these markers to analyze the cortical phenotypes of
mice with mutations in transcription factor genes that have
developmental defects in cortical or thalamic development (e.g.
Emx-1, Tbr-1, Lef-1, and Gbx-2) (Qiu et al., 1996; Bulfone et al.,
1998) (E.M. Miyashita-Lin et al., unpublished data; R. Hevner et
al., unpublished data). Here we show in-situ hybridization
patterns that illustrate the regional expression of genes encoding
cell surface and secreted proteins (cadherin-6, cadherin-8,
Eph-A7, neuropilin-2, and Wnt-7b) and transcription factors
Id-2, RZR-beta and Tbr-1) (Fig. 3). The regional patterns of the
cadherin expression were discovered by Suzuki (Suzuki et al.,
1997). The cortical expression of the Eph-A7 (MDK1) receptor
tyrosine kinase was reported by Mori (Mori et al., 1995).
Neuropilin-2 (NP-2), the receptor for semaphorins E and IV, was
shown to be highly expressed in the hippocampus and olfactory
cortex (Chen et al., 1997). Wnt-7b expression in the cortex was
first described by Parr (Parr et al., 1993). The RZR-beta orphan
nuclear receptor was reported to be expressed in layer 4 of the
neocortex (Schaeren-Wiemers et al., 1997). Finally, Id-2 and
Tbr-1 cortical expression is discussed above (Bulfone et al.,
1995). Figure 3 shows the expression patterns of these genes at
PO. As described above for P6 mice (see Fig. 2), SHT staining at
PO also defines the border between the somatosensory and
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Figure 1. Expression of /d-2 mRNA in the forebrain during late embryonic and early postnatal development. A/ Expression in sagittal sections from E16.5 (A-C), E18.5 (D—F) and
P6 (G—J) mice. Arrows indicate the boundary of /d-2 expression in neocortical layer V. This boundary appears to demarcate the transition from somatosensory to motor areas (see
text and Fig. 2). J—Q Expression of /d-2 in coronal hemisections from PO (J—M) and P6 (N—Q) mice. Arrows indicate the medial boundary of expression in layer V. The arrowhead in
panel K shows the transition of /d-2 expression from layer V in the neocortex to layer Il of the piriform cortex (PCX). The arrowheads in panels M and O demarcate the abrupt decrease
in/d-2 expression at the transition of the caudal neocortex and the perirhinal cortex (PrCX; M) or the entorhinal cortex (ECX; Q). Note that there is also strong /d-2 expression in layers
Il'and Ill of the medial cortex, including the cingulate (CgCX; see 0) and retrosplenial (RSCX, P) cortexes. The lateral extent of this /d-2 expression in superficial neocortical layers is
indicated by the asterisks in J, K'and L. Scale bars, 500 pm. The boxed region in Q indicates the approximate region illustrated in panels / and J of Figure 2. Other abbreviations: CP
cortical plate; Hp, hippocampus; OB, olfactory bulb; NCX, neocortex; SP subplate; A—F, dark-field photomicrographs of 12 um sections showing /d-2 signal from S-35 riboprobes. In
G-/ and N—Q, digoxigenin riboprobes were used. In J-M, digoxigenin riboprobes were used on floating 100 pm sections.
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Figure 2. Expression of /d-2 in layer V of the neocortex at P6 demarcates the sensory-motor boundary. A-D Adjacent parasagittal 12 pm sections; £~H adjacent lateral sagittal
sections. A and £ /d-2 RNA expression using digoxigenin labeled riboprobe; B and £ 5-HT immunoreactivity; C Thr-7 RNA expression using digoxigenin labeled riboprobe; G cytochrome
oxidase (CO) expression; D and H Nissl stain. Arrows indicate that the rostral boundary of /d-2 expression in layer V maps at the transition between sensory (including the mixed motor
sensory hindlimb and forelimb areas) and motor regions, as defined by immunoreactivity for 5-HT in layer IV, CO activity in layer IV and histotypic characteristics seen in the Niss|
stained sections. Thr-7 expression in layer V is more pronounced in the mator cortex rostral to the same boundary. / (brightfield optics) and J (same field as /, Nomarski optics) show
Id-2 expression in layer V of a coronal section through the primary visual cortex of a P6 animal. The approximate location of this panel is designated by the box in Figure 1Q. Note that
the expression appears to occur in columns of cells. Se, sensory cortex; Mo, motor cortex; Sp. subplate. CO, cytochrome oxidase staining. I, II/1ll, IV, V. VI: neocortical layers. Scale

bars. 500 pm in A—H, 50 um in / and J.

motor regions (Fig. 3L) and matches the rostral border of
Id-2 expression in layer 5 (Fig. 30). Other than the somato-
sensory-motor boundary, a high resolution anatomical mapping
of many of these genes remains to be described in part because
at PO, it is difficult to make detailed assignments to functionally
distinct cortical regions. Nonetheless, several of these genes
have expression boundaries (or rapid changes in expression

levels) within the neocortex (e.g. see arrows in Fig. 3F, H, I
and K).

Discussion

Regionalization Mechanisms
Mounting evidence suggests that early cortical regionalization is
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Figure 3. Regional expression of nine genes in the newborn mouse cortex as revealed by in situ RNA hybridization and immunohistochemistry. Coronal sections: A Niss! stain; B
cadherin-8; C Id-2; D neuropillin-2; £ \Wnt-7b; F cadherin-6. Sagittal sections: G Nissl stain; H RZR-beta; / 1d-2; J Thr-1; K Eph-A7; L 5HT (serotonin). Note that Id-2 and 5HT expression
analysis was performed in the same animal on sections 30 mm apart. The approximate location of various anatomical landmarks are indicated on the Nissl-stained pictures.
Expression in layer 6 of the neocortex is indicated in panels £ and J. The locations of intracortical boundaries of gene expression are indicated by arrows. Abbreviations: A: amygdalar
region; CA1, CA3: pyramidal cell regions of the hippocampus; DG: dentate gyrus region of the hippocampus; 0B: olfactory bulb; OF: orbitofrontal cortex; P: paleocortex (piriform or
olfactory cortex); PL: posterior limbic cortex (probably including retrosplenial cortex); RF: rhinal fissure; S: somatosensory neocortex; SP: subplate; Sub: subiculum; T: thalamus; V:

visual neocortex; 6: layer 6. Scale bars, 8 mm.

under the control of patterning mechanisms intrinsic to the
telencephalon (Barbe and Levitt, 1991; Ferri and Levitt, 1993;
Cohen-Tannoudji et al., 1994; Nothias et al., 1998; Gitton et
al., 1999; Miyashita-Lin et al., 1999). The elimination of thalamic
input to the neocortex in the Gbx-2 mouse mutants is perhaps
the clearest example demonstrating that early neocortical
regionalization does not require extrinsic information from the
thalamus (Miyashita-Lin et al., 1999). This result does not suggest
that thalamic input is without importance in the formation of
neocortical subdivisions at later developmental stages. Testing
the role of thalamic input in later neocortical development
will require analysis at postnatal stages which presently is not
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possible in the Gbx-2 mutants due to the lethality of this
mutation. Thus, conditional mutants in Gbx-2 could circumvent
this technical problem. In addition, there may be other genes
that are required for development of the entire thalamus, or
subsets of thalamic nuclei, that may prove to be useful in
studying the role of thalamic input on cortical development.
Finally, non-genetic experimental approaches, such as thalam-
otomy, can also be applied to this subject (Wise and Jones,
1978).

The intrinsic mechanisms that pattern the cortex are just
beginning to be elucidated. It is likely that there several
patterning centers (tissues that produce morphogens) which



control regionalization of the telencephalon (Rubenstein and
Beachy, 1998; Rubenstein et al., 1998). Ventral specification of
the telencephalon is regulated by sonic hedgehog (Sk#). Early
ventral specification is regulated via a signaling center in the
axial mesendoderm and later ventral specification may be under
the control of a Shh-expression domain in the basal telenceph-
alon. Thus, S22 mutants, which lack the function of both
patterning centers, also lack basal telencephalic structures
(Chiang et al., 1996). An extensive analysis of the rudimentary
cerebral cortex that forms in these animals has not been per-
formed. Recently, analysis of mutants in the Nkx-2.1 homeobox
gene (Sussel et al., 1999) shows that telencephalic expression of
Shh is almost eliminated; despite this, the histogenesis of the
major cortical subdivisions appears normal. Thus, available
evidence suggests that Shh-expression within the forebrain is
not essential for cortical regionalization.

A second putative telencephalic patterning center appears to
be at the rostrodorsal midline in the region of the septum. This
tissue may regulate anteroposterior patterning and growth of the
telencephalon. The telencephalic rostrodorsal midline is derived
from the anterior neural ridge (ANR) (Rubenstein et al., 1998)
which expresses FGF8 (Crossley and Martin, 1995; Shimamura
and Rubenstein, 1997). The ANR may be essential for develop-
ment of the telencephalon through the regulation of the BF-1
transcription factor (Shimamura and Rubenstein, 1997; Ye et al.,
1998). Ongoing studies are investigating the role of FGFS8 in the
ANR and rostral midline of the forebrain in patterning the
telencephalon (P.H. Crossley et al., unpublished results).

A third putative patterning center is at the dorsal midline of
the telencephalon. This tissue gives rise to roof plate-related
structures where dorsal commissures cross, and where the
choroid plexus and fimbria form. These tissues express genes
that are implicated in dorsal patterning in the spinal cord, such
as BMPs, and Wnts (Parr et al., 1993; Furuta et al., 1997; Tole
etal., 1997; Grove et al., 1998; Lee et al., 1998; Grove and
Tole, 1999). Ectopic application of BMPs have been shown to
dorsalize the chick telencephalon (Golden et al., 1999) (Ohkubo
and J.L.R. Rubenstein, unpublished data). The roles of Wnt
proteins are suggested by hippocampal defects found in mice
lacking the Lef-1 transcription factor, a protein that is implicated
in Wnt signal transduction (J. Galceran et al., unpublished data).
The potential roles of the dorsal patterning center in regulating
development of medial pallial tissues is discussed in greater
detail by Grove and Tole (Grove and Tole, 1999).

There is evidence for other patterning centers flanking and
within the telencephalon that control regionalization of the
cerebral cortex. One includes the olfactory placode derived
tissues and its associated mesenchyme. These tissues are
implicated in regulating olfactory bulb growth through retinoid-
mediated mechanisms (Anchan et al., 1997). Additional tissues
that might regulate regional specification of adjacent telenceph-
alic structures may include the cortical/subcortical boundary
region where there is an abrupt transition in gene expression
patterns (Bulfone et al., 1995) (L. Puelles et al., unpublished
data) and the caudal region of the telencephalic vesicle at its
transition with the dorsal diencephalon.

Transduction of the signals from the patterning centers is
mediated via transcription factors. The patterning signals
regulate (induce or repress) the expression of transcription
factors that then control regional identity of the neuroepithelium
(e.g. SHH induces Nkx-2.1). Ventral patterning is mediated
by transcription factors that are induced by S##i, such as Gli-2
(Matise et al., 1998) and Nkx-2.1 and Nkx-2.2 (Briscoe et al.,

1999; Sussel et al., 1999). For instance, loss of Nkx-2.1 leads to a
dorsalization of the pallidal parts of the basal ganglia (Sussel et
al., 1999).

Dorsal patterning is mediated by the Gli-3, Emx-1, Emx-2 and
Lef-1 transcription factors; mutations of these genes result in
loss of dorsal telencephalic structures such as parts of the
hippocampus, corpus callosum and choroid plexus (Pellegrini
etal., 1996; Qiu et al., 1996; Yoshida et al., 1997; Grove et
al., 1998; Grove and Tole, 1999). Furthermore, BMPs can
repress BF-1; this repression may explain why BF-1 expression is
excluded from dorsomedial regions of the telencephalon (Furuta
et al., 1997). In addition, transcription factors can regulate the
expression of the secreted patterning molecules. For instance,
loss of BF-1 expression leads to increased expression of Bmp-4
throughout the telencephalic vesicle (see Dou et al., 1999).

Finally, anteroposterior patterning appears to be transduced
in part via Ofx-1 and Otx-2. These homeobox genes are
expressed in the midbrain and forebrain. As discussed
(Acampora and Simeone, 1999), there is posteriorization of the
forebrain in mice that are Ofx-1 -/- and Otx-2 +/- (Acampora et
al., 1997). This is associated with ectopic expression of Wnt-1
and En-2 (markers of the midbrain and anterior hindbrain) in the
dorsal telencephalon. It appears that reducing the dosage of OTX
proteins leads to an anterior shift in the isthmic patterning
center (the isthmic organizer regulates regionalization of the
midbrain and anterior hindbrain). Furthermore, there is
evidence that FGFS, in the isthmic organizer, functions in part
through repression of Otx expression (Martinez et al., 1999). As
noted above, we are investigating whether FGF8 expression in
the anterior neural ridge (and commissural plate) may regulate
forebrain patterning through modulation of the O#x genes.

Thus, we suggest that the patterning centers generate regional
differences in the developmental potential of telencephalic ven-
tricular zone cells. This regional specification process generates
the primordia of the principal telencephalic anlage which
include its dorsal (cortical) subdivisions. Radial migration of
post-mitotic projection neurons transfers the ventricular zone
regionalization map to the cortical mantle zone.

Regionalization and Cortical Connections

Different regions of cortex make characteristic sets of ana-
tomical connections with other cortical and subcortical areas.
These connections are area-specific and must be controlled in
part by genetically encoded positional information. Herein, we
describe the effects of specific mutations on the formation of
distinct cortical connections.

Cortical-thalamic connections

Axonal connections with the thalamus are among the most
numerous of the cerebral cortex. To date, three strains of mice
with defined single gene mutations have been identified, in
which the cortex and thalamus fail to connect with each other.
Each of these mutations affects a different transcription factor
gene implicated in forebrain patterning. Interestingly, each
gene is expressed in distinct regions. 7br-1 is expressed in the
developing cortex (including subplate and layer 6 neurons,
which normally project to the thalamus), but not in the thalamus
(Bulfone et al., 1995). Gbx-2 is expressed in the dorsal thalamus,
but not in the cortex (Bulfone et al., 1993). In Tbr-1 and Gbx-2
homozygous mutants, connections between thalamus and
cortex both fail to develop, indicating that abnormal gene
expression in either region leads to failure of the connection in
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both directions (R. Hevner et al., unpublished data). Further-
more, axon outgrowth stops in the internal capsule, suggesting
that thalamocortical and corticothalamic axons interact and help
guide each other beyond the internal capsule. The reciprocal
requirement of both the thalamocortical and the corticothalamic
fibers is consistent with the ‘handshake’ hypothesis (Molnar
and Blakemore, 1995). Mutations in Pax-6, which is expressed
widely in thalamus, cortex, and other regions, also result in loss
of connections between cortex and thalamus (Kawano et al.,
1999) (R. Hevner et al., unpublished data), probably due to
abnormalities in multiple forebrain regions.

Besides transcription factors, another major class of molecules
implicated in the development of thalamocortical connections
are secreted and cell surface axon guidance proteins. As yet, no
knockout mutants in this class have been identified with defects
in thalamic-cortical connectivity, but redundant mechanisms
may mask the effects of single gene inactivation. The diffusible
chemoattractant netrin-1, released from the ganglionic emin-
ences, probably has a role in guiding cortical axons into the
internal capsule (Métin et al., 1997). The Eph-A5 receptor
protein tyrosine kinase may mediate exclusion of limbic
thalamic axons from non-limbic sensorimotor cortex, which,
unlike limbic cortical regions, expresses the inhibitory ligand
molecule ephrin-A5 (Gao et al., 1998). The Ig superfamily
protein LAMP, which acts as a homophilic cell adhesion
molecule, may facilitate the formation of limbic thalamocortical
connections (Barbe and Levitt, 1992). Perhaps these axon
guidance molecules are regulated by some of the same tran-
scription factors involved in forebrain patterning.

Cortical Projections to the Brainstem and Spinal Cord

The cerebral peduncle is the major cortical efferent pathway that
carries fibers to the brainstem and spinal cord. Our preliminary
studies indicate that targeted inactivation of the linked homeo-
box genes Dix-1 and Dix-2 results in misrouting of many cerebral
peduncle axons into the thalamus and pretectal regions (R.
Hevner et al., unpublished data). The genes that control
pathfinding of corticothalamic and cerebral peduncle pathways
may be largely independent, since the connections between
cortex and thalamus are normal in the Dix-1/DIx-2 knockout,
and cerebral peduncle fibers develop normally (at least as far as
the midbrain) in the 7br-1 and Gbx-2 knockouts. Mice mutant
for the widely expressed Pax-6 gene demonstrate abnormalities
of both pathways.

Cortical Commissural Projections

The corpus callosum, anterior commissure and hippocampal
commissure are major pathways that connect cortical areas on
opposite sides of the brain. Various mouse mutants affect one or
more of these pathways. Agenesis of the corpus callosum can be
caused by inactivation of single genes such as the Emx-1
homeobox gene (Qiu et al., 1996), but also occurs with relatively
high frequency (50-70%) in certain mouse strains such as 129/J
and BALB/cWah1 (Livy and Wahlsten, 1997), and in association
with environmental insults such as fetal alcohol syndrome
(Johnson et al., 1996). Callosal agenesis is frequently associated
with formation of a longitudinal Probst bundle, containing axons
that were presumably meant to cross through the absent corpus
callosum. In most strains with callosal agenesis, some cortical
axons cross the midline through the hippocampal commissure
(Ozaki and Wahlsten, 1993; Orioli et al., 1996; Qiu et al., 1996;
R. Hevner et al., unpublished data). Likewise, adventitious fiber
crossing probably occurs in humans with callosal agenesis, who
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sometimes exhibit an enlarged hippocampal commissure
(Barkovich, 1990). The anterior commissure may be affected
independently of the corpus callosum, as observed in mice with
a mutation of the receptor tyrosine kinase Eph-B2 (Orioli et al.,
1996). In Tbr-1 mutants, both fiber bundles fail to develop. All
three major bundles (corpus callosum, anterior commissure, and
hippocampal commissure) are affected in mice with disruption
of the homeobox gene Hesx 1 (Dattani et al., 1998), or of netrin-1
(Serafini et al., 1996). The targeting of callosal and commissural
connections to specific cortical regions may be regulated by
proteins such as LAMP (Barbe and Levitt, 1995).

Other Cortical Connections

Primary olfactory neurons, that express the same olfactory
receptor gene, make precise topographic projections onto two
glomeruli on the surface of the olfactory bulb (Mombaerts et al.,
1996). The precision of these projections appears to depend
upon the type of olfactory receptor protein expressed on the
axons (Wang et al., 1998), but not on neuronal activity
(Belluscio et al., 1998) or on the presence of their principal
targets (mitral cells and periglomerular cells (Bulfone et al.,
1998). It is postulated that the topographic map of the olfactory
bulb may be encoded by radial glia (Bulfone et al., 1998).

Little information is available regarding genes that govern the
formation of less prominent cortical connections, with struc-
tures such as the striatum, ipsilateral cortex (i.e. associational
connections), and short collaterals. No mutations affecting these
connections have yet been reported. However, it has been found
(Castellani et al., 1998) that short axon collaterals may be guided
to their appropriate laminar termination by attractive and/or
repulsive interactions mediated by Eph-A5 and ephrin-AS.
Further progress in this field will depend upon the identification
of additional genes controlling forebrain patterning and axon
guidance; generation of single and compound knockout mice;
and detailed anatomical analysis.
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