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SUMMARY

We have investigated the mechanisms that control the
guidance of corticofugal projections as they extend along
different subdivisions of the forebrain. To this aim, we
analyzed the development of cortical projections in mice
that lack Nkx2-1, a homeobox gene whose expression is
restricted to two domains within the forebrain: the
basal telencephalon and the hypothalamus. Molecular
respecification of the basal telencephalon and
hypothalamus in Nkx2-1-deficient mice causes a severe
defect in the guidance of layer 5 cortical projections and
ascending fibers of the cerebral peduncle. These axon tracts
take an abnormal path when coursing through both
the basal telencephalon and hypothalamus. By contrast,
loss of Nkx2-1 function does not impair guidance of

corticothalamic or thalamocortical axons. In vitro
experiments demonstrate that the basal telencephalon and
the hypothalamus contain an activity that repels the growth
of cortical axons, suggesting that loss of this activity is
the cause of the defects observed iNkx2-1 mutants.
Furthermore, analysis of the expression of candidate
molecules in the basal telencephalon and hypothalamus of
Nkx2-1 mutants suggests thatSlit2 contributes to this
activity.
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INTRODUCTION axons that course through the cerebral peduncle and innervate
multiple subcortical targets, such as the superior colliculus,
Axon growth and pathfinding is governed by the expression gions and spinal cord. The neocortex, on the other hand,
guidance molecules in stereotypic patterns during developmerdceives most of its afferent projections from neurons of the
(Tessier-Lavigne and Goodman, 1996). Understanding thaorsal thalamus, via the thalamocortical pathway. Because
mechanisms that control wiring of the brain therefore not onlghese major axonal pathways are essential for the complex
requires the identification of guidance molecules and the waystegration of sensory-motor information that underlies
they influence axon pathfinding, but also the factors that ensuvertebrate behaviors, understanding the mechanisms that
the precise expression of these cues in the developing brain.dantrol the development of these connections is central to the
that respect, it has been suggested that the patterned expressialy of brain development.
of axon guidance molecules may be controlled by distinct sets Previous studies have identified pioneering axonal
of regulatory genes whose expression is defined by specifiopulations and specific cell domains that are candidates for
morphogenetic cues during a particular window of timeguiding corticothalamic connections (de Carlos and O’Leary,
(Wilson et al., 1993; Wilson et al., 1997). In agreement witll992; Mitrofanis and Baker, 1993; Molnar and Blakemore,
this notion, recent studies have provided evidence supportirk995; Métin and Godement, 1996; Molnar et al., 1998;
the role of several transcription factors in governing theBraisted et al., 1999; Molnar and Cordery, 1999; Tuttle et al.,
patterned expression of axon guidance molecules in thE999; Auladell et al., 2000). By contrast, little is known about
developing brain and spinal cord of vertebrates (Logan et athe cues that govern the guidance of major axon tracts in the
1996; Shigetani et al.,, 1997; Ba-Charvet et al., 1998¢erebral peduncle as they course through the forebrain,
Lauderdale et al., 1998; Matise et al., 1999; Tuttle et al., 1999lthough several molecules have been identified that cooperate
The neocortex (isocortex) is the origin of two of the majorin the final arrangement of corticospinal axons (Dahme et al.,
axon tracts in the mammalian forebrain: (1) the corticothalamit997; Cohen et al., 1998; Dottori et al., 1998; Castellani et al.,
projection, which originates primarily from neurons located in2000; Kullander et al., 2001a; Kullander et al., 2001b;
layer 6; and (2) the pyramidal tract, which originates fromLeighton et al., 2001; Yokoyama et al., 2001).
neurons in layer 5 (Jones, 1984). This latter tract comprises One forebrain region that appears to play a major role in the
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guidance of corticofugal and thalamocortical axons is thenaintained in a CD1 background (a gift of A. Nagy) were used for
subpallium. Neuronal populations located in the subpalliunexplant cultures experiments. For staging of embryos, midday of the
send pioneering projections to the cortex and thalamus, andvRginal plug was considered as embryonic day 0.5 (E0.5). PCR was
has been Suggested that these axons may form a Scaﬁ@@formed as d_eSCI’Ibed by Sussel et al. (Sussel et al., 1999) to
system that guides corticofugal and thalamocortical axong€notype offspring resulting fromlkx2-1 heterozygous matings.
respectively (Métin and Godement, 1996: Molnar et al., 199 ouse coIonu_es \ll_vere maintained at UCSF in accordance with NIH
Braisted et al., 1999; Tuttle et al., 1999). Moreover, severé”]nd UCSF guidelines.
guidance molecules expressed in the ventral telencephal@imunohistochemistry
have been shown to affect the development of corticothalamigmbryos were obtained by dissection of pregnant mice at various
and thalamocortical projections (Métin et al., 1997; Richardstages of development. Embryos younger that E15.5 were
et al., 1997; Bagnard et al., 1998; Polleux et al., 1998; Braistathesthetized by cooling and fixed overnight in 4% paraformaldehyde
et al., 2000). (PFA) in phosphate-buffered saline (PBS). Embryos were then
Nkx2-1 (Titfl — Mouse Genome Informatics, MGla cryoprotected in 30% sucrose in PBS, embedded in OCT compound,
homeobox-containing gene member of the vertebrate Nk&nd cut frozen in the transverse or sagittal plane on a cryostat at 10
family, is expressed in proliferative and postmitotic zones of™™ E18.5 embryos were anesthegzed gy COO“fr_‘g 3”‘: perfusrt]ad with
the forebrain that give rise to a large region of the subpalliurfi’ PFA:. Brains were removed and postfixed for 3 hours,

‘ 0 X .
and to the hypothalamus (Price et al., 1992; Shimamura et ig‘iyoprotected in 30% sucrose in PBS, and cut frozen in the transverse

) } ane on a sliding microtome at 40-60. Immunohistochemistry in
1995; Kohtz et al.,, 1998; Sussel et al., 1999). HOMOZygoUgyostat sections or in free-floating sections was performed as

mice containing a targeted disruption of tikex2-1gene die  described before (Marin et al., 2000). The following primary

at birth and have severe morphological abnormalities in theibbit polyclonal antibodies were used: anti-NKX2-1 (Biopat

subpallium and hypothalamus (Kimura et al., 1996; Takuma éimunotechnologies, Caserta, Italy), diluted 1:2000; anti-calbindin
al., 1998; Sussel et al., 1999). In the telencephalon, loss @want, Bellinzona, Switzerland), diluted 1:5000; anti-GABA

Nkx2-1 function causes a molecular transformation of theSigma), diluted 1:2000; and anti-tyrosine hydroxylase (Pel-Freeze),
medial ganglionic eminence (MGE), which instead ofdiluted 1:1000.

producing its normal derivatives (e.g. globus pallidus), gives, iy, hybridization

rise to LGE-like derivatives (e.g. striatum) (Sussel etal.,l999]h situ_hybridization experiments were performed us#-

It is conceivab_le that the_ ?bnorma' patterning of the ba_SE#boprobes on 1Qm frozen sections as described previously (Bulfone
telencephalon ilNkx2-deficient mice may cause a change ing 5. 1993). The cDNA probes used in this study wereDia2 and

the balance of guidance cues normally expressed in this regigyks (Liu et al., 1997);Nkx2-1(Shimamura et al., 1995Nkx2-4
and, consequently, corresponding defects in the guidance ihdly provided by R. HarveyPax§ kindly provided by P. Gruss;
cortical projections. Thus, the selective nature of the basa&imi kindly provided by C. FanSF1, kindly provided by H.
telencephalon in Nkx2-1 mutants provides a unique Ingraham;EphA4 kindly provided by A. Nieto;EphA7 kindly
opportunity to examine the requirement of this region inprovided by A. WanakephBJ, EphB2andEphB3 kindly provided
provling cues thal nflence axon gudance sy octen o Dok monied
e e L LU e ey .0, Shdet chenadasonidssamadish. SI ol
obo2andnetrin 1, kindly provided by M. Tessier-Lavigne.
telencephalon and most of them are unable to reach the
cerebral peduncle. By contrast, guidance of corticothalamipil labeling
and thalamocortical axons is largely normal in the absence efi3.5 E14.5 and E18Mkx2-1homozygous and wild-type littermate
Nkx2-1 function, indicating that axonal projections arising embryos were perfused with 4% PFA and their brains removed and
from different cortical layers are guided through at leaskept in fixative. Crystals of the axonal tracer 'ddibctodecyl-
partially independent mechanisms. In addition, when som&3,3,3-tetramethylindocarbocyanine perchlorate (Dil) (Molecular
pyramidal tract axons leave the telencephalonNkx2-1  Probes, Eugene, OR) were placed in the neocortex to label
mutants, they follow an aberrant course towards the chiasmafi@terogradely corticofugal axons. In other cases, Dil crystals were

region, indicating that the region connecting the telencephal aced in the dorsal thalamus or in the basal telencephalon to label
’ rogradely corticofugal neurons. Crystals of similar shape and size

_an?hthe (#]encepf;alon aI§d0 I(:?ns'iltutes a fruqltal decision p?gﬁ)o-ZOOum in diameter) were used in homozygous and wild-type
In the pathway of pyramidal traCt axons. In VIro experimentgy o mate embryos. Brains were kept in 4% PFA at room temperature

suggest that the basal telencephalon and the rostrobaggl4.g weeks fo allow the Dil to diffuse. Subsequently, brains were
hypothalamus contain an activity that inhibits the growth okmpedded in 4% low melting point agarose and [I@0transversal
corticofugal axons. Analysis of the expression of candidateections were cut in a vibratome. Sections were counterstained with
guidance molecules iMNkx2-1 mutants suggests th&lit2 50 ug/ml Hoechst 33342 (Molecular Probes).

appears to be at least a component of this repulsive activity. _
Preparation of explants

Embryos (E12.5-14.5) were removed by Cesarean section from timed-
pregnant CD1 wild-type mice mated by GFP-expressing transgenic

MATERIALS AND METHODS mice. Brains were removed in ice-cold Krebs buffer as described
) before (Marin et al., 2000). To isolate the cortex, brains were dissected
Animals in half along the midline and the telencephalon separated from the

A mouse mutant strain with a null allele Wkx2-1(a gift from S.  rest of the forebrain. Pieces of dorsal cortex were cut with a fine
Kimura) was used in this study. This mouse strain was maintained liyngsten needle. To isolate basal telencephalon and hypothalamus,
backcrossing to C57BL/J6 mice for more than ten generations. lbrains were embedded in 4% low melting point agarose in PBS and
addition, green fluorescent protein (GFP)-expressing transgenic mi@s0 um transversal sections were cut with a vibratome. Sections at
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the appropriate levels were collected and the preoptic area amsdraight across the ventral thalamus into the dorsal thalamus.
hypothalamus isolated from them and dissected into small pieces. A reciprocal route is followed by most thalamocortical axons
Collagen gel co-cultures (Métin and Godement, 1996; Molnar et al., 1998; Braisted et
) _ al., 1999; Auladell et al., 2000). By contrast, cortical axons
ﬁ:_o"aggn nas %reparedlgg%m _‘F‘d”'ttrat't?;:' as_deltscr'beldzﬁbeforﬁirected towards other subcortical structures, such as the
(Lumsden and Davies, ). To set up the co-cultures superior colliculus, pons and spinal cord, maintain their ventral

collagen solution was pipetted onto the bottom of four-well dishe th ter the di hal d later bend dall
(Nunc, Roskilde, Denmark) and allowed to gel for about 45 minutes OUrSe as ey enter the diencephaion and later bend caudally

Explants were then placed onto this base angl 25 collagen were (0 form the cerebral peduncle. These axons course caudally
added on top. In most cases, collagen co-cultures consisted of thi&dlowing a route parallel to the alar/basal boundary, avoiding
pieces (wild-type basal telencephalon or hypothalamus, GFFhe basal hypothalamic region (de Carlos and O’Leary, 1992),
expressing dorsal cortex and wild-type dorsal cortex) arrangedhich is defined by NKX2-1 expression (Fig. 1A,C,F,G). Thus,
sequentially from left to right and separated approximately by 30@eveloping corticofugal projections extend through the

Hm. After a period of 45 minutes, to allow the collagen to gelforebrain in close relation to regions defined by the mantle
Neurobasal/B-27 medium (Gibco BRL, Life Technologles,expressiOn of NKX2-1 (Fig. 1H).
Gaithersburg, MD) was added. Explants were cultured in a sterile

incubator (37°C, 5% Cg). In collagen cultures with isolated pieces nkx2-1 is essential for dorsoventral patterning of the
of dorsal cortex, growth of cortical axons was similar from all Sideﬁlentral telencephalon and hypothalamus

of the explant. . . . . .
P Our previous work has provided evidence that disruption of

Nomenclature Nkx2-1 function results in re-specification of the ventral
The telencephalon consists of pallial (cortical) and subpalliatelencephalon to a more dorsal fate (Sussel et al., 1999).
(subcortical) subdivisions. In this paper, we also refer to théAlthough previous studies have shown hypothalamic defects in
subpallium as the ‘ventral telencephalon’ because it expressegkx2-1 mutants (Kimura et al., 1996; Takuma et al., 1998),
molecular markers that are characteristic of ventral parts of the centigl has not been established whether these defects are a
f’;r?]ﬁ)?g;usngl 'fel'gniag;ggfggéliéou;heedF:g'g‘g;éﬁ;goosnf; t"ﬂé rzn%%{)\'l;':%udied the hypothalamic expression of genes that define
aspect of the subpallium, which includes derivatives from the anterio Sﬁtnéagcgsovemral positions in the hypothalamus.
entopeduncular region and the preoptic area. .5, astructure f[hat morphologlcal_ly resembles a small
hypothalamus is found INkx2-1mutants (Fig. 2A-H; data not
shown). To determine whether the mutant hypothalamus has
molecular characteristics similar to those of the wild-type

RESULTS hypothalamus, we studied the expression of molecular markers
_ o _ whose forebrain expression is restricted toNk&2-1domain,

Cortical projections extend along two forebrain such as the homeobox gemékx2-4 the orphan nuclear

domains defined by the expression of NKX2-1 receptorSF1(Nr5al— Mouse Genome Informatics) aGthh

Nkx2-1is expressed in the developing mouse forebrain fronwith the exception of its most ventral aspect, expression of
approximately embryonic day 8.5 (E8.5) (Price et al., 1992these factors is not detectable in the mutant hypothalamus (Fig.
Shimamura et al., 1995; Kohtz et al., 1998; Sussel et al., 199DA,E,D,H; data not shown). We next analyzed the expression
After neural tube closure, expression of NKX2-1 is restrictedf Paxg a paired-homeobox gene that has been shown to play
to two domains in the forebrain: ventral regions of thean opposing role to Nkx genes in dorsoventral patterning
subpallium and hypothalamus (Fig. 1A). NKX2-1 is not found(Ericson et al., 1997; Briscoe et al., 1999; Sussel et al., 1999;
in cortical progenitors or in postmitotic cells derived from theBriscoe et al., 2000; Sander et al., 200®%)x6 expression is
cortex (Fig. 1A-C). From E12.5, corticofugal axons directedrestricted to alar domains in the forebrain of wild-type
towards subcortical targets leave the cortex and transverse tembryos, and therefore it is normally excluded from the
developing striatum on their route to the diencephalon (dbypothalamus (Fig. 2B,D) (Stoykova et al., 1996)Nkx2-1
Carlos and O’Leary, 1992; Auladell et al., 2000). At this stagemutants, Pax6 expression is expanded ventrally into the
NKX2-1 is expressed in both proliferative and postmitotic cellhypothalamus, more prominently in its posterior aspect (Fig.
of the subpallium in a domain that includes the anlage of theF,H). In addition, the expression of the bHLH-PAS
globus pallidus [medial ganglionic eminence (MGE)], part oftranscription factorSimlis also altered ifNkx2-1 mutants.

the septum, anterior entopeduncular region (AEP) and preoptithereasSimlexpression is restricted to the alar domain of the
area (POa) (Fig. 1B; data not shown). In their trajectoryrostral diencephalon in wild-type embry@mlexpression is
corticofugal axons grow through the striatum and leave thexpanded ventrally inNkx2-1 mutants (Fig. 2C,D,G,H).
telencephalon in close proximity to the developing globudNevertheless, neithéax6nor Simlare expressed in the most
pallidus (Métin and Godement, 1996), which expresses NKX2ventral aspect of the mutant hypothalamus (data not shown),
1. By contrast, corticofugal axons avoid entering the mostuggesting that only the most ventral domain of the
ventral regions of the telencephalon, which are defined by tHgypothalamus maintains some normal molecular properties in
combined expression of NKX2-1 and Shh (Sussel et al., 199%he absence dikx2-1function. Thus, the hypothalamus shows
Olivier et al., 2001). At around E14, corticofugal axons forma ventral-to-dorsal shift in its molecular properties in the
a tight bundle of fibers as they exit the telencephalon througitbsence oNkx2-1function.

the internal capsule, which is surrounded by regions of NKX2- Histological analysis at E18.5 supports the evidence for the
1 expression (Fig. 1D,E). From here, cortical axons destinddss of ventral structures and expansion of dorsal components
to the thalamus make a sharp turn caudalwards and folloin the hypothalamus ofNkx2-1 mutants (Fig. 2I-L). For
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Fig. 1.Expression of NKX2-1 in the developing
forebrain. (A) Sagittal section through the brain of
an E12.5 embryo showing the expression of
NKX2-1 in the basal telencephalic and
hypothalamic primordia. The broken lines indicate
the approximate levels of the sections shown in
(B,C). (B,C) Coronal sections that highlight the
basal telencephalon and rostral diencephalon (B)
and mid-diencephalon (C) of an E12.5 embryo
showing expression of NKX2-1. (D-G) High-
magnification images of coronal sections through
the telencephalon (D,E) and diencephalon (F,G) of
an E14.5 embryo showing expression of NKX2-1
at the level of the internal capsule (D) and close to
cerebral peduncle at the level of the hypothalamus
(F). (E,G) DAPI counterstained images of the
sections showed in (D,F). The insets in E,G
indicate the level from where the images were
taken. (H) Schematic drawing showing the
relationship between the paths followed by
pyramidal tract (blue), corticothalamic (pink) and
thalamocortical (purple) axons in relation to the
territories patterned bylkx2-1(light pink). a/b,
alar/basal boundary; AEP, anterior entopeduncular
region; Chr, chiasmatic region; cp, cerebral
peduncle; DT, dorsal thalamus; ET, eminentia
thalami; GP, globus pallidus; H, hippocampus; Hb,
1 NKX2-1 hindbrain; Hyp, hypothalamus; ic, internal
capsule; LGE, lateral ganglionic eminence; M,
v@ Pyramidal tract mesencephalon; MGE, medial ganglionic
eminence; NCx, neocortex; ob, olfactory bulb; os,
optic stalk; POa, preoptic area; PrH, peduncular
@ Thalamocortical projection region of the hypothalamus; p/sp, pallial/subpallial
boundary; PT, pretectum; Str, striatum; V, layer 5
cortical neurons; VI, layer 6 cortical neurons; VT,
ventral thalamus. Scale bar: 206 in A-C; 100
um in D-G.

E12.5

pisp AEP. |
POa /Chr| TP
os PrH

E14.5

i Vi@ Corticothalamic projection

example, calbindin immunohistochemistry revealed that the To study cortical projections iNkx2-1mutants, Dil crystals
mammillary hypothalamus is greatly reduced or absent imere inserted into the parietal cortex of fixed brains from E14.5
Nkx2-1mutants, whereas the tuberomammillary hypothalamumice. In wild-type brains, corticofugal axons coursed through
has an increased density of calbindin-positive cells (Fig. 2J,L}he internal capsule and arrived at the junction between the
In addition, the proportion of GABAergic neurons found in thetelencephalon and the diencephalorg; Fig. 3A). Some of
hypothalamus oflkx2-1mutants is increased in relation to the the leading axons at this stage continued into the dorsal
non-GABAergic cell populations (Fig. 21,K). This observationthalamus, whereas the remaining joined the developing
is consistent with the finding that expression of DIx genes iserebral peduncle (data not shown). Dil deposits in the dorsal
preserved in the hypothalamus Mkx2-1 mutants (data not cortex ofNkx2-1mutants consistently labeled a large number
shown). In sum, as in the ventral telencephalon, lod¢kgP-  of corticofugal axonsnE8). In Nkx2-1mutants, cortical axons

1 function in the hypothalamus does not result in the completgrew normally into the internal capsule (data not shown),
loss of this territory, but rather in a transformation of itssuggesting that guidance of corticofugal axons is normal to this

molecular and morphological characteristics. point. At the telencephalic-diencephalic boundary, however,
] ) ) the majority of corticofugal axons did not maintain their
Abnormal guidance of pyramidal tract axons in the original course, but instead extended towards the pial surface
ventral telencephalon and hypothalamus of ~ Nkx2-1 of the telencephalon (Fig. 3E, arrow). The remaining labeled
mutants axons entered the diencephalon normally (Fig. 3E, arrowhead)

Analysis of patterning defects present Wkx2-1 mutants and grew into the dorsal thalamus (data not shown).

suggests that the ventral telencephalon and the hypothalamusAnalysis of Dil deposits in the parietal cortex kx2-1

of these mice have acquired molecular characteristics that amutant mice at E18.5 revealed that the guidance defect of
different from the equivalent wild-type territories. As corticofugal projections is even more prominent at this
corticofugal and thalamocortical projections grow in closestage. As in earlier stages, corticofugal axons reached the
relation to the territories patterned by NKX2-1 (Fig. 1), weinternal capsule normally irfNkx2-1 mutants. Moreover,
wondered whether the transformation of these domains couttbrticothalamic axons followed a normal route at the
affect the course of these tractd\Nkx2-1mutants. telencephalic-diencephalic boundary, turning caudally after
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Fig. 2. Patterning defects in the diencephalon Pax6 . = Nkx2-1 + Nkx2-4 +
of Nkx2-1mutant mice. (A-H) Serial sagittal .f.rifz 1+ Nioo-a
sections through the brain of E11.5 wild-type s Cc ENo21 B Sind
(A-C) andNkx2-1mutant embryos (E-G) ¢ W Pax6

showing mRNA expression dfkx2-4(AE),
Pax6(B,F) andSim1(C,G). The white
arrowhead indicates the pallial-subpallial
boundary, whereas the black (with white
border) arrowhead denotes the LGE-MGE
boundary. Note ventral expansionRax6in

the telencephalon (black arrows) andPak6
andSimlin the diencephalon (white arrow).
(D,H) Schematic drawings summarizing the
expression of pattern &fkx2-1 Nkx2-4 Pax§
SFlandSimlin the forebrain of wild-type and
Nkx2-1mutant embryos. (I-L) Serial sagittal
sections through the brain of E18.5 wild-type
(1,3) andNkx2-1mutant fetuses (K,L) showing
immunohistochemistry for GABA (I,K) and
calbindin (J,L). a/b, alar-basal boundary; ac,
anterior commissure; DT, dorsal thalamus; fr,
fasciculus retroflexus; H, hippocampus; Hb,
hindbrain; Hyp, hypothalamus; Hyp*, mutant
hypothalamus; ic, internal capsule; LGE,
lateral ganglionic eminence; LGE*, mutant
lateral ganglionic eminence; MGE, medial
ganglionic eminence; MGE*, mutant medial
ganglionic eminence; MHb, medial habenula;
MM, mammillary hypothalamus; mt,
mammillothalamic tract; mtg,
mammillotegmental tract; NCx, neocortex; ob,
olfactory bulb; p/sp, pallial/subpallial
boundary; P, pontine nuclei; PT, pretectum; PV
paraventricular hypothalamic region; R,
reticular nucleus; S, septum; S*, mutant
septum; SC, superior colliculus; Teg,
mesencephalic tegmentum; VM, ventromedial
hypothalamic nucleus; VT, ventral thalamus;
zli, zona limitans intrathalamica. Scale bar: 40(
pm in A-C,E-G; 50Qum in I-L.

E11.5 +/+

[E11.5 Nkx2-1-- |

E18.5 +/+

E18.5 Nkx2-1-/-

leaving the telencephalon and grow
longitudinally  through the ventr
thalamus to reach the dorsal thalal
(n=12; Fig. 3B-D,F,H,l). By -contras
cortical axons directed to the cerel
peduncle failed to enter the diencephalon and instead extendgabjection. We inserted small Dil crystals in the surface of the
toward the pial surface (Fig. 3B-D,FH,l). In most casestelencephalic stalk oNkx2-1 mutants, in the region of the
labeled axons in this ectopic peduncle stopped at the surfaeetopic peduncle, and found that retrogradely labeled cells were
of the telencephalon, while a few labeled axons extended insigeimarily confined to cortical layer 51%€3) (Fig. 3G). Dil
the telencephalic stalk or caudally into the amygdala (data nptacements in the dorsal thalamus, however, confirmed that
shown). By contrast, Dil crystal deposits in the corteiof2-  corticothalamic projections are essentially normaNkx2-1
1 mutants revealed a normal pattern of retrogradely labeleshutants and that they originate from cortical layer 6, as in
cells in the dorsal thalamus (Fig. 3B,C,H), suggesting thatontrol mice (=5) (Fig. 4). Thus, corticothalamic and
thalamocortical connections develop normally Nkx2-1  thalamocortical projections develop normally in the absence of
mutants. Immunohistochemical detection of 5-HT and\kx2-1function, whereas pathfinding of pyramidal tract axons
calretinin, two markers of thalamocortical fibers at this stagds severely disrupted in the telencephaloMNkk2-1mutants.
confirmed this finding (data not shown). Despite the prominent defect found in the guidance of layer
To confirm that the ectopic bundle consists of axon$ projections at the level of the telencephalic stalk, Dil deposits
originally directed towards the cerebral peduncle (pyramidah the parietal cortex labeled a small bundle of axons in the
tract axons, which originate primarily in cortical layer 5) (Jonesgerebral peduncle of sonNkx2-1mutants (=7/12; Fig. 3H).
1984) and not of corticothalamic axons (which originate inThese results suggest that, at least in some cases, some cortical
cortical layer 6) (Jones, 1984), we used retrograde Dil labelingxons are able to enter the cerebral peduncle normally. In wild-
to identify the neurons that extend their axons into this ectopitype brains, corticofugal axons in the cerebral peduncle grew
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Fig. 3.Pathfinding defects of layer 5 cortical projections
I E14.5 ” E18.5 | in the telencephalon ®&fkx2-1mutants. Coronal
sections through the telencephalon of E14.5 (A E) or
E18.5 (B,C,F,G,H) wild-type (A-C) dikx2-1mutant
mice (E-H) showing anterogradely labeled fibers (A-
C,E,F,H) and retrogradely labeled thalamic cells (B,C,H)
after Dil crystal placements in the neocortex.
Arrowheads point to corticofugal fibers following a
normal course, whereas arrows indicate corticofugal
fibers abnormally projecting towards the surface of the
telencephalon. (G) Coronal section through the
telencephalon of an E18Nkx2-1mutant mice showing
retrogradely labeled cells in the cortex after a Dil crystal
placement in the ventral surface of the telencephalon (at
the approximate location of the arrow in F). The dotted
line indicates the surface of the cortex. (D,l) Schematic
drawings showing the paths followed by pyramidal tract
(blue), corticothalamic (pink) and thalamocortical
(purple) axons in wild-type (D) arfdkx2-1mutant mice
(I). The hatched areas (D,l) indicate the presumptive
territory patterned biNkx2-1function. A, amygdala; c,
cortical plate; cp, cerebral peduncle; DT, dorsal
thalamus; GP, globus pallidus; H, hippocampus; ic,
internal capsule; NCx, neocortex; Str, striatum; Str*,
mutant striatum; V, layer 5 cortical neurons; VI, layer 6
cortical neurons; VT, ventral thalamus. Scale bar: 200
pum in A,E; 400um in B,C,F,H; 10Qum in G.

Dil Neocortex +/+

Dil Neocortex Nkx2-1 -/-

layer 5 cortical projections occurs ifNkx2-1
mutants because patterning defects in the basal
telencephalon and hypothalamus lead to alterations
in the signals that direct this axon tract.Nkx2-1
ventrally through the peduncular region of the hypothalamusiutants, cortical axons invade the telencephalic stalk (the most
until they reached the diencephalic alar/basal boundary, wheventral aspect of the subpallium, which includes derivatives
they turned caudalwards towards the mesencephalon (Fifjom the AEP and POa) and the chiasmatic region, two regions
5A,C; see also Fig. 1H). By making this 90° turn, pyramidalthat cortical axons normally do not enter. These observations
tract axons avoid entering the chiasmatic region of thsuggest that the basal telencephalon and the hypothalamus may
hypothalamus. IlNkx2-1 mutants, however, most pyramidal

tract cortical axons failed to turn caudally and, instead, gre\

into the chiasmatic region (Fig. 5D,F). Compared with [ E185 |

wild-type brains, very few cortical axons reached the —
mesencephalon and rhombencephalon in the mutants (Fi
5B,E). Thus, inNkx2-1 mutant mice, most layer 5 cortical
projections either fail to leave the telencephalon (Fig. 3) or fa
to turn caudally once they reach the hypothalamus (Fig. 5).

l

The basal telencephalon and the hypothalamus
contain a repellent activity for the growth of cortical
axons

The previous experiments suggest that abnormal guidance

Dil Thalamus +/+

Fig. 4.Normal pathfinding of layer 6 cortical projectionsNkx2-1
mutants. Coronal sections through the telencephalon of E18.5 wild-
type (A,B) orNkx2-1mutant mice (C,D) showing the path followed
by corticothalamic connections (A,C; white arrowheads) and
retrogradely labeled cortical cells (B,D; open arrowheads) after Dil
crystal placements in the dorsal thalamus. (C) The arrow points to
the poor-cell region containing the abnormal tract formed by layer 5
cortical axons (not labeled in this experiment) preseNkx2-1
mutants (see Fig. 3F). c, cortical plate; cp, cerebral peduncle; GP,
globus pallidus; Str, striatum; Str*, mutant striatum; V, layer 5
cortical neurons; VI, layer 6 cortical neurons. Scale bar @0

A,C; 100pm in B,D.

[ Dil Thalamus Nkx2-7 -/- ||
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| E18.5 | | E135 I E135+72h |

Dil Neocortex +/+

Fig. 6. The basal telencephalon and hypothalamus contain a non-
permissive activity for cortical axons. (A,C) Experimental paradigm
for cortical-basal telencephalic (A) and cortical-hypothalamic (C) co-
cultures in three-dimensional collagen matrices. Green slices and
explants are derived from E13.5 GFP transgenic embryos, whereas
gray slices and explants are derived from wild-type littermate
embryos. (B,D) Explants after 72 hours in culture showing
immunohistochemistry for GFP. The broken lines indicate the
location of the non-GFP expressing explants. BT, basal
telencephalon; Hyp, hypothalamus; NCXx, neocortex.

Nkx2-1 -/-

Dil Neocortex

Fig. 5. Pathfinding defects of layer 5 cortical projections in the

diencephalon oNkx2-1mutants. Coronal (A,D) and horizontal (B,E) contain ad rtehplilf’rllvel or n;)ﬂ]-_pern:_ls_?lveh aZC;[L'V'tyt fotr cortical
sections through the diencephalon (A,D) or pons (B,E) of E18.5 axons, an at the loss of this activityNkx2-1mutants may

(A,B,D,E) wild-type (A,B) orNkx2-1mutant mice (D,E) showing divert these axons from their normal course. To test this
anterogradely labeled fibers (A,B,D,E) and retrogradely labeled ~ hypothesis, we carried out collagen co-culture assays using
thalamic cells (A,D) after Dil crystal placements in the neocortex. €xplants from E13.5-E14.5 mice, ages at which cortical axons
The arrow indicates corticofugal fibers that follow an abnormal are extending though the subpallium and diencephalon in vivo.
rostral path into the chiasmatic region of the hypothalamus. (C,F) Wild-type explants of the dorsal cortex obtained from GFP-
The paths followed by pyramidal tract (blue), corticothalamic axons expressing transgenic mice were co-cultured adjacent to
(pink) and thalamocortical axons (purple) in wild-type (C) bike2-  explants of the dorsal cortex and explants of the basal
1 mutant mice (F). The hatched area indicates the presumptive  ajencephalon, both obtained from littermates (Fig. 6A). In
territory patterned biNkx2-1function. Chr, chiasmatic region; Chr*, most cases, cortical axons grew into the adjacent cortical
mutant chiasmatic region; cp, cerebral peduncle; DT, dorsal lant. b t' ided . into the basal tel hal
thalamus; fr, fasciculus retroflexus. Scale bar: 4@0in A,B,D,E. exprant, but avoided growing Into the basal telencepnhalic
explant (=26/30; Fig. 6B). Co-cultures using explants from
the hypothalamus (Fig. 6C), instead of the basal telencephalon,
showed similar resultsn£30/38; Fig. 6D). Most cortical
explants cultured alone in collagen as a control showed
symmetrical axonal outgrowthn£10/13; data not shown).
Therefore, both the basal telencephalon and the hypothalamus

Table 1. Expression of axon guidance molecules in the
basal telencephalon oNkx2-1 mutant mice at E13.5

Protein Expression contain an activity that prevents the ingrowth of cortical axons.

EphA4 No change . .

EphA7 No change Abnormal expression of axon guidance molecules

EpnrinAZ Nodchandge in the forebrain of Nkx2-1 mutants

EphrinA5 Reduce L . .

EphB1 No change As .the territories patterngd kaZ—lcprjtaln an activity that

EphB2 Reduced inhibits the growth of cortical axons, it is conceivable that loss

EphB3 Reduced of this chemorepellent activity iNkx2-1mutants may account

gemagé 'cheaszd/eXPa”ded for the defects observed in the guidance of layer 5 cortical
ema eauce H H H

SemasF Increased/expanded axons. We employed a candldate moleg:ule approach to |dgnt|fy

Sema6A No change genes encoding axon guidance proteins whose expression is

Slitl Increased/expanded altered in the basal telencephalorNéi2-1mutants. First, we

Slit2 Reduced or absent analyzed the expression different members of the semaphorin

Netrinl No change family, which has been previously described to affect the
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| ' Fig. 7.Expression oSlitsis altered in the forebrain

’ 2 of Nkx2-1mutants. Serial coronal sections through
the telencephalon (A,B,E,F) and diencephalon, and
caudal telencephalon (C,D,G,H) of E13.5 wild-type
(A-D) andNkx2-1(E-H) mutant embryos showing
the expression dlitl (A,C,E,G) andSlit2
(B,D,F,H). Dorsal is upwards and the midline is to
the right in all panels. Arrowheads point to regions
of increasedlitl expression, whereas arrows denote
regions wheré&lit2 expression is either lost or
decreased. AEP, anterior entopeduncular region; DT,
dorsal thalamus; GP, globus pallidus; H,
hippocampus; Hyp, hypothalamus; Hyp*, mutant
hypothalamus; LGE, lateral ganglionic eminence;
LGE*, mutant lateral ganglionic eminence; MGE,
medial ganglionic eminence; NCx, neocortex; POa,
preoptic area; POa*, mutant preoptic area; Str,
striatum; Str*, mutant striatum. Scale bar: 300.

E13.5 +/+

|

E13.5 Nkx2-1-/-

Slit2 expression in the AEP and POa domains of
the ventral telencephalon was almost completely
absent in the mutant (Fig. 7B,F). The alteration
guidance of cortical and thalamic axons (Bagnard et al., 1998) Slitl expression was less unexpected because, in line with
Polleux et al., 1998; Leighton et al., 2001). Expression obther markers that expand ventrally in the telencephalon (see
Sema3aSema3cSema3fand Sema6bavas maintained in the Fig. 2) (Sussel et al., 1999%litl1 expression was found
basal telencephalon dikx2-1 mutants (Table 1). Next, we throughout the entire VZ of the subpalliumNkx2-1mutants,
examined the expressionrmétrin 1, because this molecule has including the POa, a region that normally lagkisl expression
been implicated in the guidance of both corticofugal andFig. 7A,E). Moreover, the number of postmitoti#litl-
thalamocortical axons (Métin et al.,, 1997; Richards et alexpressing cells in the mantle of the POa was increased
1997; Braisted et al., 2000). In situ hybridization analysicompared with wild-type mice (Fig. 7A,E).
showed that expression oktrin 1is also preserved in the  Analysis of the expression o§litl and Slit2 in the
subpallium ofNkx2-1 mutants (Table 1). Then, we analyzed hypothalamus showed similar results; expressio8liof was
the expression of Eph tyrosine kinase receptors and thdincreased, whereas expressionStit2 was severely reduced
ligands, the ephrins, as previous studies have demonstrated¢@npared with wild-type littermates (Fig. 7C,D,G,H). Thus,
role for these molecules in the guidance of cortical axonthe telencephalic stalk region and the hypothalamuskap-
(Henkemeyer et al., 1996; Orioli et al., 1996; Dottori et al.1 mutants lack expression &lit2, but have increaseslitl
1998; Kullander et al.,, 200la; Kullander et al., 2001bgexpression. In situ hybridization analysis revealed that there are
Leighton et al., 2001; Yokoyama et al., 2001). Interestinglyno obvious differences in the expression of $ie receptors
expression oEphB2 EphB3andephrinA5was reduced in the RobolandRobo2in the cortex of wild-type andkx2-1mutant
forebrain ofNkx2-1mutants (Table 1). Nevertheless, analysismice (data not shown), showing that cortical neurons should
of layer 5 cortical projections iBphBZEphB3double mutants be competent to respond &it in Nkx2-1mutants.
(n=8; O. M., M. Henkemeyer and J. L. R. R., unpublished) and _ _ ) )
in ephrinA5Smutants §=4; O. M., J. Holmberg, J. Frisen and Abnormal guidance of ascending dopaminergic
J. L. R. R., unpublished) revealed no obvious defects. ThuBrojections in  Nkx2-1 mutants
loss of EphBZEphB3 or ephrinA5 alone does not seem to Our previous experiments show that efferent forebrain fibers
recapitulate the defects foundNkx2-1mutant mice. tha contribute to the cerebral peduncle (e.g. layer 5 cortical
Slit proteins constitute another family of extracellular matrixprojections) are misrouted in the basal telencephalon and
molecules that possess chemorepulsive activity for growingypothalamus ofNkx2-1 mutants, and that loss dlit2
axons in a variety of systems (Brose and Tessier-Lavignexpression is correlated with this phenotype. We reasoned that
2000). Like semaphorins, Eph/ephrins and netrin, Slits are alsdferent forebrain fibers could also be affected, particularly as
expressed in the forebrain in a pattern that may affect th®lit2 function is required for the guidance of rostral-growing
growth of cortical axons (Yuan et al., 1999; Marillat et al.,fibers in the hypothalamus, such as the mesotelencephalic
2001) (Bagri et al., 2002). Recently, it has been reported thabpaminergic projections (Bagri et al., 2002). Thus, we studied
loss of Slit2 function in mice produces a dramatic defect in théhe distribution of dopaminergic fibers using antibodies against
guidance of cortical axons (Bagri et al., 2002). Interestinglytyrosine hydroxylase (TH), the rate-limiting enzyme for
this defect is strikingly similar to that foundikx2-1mutants, catecholamine synthesis. In both control &fd2-1 mutant
as in the absence of Slit2 most cortical projections destined tice, dopaminergic fibers from the substantia nigra/ventral
the cerebral peduncle course abnormally to the ventral surfategmental area coursed longitudinally in the medial forebrain
of the telencephalon. Interestingly, we found that expressiobundle, which lies ventromedial to the cerebral peduncle. In
of Slitl and Slit2 in the forebrain ofNkx2-1 mutants was normal mice, dopaminergic fibers turned dorsally as they
significantly altered. The most remarkable finding was thaapproach the telencephalic stalk, and then entered the
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| TH | 77 NKX2-1 projections that interconnect the telencephalon with the rest of
— @ Dopaminergic 5 the brain (Fig. 9A,B). Loss dikx2-1homeobox gene function
A SC B — mesoiencephalic causes a molecular transformation of the basal telencephalon
PT and hypothalamus, which results in the enlargement of the
LGE and the alar prethalamic diencephalon, respectively
(present study) (Sussel et al., 1999). Consequently, most layer
5 cortical projections fail to project out of the telencephalon,
and instead course abnormally to the surface of the
telencephalic stalk region (AEP). Moreover, most of those
corticofugal axons that are able to enter the hypothalamus grow
towards the chiasmatic region, instead of caudally (Fig. 9A,B).
Likewise, many afferent dopaminergic fibers show similar
pathfinding errors in the hypothalamus (Fig. 9A,B).

In contrast to the cerebral peduncle defects, corticothalamic
and thalamocortical projections develop normally in the
absence o0fNkx2-1 function. Together with our in vitro
observations that both the basal telencephalon and the
hypothalamus contain an activity that prevents the growth of
cortical axons, these findings suggest that loss of a
chemorepellent activity iNNkx2-1mutants may account for the
guidance defects of layer 5 cortical axons. This notion is
supported by the fact that the basal telencephalon and
Fig. 8. Distribution of mesotelencephalic dopaminergic fibers is hypothalamus oNkx2-1mutants lack expression &lit2, an

altered in the diencephalon kx2-1mutants. (A,C) Sections extracellular  matrix - molecule t.hat has. been recently
horizontal to the diencephalon of E18.5 wild-type (A) athot2-1 demon.StratEd to play a key role in the gwdance of cortical
mutant (C) fetuses showing immunohistochemistry against tyrosine Projections  (Bagri et al., 2002). Insights from these

hydroxylase (TH). Caudal is upwards and rostral is downwards in  €Xperiments are discussed below.

both panels. The arrow points to the region where TH-positive fibers

abnormally converge towards the rostral midline. (B,D) The path  Role of the ventral telencephalon and hypothalamus

followed by dopaminergic mesotelencephalic axons (green) in wild- in the guidance of corticofugal and thalamocortical

type (B) and\kx2-1mutant mice (D). The pink domains indicate the projections

AEP, anterior entopeduncular region; Chr, chiasmatic region; Chr*, corticofugal and thalamocortical projections, and have

mutant chiasmatic region; cp, cerebral peduncle; DT, dorsal : o - . . o .
thalamus; ET, eminentia thalami; GP, globus paliidus; H, identified pioneering axonal populations, potential intermediate

hippocampus: Hb. hindbrain: Hyp, hypothalamus: Hyp*, mutant ~ targets and critical gqidance decision points for these axons
hyppF:)thaIaFnus; ic, internal capsﬁ?e; h)A/?mesencephaI)cl)ICr)w; mfb, medial(Blakemore and Molnar, 1990; Ghosh et al., 1990; Shatz et al.,
forebrain bundle; NCx, neocortex; POa, preoptic area; POa*, mutani990; de Carlos and O’Leary, 1992; Miller et al., 1993;
preoptic area; PrH, peduncular region of the hypothalamus; p/sp, Mitrofanis and Baker, 1993; Molnar and Blakemore, 1995;
pallial/subpallial boundary; PT, pretectum; ob, olfactory bulb; os, Métin and Godement, 1996; Molnar et al., 1998; Braisted et
optic stalk; SC, superior colliculus; Str, striatum; Str*, mutant al., 1999; Molnar and Cordery, 1999; Tuttle et al., 1999;
striatum; V, layer 5 cortical neurons; VI, layer 6 cortical neurons;  Auladell et al., 2000; Braisted et al., 2000). One general insight
VT, ventral thalamus. Scale bar: 40. derived from these studies is that multiple cell domains
distributed along the length of each of these axonal pathways
are involved in the guidance of the axons to their target.
subpallium. InNkx2-1mutants, however, a large number of It has been previously shown that the subpallium plays
TH-positive fibers failed to enter the telencephalon and insteaal prominent role in the guidance of corticofugal and
coursed directly into the chiasmatic region, a region that thethalamocortical axons. Specifically, the mantle regions of the
normally avoid (Fig. 8). This is the same error that the effererltGE and MGE act as intermediate targets for corticofugal and
corticofugal fibers make (Fig. 5D, Fig. 9B). Although manythalamocortical axons, respectively (Métin and Godement,
axons take an aberrant path, many are successful at enterit@96). Moreover, the initial trajectories of corticofugal and
the telencephalon and innervating the striatumNkx2-1  thalamocortical axons into the subpallium appear to be
mutants (data not shown) (Sussel et al., 1999). Tkis2-1  pioneered by transient projections from the ganglionic
function is required for the proper trajectories of major efferenéminences. For example, projections from the mantle of the
and afferent fibers of the cerebral peduncle. MGE to the dorsal thalamus seem to constitute a substrate for
the growth of thalamocortical axons into the telencephalon
(Mitrofanis and Baker, 1993; Métin and Godement, 1996;
DISCUSSION Molnar et al., 1998; Braisted et al., 1999; Tuttle et al., 1999).
In addition, a projection from the mantle of the LGE to the
In this study, we provide evidence that appropriate patterningortex may be used by corticofugal fibers as a guiding axonal
of the basal telencephalon and hypothalamus is required for teaffold in their growth toward the internal capsule (Métin and
establishment of some of the major efferent and afferetodement, 1996). Thus, the mantle regions of the LGE and the
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| TS | | Noxo-T - | follow a normal path to the dorsal thalamus. This
suggests that different mechanisms regulate the
A guidance of layer 5 and layer 6 axons as they course
through the ventral telencephalon. Alternatively, layer
6 axons may be equally sensitive to cues present in the
telencephalic stalk area, but additional mechanisms
may compensate for their lossMkx2-1mutants. For
example, it has been hypothesized that corticothalamic
and thalamocortical axons use each other as guidance
. scaffolds (Molnar et al., 1998). As thalamocortical
[ INkx2-1 projections develop normally INkx2-1mutants, their
presence in the internal capsule may be sufficient to

D = "y | F ensure the guidance of cortical projections to the
. thalamus.
It has been previously suggested that the mantle of
the MGE contains a cell domain that constitutes a
AER permissive substrate for the growth of thalamocortical
REa I stit1 POa’ axons [VTell domain (Braisted et al., 1999; Tuttle et

al., 1999); perireticular nucleus (Mitrofanis and Baker,
1993; Métin and Godement, 1996; Molnar et al.,
Fig. 9.A model for the guidance of cortical projections\kx2-1mutant mice. 1998)]. This domain is defined by the expression of
(A,B) The paths followed by pyramidal tract (blue), corticothalamic (pink), Nkx2-landnetrin 1(Tuttle et al., 1999), and seems to

thalamocortical (purple) and dopaminergic mesotelencephalic (green) axondagilitate the extension of thalamic axons into the
wild-type (A) andNkx2-1mutant mice (B). The broken lines indicate the telencephalon by two different mechanisms: (1) by
territories patterned biykx2-1function. (C-F) The expression 8fitgenesin  providing a growth-promoting environment to thalamic

the ventricular zone of the subpallium in wild-type (C) &lkok2-1mutant mice axons, which may consist at least in part of netrin 1
(E), and the hypothesized consequences of their function on the guidance Oéctivity (Braisted et al., 2000); and (2) by providing an

layer 5 cortical axons in wild-type (D) aikx2-1mutant mice (F). Blue . . .
positive signs indicate a permissive territory, whereas negative signs and reg\xonal scaffold through its transient projections to the

hatching denote a non-permissive territory. a/b, alar/basal boundary; AEP, dorsal thalamus (Mitrofanis and Baker, 1993; Métin

W siit1
B siit2
B siit1 + Shit2

anterior entopeduncular region; Chr, chiasmatic region; Chr*, mutant and Godement, 1996; Molnar et al., 1998; Braisted et
chiasmatic region; cp, cerebral peduncle; DT, dorsal thalamus; ET, eminenti@l-, 1999; Tuttle et al., 1999). As this domain is located
thalami; GP, globus pallidus; H, hippocampus; Hb, hindbrain; Hyp, in the region of the basal telencephalon patterned by
hypothalamus; Hyp*, mutant hypothalamus; ic, internal capsule; M, Nkx2-1 it was anticipated that these neurons would not
mesencephalon; NCx, neocortex; POa, preoptic area; PrH, peduncular regigyegbresent itNkx2-1mutants. However, a similar cell
the hypothalamus; p/sp, pallial/subpallial boundary; PT, pretectum; ob, domain is present iNkx2-1mutants, as identified by
olfactory bulb; os, optic stalk; Str, striatum; Str*, mutant striatum; V, layer 5 location, netrin 1 expression and projections to the
cortical neurons; VI, layer 6 cortical neurons; VT, ventral thalamus. dorsal thalamus (O. M., J. B., L. P. and J. L. R. R.,

unpublished), suggesting that patterning of this cell
domain is not dependent ddkx2-1 function. The

MGE are permissive territories for the growth of corticofugalcorrelation between the presence of these cells and normal
and thalamocortical axons. pattern of thalamocortical projections INkx2-1 mutants

In the present study, we have identified a subpalliateinforces the notion that this cell domain may play an
telencephalic subdomain as an important territory in thémportant role in the guidance of thalamocortical axons
guidance of cortical axons destined to the cerebral pedunc{Braisted et al., 1999; Tuttle et al., 1999; Braisted et al., 2000).
(pyramidal tract axons). This telencephalic domain is located Analysis ofNkx2-1mutants shows that the hypothalamus is
just outside the mantle of the MGE [the globus pallidus; VTellalso a crucial region for the guidance of pyramidal tract axons.
domain of Tuttle et al. (Tuttle et al., 1999)], and consists of th&@he hypothalamus, which contains a non-permissive activity
mantle regions of the AEP and POa. Our in vitro experiment®or the growth of cortical axons, is normally avoided by
demonstrated that this region constitutes a non-permissiy®/ramidal tract axons in their route toward the mesencephalon.
substrate for cortical axons. Thus, the subpallium consists dhe presence of this repulsive activity may be required to
two different domains that are essential for the guidance ansure that pyramidal tract axons turn appropriately into a
corticofugal and thalamocortical projections: (1) a permissivéongitudinal path roughly parallel to the alar/basal boundary,
territory that these axons can traverse (the mantle zone of thgoiding entering the basal hypothalamus. Interestingly, in
LGE and MGE); and (2) a non-permissive territory that theseitro experiments suggested that the hypothalamus is also
axons normally avoid (the mantle zone of the AEP and POagpulsive for thalamocortical axons, preventing them from
(Fig. 9D). growing excessively ventrally in their route towards the

Another novel finding derived from the analysisNdk2-1  telencephalon (Braisted et al., 1999). Transformation of the
mutants is that corticofugal axons derived from differenthypothalamus ifNkx2-1 mutants, however, does not impair
cortical layers respond differently to cues present in the bastilalamocortical projections, perhaps owing to the endurance of
telencephalon. Thus, whereas a large number of layer 5 axoother repellent cues for thalamocortical axons in the mutant
fail to reach the diencephalonitkx2-1mutants, layer 6 axons hypothalamus.
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Guidance molecules underlying the patterning of Although further genetic experiments may be required to
cortical projections in the forebrain clarify these differences, the ventral expansion Siitl
As discussed above, corticofugal axons extend along sevematpression in the telencephalon Nkx2-1 mutants could
telencephalic and diencephalic domains in their route towardsxplain them. Thus, ectopic Slitl expression at the midline of
the midbrain, approaching some territories and avoiding otherthe basal telencephalon may prevent cortical axons from
These observations suggest that diffusible or contact-mediategiproaching the midline. Moreover, the increased levels of
guidance cues exist in several potential guidance decisiddlitl expression in the basal telencephalon may help
points within the forebrain to control the pathfinding of corticalcorticothalamic axons to follow their normal path, but may not
axons. The molecular nature of these signals is only beginnimyevent pyramidal axons from taking an abnormal course. If
to be revealed. this hypothesis were correct, these results would indicate

The early steps in the guidance of neocortical axonghat corticothalamic and pyramidal tract axons respond
including both corticothalamic and pyramidal tract axonsdifferentially to Slitl and Slit2 or that both Slit proteins have
appear to be controlled by common mechanisms. For exampldifferent biological properties in vivo (e.g. different diffusion
two class 3 semaphorin proteins, Sema3a and Semag3c, reguleapabilities). In agreement with this notion, it has been
the initial extension of cortical axons toward the cortical whitesuggested that different Slit cleavage fragments may have
matter. Semaphorins appear to determine the initial directiodifferent cell association characteristics and therefore different
of cortical axons through a complex mechanism involvingextents of diffusion and binding properties in vivo (Brose et
repulsion from the marginal zone and attraction from thel., 1999). Accordingly, recent in vitro experiments have
subventricular zone (Bagnard et al., 1998; Polleux et al., 1998Jemonstrated that different Slit2 proteolytic fragments elicit
Corticofugal axons are subsequently attracted laterally towardBfferent responses in different types of axons (Ba-Charvet et
the internal capsule by a mechanism that involves netrin &l., 2001; Battye et al., 2001; Chen et al., 2001).
(Métin et al., 1997; Richards et al., 1997), which is prominently Additional evidence suggesting that the guidance
expressed in the mantle of the LGE and MGE (Serafini et alabnormalities found ifNkx2-1mutants are at least partially due
1996; Livesey and Hunt, 1997; Métin et al., 1997; Richards @b loss of Slit2 expression arises from the comparison of
al., 1997). hypothalamic defects iNkx2-1and Slit2 mutants. As in the

As shown here, a crucial decision point in the guidancéelencephalon, the hypothalamud\i2-1mutants lack$lit2
of corticofugal fibers in located at the telencephalic/and has an expand&titl expression domain. In bo8iit2and
diencephalic boundary. Corticofugal fibers enter the pedunclkx2-1mutants, pyramidal tract fibers follow abnormal paths
systematically at the same location, and subsequently spls they approach the hypothalamus (this study) (Bagri et al.,
into the corticothalamic and pyramidal tract projections2002). Similarly, ascending dopaminergic projections make
Recently, genetic analysis of mice carrying loss-of-functiorsimilar pathfinding errors as they course through the
alleles forSlitl, Slit2 or both genes has demonstrated thatiencephalon in bot!slit2 and Nkx2-1 mutants (this study)
these proteins are involved in guiding the exit of corticofuga(Bagri et al., 2002). By contrast, thalamocortical fibers course
fibers from the telencephalon by preventing their entry intowentrally into the hypothalamus &fit2 mutants (Bagri et al.,
the basal telencephalon (Bagri et al., 2002). Loss of Slit2002), a defect that was not observedikx2-1mutants. It is
function does not result in a profound abnormality in thepossible that this abnormality may be compensatédkit2-1
guidance of corticofugal axons, whereas loss of SlitaZnutants by the increased levels 8litl expression. In
produces a phenotype that is rather similar to that found iconclusion, the results obtained from the analysisllof2-1
Nkx2-1 mutants. Thus, irSlit2 mutant mice, corticofugal and Slit mutants suggest that although Slitl and Slit2 may be
axons fail to enter the peduncle normally, and instead follounctionally redundant proteins in vitro, they most likely play
an abnormal course toward the surface of the telencephaldifferent biological roles in the guidance of cortical and
(Bagri et al., 2002). Of note, althoudiit2 is expressed in thalamic axons in vivo.
the ventricular zone, analysis 8fit2 mutant mice suggests  Although lack of Slit2 function in the basal telencephalon
that Slit2 protein is likely to be localized in the mantle zoneand hypothalamus d&tkx2-1mutants may be the primary cause
where it can exert an effect on the guidance of corticabf the abnormal guidance of pyramidal tract axons, additional
projections (Bagri et al., 2002). It has been proposed thdiactors may also contribute to this phenotype. Thus, a normal
Slit2 protein may become localized to the mantle zone bpalance of attractive/permissive and repulsive/non-permissive
virtue of being expressed by radial glial cells, whose longues may be required to determine the normal exit-point of
processes may deliver Slit2 protein to more superficigbyramidal tract axons from the telencephalon and to ensure
regions (Bagri et al., 2002). their normal transition through the forebrain (Fig. 9).

Two important differences exist between the phenotypes . . )
observed irSlit2 and Nkx2-1mutant mice. First, a population Nkx2-1 regulation of hypothalamic patterning
of neocortical axons aberrantly crosses the midline at the level Previous studies on mice containing a targeted disruption of
of the anterior commissure 8lit2 mutants, indicating that Slit the Nkx2-1 gene have demonstrated that loss NKx2-1
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appear to follow an abnormal course $fit2 mutant mice  Specifically, loss ofNkx2-1function results in the molecular
(Bagri et al., 2002), they are normal Mkx2-1 mutants. repatterning of the MGE into a LGE-like tissue. Consequently,
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