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Maturation of “Neocortex Isolé” In Vivo in Mice
Libing Zhou,1 David Gall,2 Yibo Qu,1 Cynthia Prigogine,3,4 Guy Cheron,3,4 Fadel Tissir,1 Serge N. Schiffmann,2
and Andre M. Goffinet1
Institute of Neuroscience, University of Louvain Medical School, B1200 Brussels, Belgium, Laboratories of 2Neurophysiology and 3Neurophysiology and
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How much neocortical development depends on connections remains elusive. Here, we show that Celsr3兩Dlx mutant mice have no
extrinsic neocortical connections yet survive to postnatal day 20, acquire a basic behavioral repertoire, and display spontaneous hyperactivity, with abnormal light/dark activity cycling. Except for hallmarks related to thalamic input, such as barrels in somatosensory
cortex, cortical arealization and laminar maturation proceeded normally. However, the tangential extension of the mature cortex was
diminished, with radial thickness less severely affected. Deep layer neurons were reduced in number, and their apical and basal dendritic
arbors were blunted, with reduced synapse density. Interneurons reached the cortex, and their density was comparable with wild type.
The excitability of mutant pyramidal neurons, measured in vitro in patch-clamp experiments in acute slices, was decreased. However,
their firing activity in vivo was quite similar to the wild type, except for the presence of rapid firing exhaustion in some mutant neurons.
Local field potential and electrocorticogram showed similar range of oscillations, albeit with higher frequency peaks and reduced
left–right synchrony in the mutant. Thus, “protomap” formation, namely cortical lamination and arealization, proceed normally in
absence of extrinsic connections, but survival of projection neurons and acquisition of mature morphological and some electrophysiological features depend on the establishment of normal cortical–subcortical relationships.

Introduction
The neocortex is characterized by two anatomical patterns that
are essential to its normal function. It is tangentially partitioned
into architectonic and modality specific areas that form a functional map. Furthermore, its radial organization into six layers
reflects its intrinsic and extrinsic connectivity. In rodents, both
organizations are mature by the end of the third week.
A long-standing debate concerns the role of intrinsic versus
extrinsic determinants in shaping the cortex. The embryonic cortex is patterned in response to morphogenetic fields generated by
gradients of diffusible factors (Hébert and Fishell, 2008), which
regulate a transcription factor code responsible for cortical neuronal determination and differentiation (Grove and FukuchiShimogori, 2003; Shimogori et al., 2004; Mallamaci and
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Stoykova, 2006; Rash and Grove, 2006; O’Leary et al., 2007;
Hébert and Fishell, 2008). Most neocortical neurons are generated in ventricular and subventricular zones (Molyneaux et al.,
2007), from which postmitotic excitatory glutamatergic neurons
migrate radially (Rakic, 1988). In addition, GABAergic inhibitory
interneurons are generated in ganglionic eminences in basal forebrain and migrate to the cortex tangentially (Anderson et al.,
1997a; Lavdas et al., 1999; Métin et al., 2006). Early radially migrating neurons form the preplate, a loose horizontal network
(Caviness, 1982; Allendoerfer and Shatz, 1994). From embryonic
day 13.5 (E13.5), neurons with a radial orientation populate the
cortical plate (CP), which expands from inside to outside. Early
CP neurons become corticothalamic projection neurons in cortical layer 6. Subcerebral projection neurons settle in layer 5,
whereas neurons destined to layers 4, 3, and 2 are principally
connected to other cortical neurons. These complex processes
result into the formation of the protomap, independently from
connections with extracortical structures (Rakic, 1988).
From E14.5 onward, afferents, particularly from dorsal thalamus, reach the cortex and participate in the formation of sensory
and motor maps (Price et al., 2006). The fine mapping of the
cortex is dependent on interactions with afferent stimuli relayed
by thalamocortical fibers (Hooks and Chen, 2007; Inan and
Crair, 2007) and efferent cortical projections.
The importance of intrinsic factors in setting the protomap
was best demonstrated previously using transcription factor mutant mice (Bishop et al., 2003; O’Leary et al., 2007). However,
inactivation of transcription factors is likely to perturb cell fate,
and many mutants die perinatally, preventing the study of cortical maturation. Here, we addressed the question by studying
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ters, and the moving distance was measured
during observation sessions of 5 min for 23
consecutive hours.
Histology and immunohistochemistry. For
histological examination, 8-m-thick paraffin
sections were stained with cresyl violet to assess
neuronal density and cortical architectonics,
with Luxol Fast Blue to reveal myelin, and with
the Bodian stain to visualize axons, as described previously (Prophet et al., 1992). Thy1YFP and Dlx5/6-GFP were visualized in 50 –
100 m vibratome sections directly under
fluorescence microscopy. For immunohistochemistry, 8 m paraffin sections were incubated with the following primary antibodies:
rabbit anti-GFAP (1:1000; Millipore Bioscience Research Reagents), rabbit anti-Cux1
(1:200; Santa Cruz), rabbit anti-Foxp1 (1:500;
gift from Edward Morrisey, University of Pennsylvania, Philadelphia, PA), rabbit anti-Tbr1 (1:
2500; gift from Robert Hevner, University of
Washington, Seattle, WA), mouse anti-5bromodeoxyuridine (BrdU) (1:35; BD Biosciences), rabbit anti-calbindin (1:500; Swant),
rabbit anti-calretinin (1:500; Swant), rabbit
anti-parvalbumin (1:500; Swant), rabbit antineuropeptide Y (1:300; gift from G. Pelletier,
Université Laval, Montreal, QC, Canada), and
anti-reelin G10 (1:2000) (de Bergeyck et al.,
1998). Primary antibodies were detected with a
mouse–rabbit ABC kit (Dako).
In situ hybridization. The 100-m-thick sagittal sections were prepared with a vibratome.
Floating sections was processed for in situ
hybridization with probe incubation at 65°C
Figure 1. Abnormal behavior of Celsr3兩Dlx mice in the open field. A–F, Three WT (WT1–WT3) and three Celsr3兩Dlx mutants
for 16 –20 h. Digoxigenin-labeled RNA probes
were studied in the open field for 23 h. The hyperactivity of the mutants as well as their aberrant or absent response to the
were prepared and used as described previlight– dark cycle are evident.
ously (Tissir et al., 2004) at a concentration 1
g/ml. Plasmid cDNAs were kindly provided
by Anastassia Stoykova (Max-Planck-Institute,
Göttingen, Germany).
Celsr3兩Dlx mice, in which Celsr3 is inactivated in basal telenceWhole-cell patch-clamp recordings. Cortical neurons were recorded in
phalic areas, but not in cortex nor in dorsal thalamus. Cortical
250 m acute slices from P15 to P21 litter-matched animals. Slice prepcell fate is unaffected, yet all three components of the internal
aration and whole-cell recording were performed as described previously
capsule—thalamocortical, corticothalamic, and subcerebral
(Gall et al., 2003). The extracellular solution used for slice preparation
(Molyneaux et al., 2007)—are fully defective (Zhou et al., 2008).
and perfusion contained the following (in mM): 126 NaCl, 1.6 KCl, 1.2
Quite unexpectedly, Celsr3兩Dlx mutants survive up to days 20 –
Na2HPO4䡠H2O, 1 MgCl2, 2 CaCl2, 18 NaHCO3, 11 glucose. Recordings
21, when cortical laminar and areal development is basically
were made using an EPC-10 amplifier (HEKA) in the fast current-clamp
complete, but before the onset of the critical period (Sugiyama et
mode. Membrane potential signal was filtered using a cutoff frequency of
al., 2008), allowing for the first time the investigation of cortical
2 kHz and subsequently digitized at 10 kHz using the acquisition software
maturation in the absence of extracortical connections, a situaPatchmaster (HEKA). Patch pipettes were pulled from borosilicate glass
capillaries with a resistance of 5⬃9 M⍀. The pipette solution contained
tion that we propose to name “(neo)cortex isolé in vivo.”
the following (in mM): 119 KMeSO4, 1 MgCl2, 0.1 CaCl2, 10 HEPES, 1
Materials and Methods
EGTA, 12 phosphocreatine, 2 Na2ATP, 0.7 Na2GTP, 0.2% biocytin, pH
7.2⬃7.3 with KOH, 280⬃300 mOsm/L. Large pyramidal neurons in
Mutant mice. All animal procedures were approved by animal ethics comcortical layer 5 were identified by using infrared differential interfermittees of the Université Catholique de Louvain. Cre-expressing mice Dlx5/
ence contrast microscopy (Axioskop 2FS; 40⫻/0.80 W; Zeiss). Data
6-Cre have been described previously (Stenman et al., 2003). Thy1-YFP
were analyzed with Igor Pro software (Wavemetrics) using the Neutransgenic mice (Feng et al., 2000) were obtained from The Jackson
romatic plugin (http://www.neuromatic.thinkrandom.com/). To enLaboratory. Celsr3兩Dlx mice are on a mixed background that includes
sure that the series resistance remains stable during recordings,
CD1 and 129; a mixed background is necessary to obtain mutant animals
passive cellular parameters were extracted from voltage-clamp traces
that survive beyond the early postnatal period. All data reported are
by analyzing current relaxation induced by a 10 mV step change from
based on analysis of at least three mutant and three control animals.
a holding potential of ⫺70 mV (D’Angelo et al., 1995). Intrinsic
Open-field locomotor activity. Postnatal day 17 (P17) mice [mutant,
excitability was investigated by setting resting membrane potential at
n ⫽ 3; wild-type (WT) littermates, n ⫽ 3] were individually placed in the
⫺80 mV and injecting 1 s steps of depolarizing current (from 50 pA to
open-field apparatus consisting of a rectangular area (10 cm wide ⫻ 12
1 nA in 50 pA increments). The characteristic parameters of the action
cm long ⫻ 60 cm high) under bright illumination (500 lux). Experiments
potential were estimated using the first sweep above threshold for
were performed from 1:00 P.M. to 1:00 P.M. on the next day, and the
action potentials generation. The maximal slopes of the action potenlight was off at 6:00 P.M. and on at 6:00 A.M. automatically. The Ethotials and width were measured using the first four spikes from one
Vision system (Noldus) was used for recording and extracting parame-
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sweep, and the amplitude of both the action potentials and the afterhyperpolarization (AHP) were obtained from the second to fourth
spikes. Parameters of action potentials are reported as mean ⫾ SEM
and were compared using Student’s t test.
Morphology of pyramidal cells. After the whole-cell recording, slices
were fixed in 4% paraformaldehyde overnight at 4°C. Staining of
biocytin-injected neurons was done with diaminobenzidine (DAB) after incubation with an ABC kit (Dako), or by fluorescence using
streptavidin-FITC (1:200; BD Biosciences Pharmingen). Neuronal morphology was studied by doing camera lucida drawings (DAB staining)
and by confocal microscopy. Images of the fluorescent cells were acquired using a LSM 510 META laser-scanning confocal system (Zeiss)
mounted on an Axiovert 200M inverted microscope (Zeiss) equipped
with c-Achroplan NIR 40⫻/0.8 W objective (Zeiss). The excitation beam
of an argon laser (488 nm) and bandpass emission filters (500 –550 nm)
were used for selective detection of the green fluorochrome. Sequential
optical sections of 2048 ⫻ 2048 pixels were taken at 0.9 m intervals
along the z-axis to allow three-dimensional reconstruction. Possible distortion caused by the histological processing has been shown to cause
⬍5% error on estimated length (Roth and Häusser, 2001). Basal dendritic branches in WT and mutant were compared using Sholl analysis
and nonparametric Kolmogorov–Smirnov test. Spine density was measured under 100⫻ objective (DAB staining) and on FITC-stained neurons using confocal microscopy. Dendritic spine density was evaluated in
similar segments defined 100 m from the distal terminal endings.
Spines numbers per unit length were obtained by visually counting the
spines on z-projections and dividing by the length of the dendritic segments considered.
Electrophysiological recordings in vivo. Mice were anesthetized with
xylido-dihydrothiazin (Rompun; Bayer; 10 mg/kg) and ketamine (Ketalar; Pfizer; 100 mg/kg). In addition, local anesthesia [0.5 ml of lidocaine
and adrenaline (1:80,000; xylocaine; AstraZeneca)] was administered
subcutaneously during preparation. Two bolts were cemented to the
skull to immobilize the head during recording sessions, and a silver reference electrode was placed on the surface of the occipital cortex. A
craniostomy was performed at the level of the parietal cortex before the
recording sessions, which were initiated 1 h after anesthesia when mice
were alert and had recovered from anesthesia. Single- and multiple-unit
recordings were performed with four linearly arranged, quartz-insulated,
platinum–tungsten fiber microelectrodes (1.5–5 M⍀) (outer and shaft
diameter of 80 and 25 m, respectively) with 250 m interelectrode
spacing. Electrode penetration were made via DC micromotors (resolution of 0.27 m) as described previously (Eckhorn and Thomas, 1993),
allowing recording of the depth location. For each recorded neuron,
optimization of spike amplitude was performed before the onset of recording. After amplification (1000 –2000⫻) and bandpass filtering (10
Hz to 10 kHz), unit activity was stored on 4 mm digital audio tapes (Sony
PCM-R5 coupled with Biologic DRA400), transferred to a Pentium III
personal computer with analog-to-digital converter boards (Power 1401;
Cambridge Electronic Design), and treated on-line and off-line by Spike2
CED software (Cambridge Electronic Design). The recorded data were
digitized continuously at 10 kHz. The regularity of the cell was measured
by the coefficient of variation (CV), defined as the quotient between the
SD and the mean of the interspike intervals. Local field potential (LFP)
was analyzed using a 16,384-point fast Fourier transform computed from
4 s recording samples. In three mutants and three WT mice, electrocorticograms (ECOGs) were recorded 30 min and 1 h after similar anesthesia, using exposed tips of 100 m Teflon-coated silver wires, located 1.5
mm posterior and 3.0 mm lateral to the bregma. To test the spatial
coherence of ECOG recordings between the left–right sides, crosscorrelation functions between each set of two ECOGs (␣1, ␣2) were calculated. The span of time lags or leads was analyzed for a time window
( T) corresponding to a recording period of 4 s. The cross-correlation
function between two functions (e.g., ␣1 and ␣2) was defined as follows:

冕
T

1
CCF␣ 1,␣ 2共兲 ⫽
共␣1共t兲 ⫺ 1兲 共␣2共t ⫹ 兲 ⫺ 2兲dt,
T 1 2
0

Figure 2. Cortical atrophy in Celsr3兩Dlx mice. A, B, Macroscopic view reveals tangential
atrophy of mutant hemispheres. C, D, Nissl staining shows that there is severe atrophy of
thalamus, striatum, and neocortex in mutants, whereas piriform cortex and hippocampus are
relatively less affected. See Tables 1 and 2 for quantification. E, F, Myelination, shown using Fast
Blue staining, proceeds normally in the mutant, but there is severe atrophy of myelinated
bundles in the subcortical white matter. Scale bar: C–F, 500 m.

where i and i are the mean value and the variance of ␣i, and  is the lag
between the two functions. When the signals ␣1(t) and ␣2(t) are statistically correlated, their cross-correlation function displays a peak (a significant cross-correlation function maximum) or a trough (a significant
cross-correlation function minimum) at the abscissa *. Positive values
of * denote a time lead of ␣1(t) relative to ␣2(t), whereas negative values
denote a time lag. Unless stated otherwise, one-way ANOVA followed by
Bonferroni’s multiple post hoc comparison was used for statistical analysis,
with p ⬍ 0.05 considered significant. Data are reported as mean ⫾ SD.

Results
Animal model
Conditional, “floxed” Celsr3 mutant mice (Celsr3 f/f) were
crossed with double heterozygous (Celsr3⫹/⫺; Dlx5/6-Cre/⫹)
mice, to generate Celsr3f/⫺; Dlx5/6 Cre/⫹ mutant mice, referred
to as Celsr3兩Dlx. Dlx5/6-Cre transgenic mice express strongly the
Cre recombinase in the basal telencephalon and ventral diencephalon (Stenman et al., 2003). We showed previously that all
three components of the internal capsule, namely thalamocortical, corticothalamic, and subcerebral (e.g., corticospinal) projec-
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Table 1. Forebrain dimensions in WT and Celsr3円Dlx mice: area of forebrain regions estimated in coronal sections
2

WT (mm )
Celsr3兩Dlx (mm 2)
Reduction (%)
p (t test)

One-half of whole area

Neocortex

Striatum

Thalamus

Pyriform cortex

14.37 ⫾ 0.24
13.42 ⫾ 0.08
6.6
⬍0.01

5.22 ⫾ 0.14
4.40 ⫾ 0.10
15.7
⬍0.01

1.85 ⫾ 0.17
1.56 ⫾ 0.17
15.7
⬍0.01

2.18 ⫾ 0.24
1.31 ⫾ 0.21
39.9
⬍0.01

1.43 ⫾ 0.04
1.42 ⫾ 0.08
0.7
NS

Table 2. Forebrain dimensions in WT and Celsr3円Dlx mice: estimation of cell
numbers by cortical layers
WT (number per 10
m 2)
Celsr3兩Dlx (number
per 10 4 m 2)
Reduction (%)
p (t test)

4

Layer 2/3

Layer 4

Layer 5

Layer 6

25.60 ⫾ 1.72

35.07 ⫾ 1.74

21.86 ⫾ 1.20

29.79 ⫾ 1.35

23.18 ⫾ 1.02

30.93 ⫾ 2.25

17.68 ⫾ 0.46

21.65 ⫾ 0.80

9.5
0.127

11.8
0.088

19.3
0.004

27.3
⬍0.001

tions are completely absent in Celsr3兩Dlx mice (Zhou et al.,
2008).
From birth, Celsr3兩Dlx mice were smaller than WT littermates, and this became increasingly evident until their death
around P20, when their mean body weight was 4.89 ⫾ 0.84 g (n ⫽
12), compared with 11.64 ⫾ 1.30 g (n ⫽ 26) for WT littermates.
Apart from their small size, other hallmarks of postnatal development, such as eyelid opening, occurred at the normal time. The
most evident phenotypic trait was their general weakness, failure
to thrive, and ataxia of gait. Intriguingly, although they lacked all
extracortical connections, these mice were able to eat, drink, and
move. They attempted to escape when handled, would occasionally try to bite, and swam almost like WT mice at the same age
(supplemental Movie S1, available at www.jneurosci.org as supplemental material). Although Celsr3兩Dlx mice were too weak to
undergo behavioral conditional training and testing, we were
able to perform a few simple tests and to study their activity
during 23 h sessions in the open field. Mutant mice could walk
without falling on a suspended bar but performed poorly in visually guided tasks, such as walking on a “trompe l’oeil,” where
they failed consistently. As shown in Figure 1, mutants displayed
prominent spontaneous hyperactivity in the open field for several
hours during lighting, whereas WT went to rest after an initial
exploratory activity. In darkness, WT mice became normally active, and mutants remained very active, until they stopped activity abruptly at any time, perhaps because of physical exhaustion.
When lighting was restored, WT mice returned to rest, whereas
Celsr3兩Dlx mutants paradoxically moved erratically, indicating
defective light/dark cycling activity.

Figure 3. Abnormalities of cortical organization in Celsr3兩Dlx mice. A, B, Nissl-stained sections show reduced neuronal density in deep mutant cortex. C, D, GFAP immunohistochemistry
shows increased numbers of immunopositive astrocytes in deep cortical layers in the mutant
(D, brackets). E, F, Reduction of axonal profiles in deep mutant cortex is demonstrated by the
Bodian stain. G, Quantification of neuronal density in cortical layers indicates significant reduction of neuronal cell numbers in mutant layers 5 and 6. **p ⬍ 0.01, t test. Error bars indicate
SEM. I–VI, Cortical layers I–VI; WM, white matter.

Normal areal and laminar patterning, and neurogenesis in
neocortex isolé
At the end of maturation, the mutant hemispheres were reduced
in size, with atrophy of the neocortex, striatum, and thalamus
(Fig. 2 A–D). The surface corresponding to these structures, estimated by comparing mutant and WT in Nissl-stained sections,
was reduced by ⬃16, 16, and 40%, respectively, for neocortex,
striatum, and thalamus (Table 1). The drastic atrophy of striatum
and thalamus was partly attributable to the absence of fiber bundles, especially in the striatum, but also to reduced number
and/or atrophy of neurons, particularly evident in the thalamus.
Because of atrophy of white matter (Fig. 2 E, F ) and reduced neural cell numbers, the thickness of the cortical wall was decreased.
As many mutant neurons in deep layers died (see below), the
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laminar distribution of cortical cells was
less clearly defined in the mutant than in
the WT. Whereas cortical size at P0 did
not differ drastically in mutant versus WT
mice, it did decrease progressively during
cortical maturation. In contrast to that of
the neocortex, the size of the hippocampal
formation and piriform cortex was relatively preserved (Fig. 2C–F ). Because archicortical and olfactory projections are
almost unaffected in constitutive Celsr3
mutants (Tissir et al., 2005), this observation indicates that cortical atrophy was
attributable to disconnection from subcortical targets (Fig. 2 A, B). At P20, myelination of large fiber bundles occurred
normally in mutants. However, few myelinated fibers traveled in the subcortical
white matter, which was very thin (Fig.
2 E, F ).
Neuronal density, estimated by counting neurons in corresponding areas in
Nissl-stained coronal sections prepared at
comparable levels, was reduced in mutant
compared with WT littermates (Fig. Figure 4. Protomap formation in mature Celsr3兩Dlx mice. In situ hybridization studies using Cad6, Cad8, EphA7, Id2, and RZR
3 A, B, Table 2). In addition, more GFAP- probes in WT (A, C, E, G, I ) and Celsr3兩Dlx mice (B, D, F, H, J ). Dorsal, ventral, rostral, and caudal are indicated in top right corner.
positive astrocytes were detected in the
mutant than in the WT cortex (Fig. 3C,D).
This was more intense in deep cortical layers, where most neuronal degeneration
occurred, indicating that GFAP-positive
cells and profiles reflected reactive gliosis,
a consequence of increased neuronal
death in mutant deep layers (Fig. 3G). Additional evidence of neuronal death was
provided with the Bodian stain, which
showed that the mutant cortex contained
less axonal profiles than its WT counterpart (Fig. 3 E, F ).
To investigate the formation of tangential, areal cortical organization, we examined expression of established areal
markers whose expression is not dependent on establishment of thalamocortical connections, namely Cad6, Cad8,
EphA7, Id2, and retinoid Z receptor
(RZR) (Suzuki et al., 1997; Inoue et al.,
1998; Nakagawa et al., 1999; Stoykova et
al., 2000; Mallamaci and Stoykova, 2006;
O’Leary et al., 2007; Krishna et al., 2009).
Expression patterns were studied at
P6, before maturation of thalamocortical
connectivity, and at P20. At early postnatal stages, marker expression was comparable in both genotypes (supplemental Figure 5. Laminar cortical organization in mature Celsr3兩Dlx mice. Immunohistochemistry with Cux1, Foxp1, and Tbr1 antiFig. S1, available at www.jneurosci.org as bodies at the level of parietal cortex in WT (A–C) and mutant (D–F ) mice at P20. The brackets in A–C point to barrel walls visible
supplemental material). In contrast, at the in WT but not mutant mice. The braces in F and G point to artificially increased cell density because of atrophic mutant layer 5. I–VI,
end of maturation at P20, some signifi- Cortical layers I–VI; WM, white matter.
cant differences were detected. In WT
the diminutive tangential extension of the mutant cortex, the
mice, expression of Cad6 was distributed in three layers, with a
expression of Cad6 and Cad8 was comparable in Celsr3兩Dlx mice
rostral-to-caudal increasing gradient. Cad8 was mostly expressed
(Fig. 4 B, D). In the WT, EphA7 expression was restricted to layers
in layer 5, also with a moderate increasing rostrocaudal gradi2/3 with a rostrocaudal increasing gradient and a border at the
ent, less sharp than that of Cad6 (Fig. 4 A, C). Taking into account
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junction between the rostral and caudal tier, as described previously (Bishop et al., 2002). In Celsr3兩Dlx mice, EphA7 was less
strongly expressed, and the rostral border of strong EphA7 expression appeared shifted caudally (Fig. 4 E, F ). In the WT, Id2
was expressed in all cortical layers, except at intermediate level,
with moderate rostrocaudal increasing gradient (Bishop et al.,
2002). The pattern of expression was similar in mutant animals,
except that the intermediate region with low expression in outer
layers appeared smaller than in WT (Fig. 4G,H ). RZR expression
was weak and mainly restricted to layer 4 in WT mice. In mutants,
it was also restricted to an intermediate cortical zone, and even
weaker than in WT mice (Fig. 4 I, J ). Thus, apart from differences
that can be attributed to atrophy of layers 4/5 and restricted tangential spreading of the mutant cortex, markers mapped almost
normally in the mutant, indicating that arealization proceeds
normally in the absence of connections.
To assess the consequences of defective connections on
radial, laminar cortical organization, we studied expression of
Cux1 (Nieto et al., 2004), Foxp1 (Shu et al., 2001), and Tbr1
(Hevner et al., 2001), three markers with defined laminar distributions, at the level of the barrel field and corresponding
area in WT and mutants. At early postnatal stages, all three
markers were expressed similarly in mutant and WT animals
(supplemental Fig. S2, available at www.jneurosci.org as supplemental material). At P20 (Fig. 5), markers were expressed
in WT layer 4, where barrel walls were clearly identified in
frontal sections (Fig. 5A–C, brackets). Predictably, no such
differentiation was found in the mutant cortex (Fig. 5D–F ).
The expression of Cux1 was concentrated in upper cortical
layers similarly in WT and mutant cortex (Fig. 5 A, D). That of
Foxp1 (Fig. 5 B, E) and Tbr1 (Fig. 5C,D) was distributed to all
layers, but low in layer 5. Low expression in layer 5 was less
evident in mutant cortex, presumably reflecting atrophy of
this layer (Fig. 5 E, F, braces).
Another key feature of cortical development is the inside–
outside gradient of cortical plate neurogenesis. To investigate
this, we injected BrdU to pregnant mice of both genotypes at
E12.5, E13.5, and E14.5, to label cohorts migrating to progressively more superficial levels and performed immunohistochemical detection of BrdU at P8, when migration to the neocortex is
almost complete. As shown in Figure 6, neurons generated at
E12.5, E13.5, and E14.5 settled in deep, intermediate, and upper
cortical layers, respectively, both in WT and mutant cortex. Together, the results obtained with lamina-specific markers and
BrdU labeling show that, except for features related to differentiation of layer 4, which was incomplete in the absence of thalamocortical input, the acquisition of laminar identity proceeded
normally and neuron generation was not affected in the mutant
cortex.
Interneurons from ganglionic eminences migrate to cortex
isolé
GABAergic inhibitory interneurons, estimated to 20% of cortical
neurons, are derived from the medial and caudal ganglionic eminences in the basal telencephalon, and migrate tangentially to
the cortex (Anderson et al., 1997b; Fishell, 2007). Tangential migration proceeds independently of radial glia and has been proposed to use developing corticofugal axons as substrate (Denaxa
et al., 2001). In constitutive Celsr3 mutant mice, Map2-positive
interneurons are able to migrate tangentially to the cortex despite
absence of corticofugal axons (Tissir et al., 2005), suggesting that
cortical axons are not absolutely required. However, recent work
showed that some late-born interneurons fail to migrate effi-
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Figure 6. Corticogenesis in normal and Celsr3兩Dlx mice. BrdU was administered to pregnant
females at E12.5 (A, D), E13.5 (B, E), and E14.5 (C, F ), and WT and mutant littermates were
processed at P8. The distribution of BrdU-labeled nuclei is comparable in both genotypes. I–VI,
Cortical layers I–VI; WM, white matter.

ciently in Celsr3 mutants (Ying et al., 2009). Using the EGFP
(enhanced green fluorescent protein) reporter under Dlx5/6 enhancer that labels all derivatives from ganglionic eminences
(Stenman et al., 2003), we found that Dlx5/6-positive cells were
present in similar density in the cerebral cortex and hippocampus
in both WT and mutant mice (supplemental Fig. S3, available at
www.jneurosci.org as supplemental material), suggesting that
sufficient numbers of interneurons were able to reach neocortex
isolé. To examine further whether different classes of interneurons were normally represented in the mutant cortex, we estimated the distribution and density of subsets of GABAergic
neurons, using immunohistochemistry with antibodies against
calbindin, calretinin, neuropeptide Y (NPY) (Markram et al.,
2004; Ascoli et al., 2008), parvalbumin (Sugiyama et al., 2008),
and reelin (de Bergeyck et al., 1998). At P20 (Fig. 7), all five classes
of interneurons were detected in the mutant cortex at normal
densities and with normal radial distribution patterns. Because
the whole neocortex was atrophic in those mice, the observation
of a normal density indicates that absolute numbers of GABAergic neurons were reduced, either because their tangential migration was compromised (Ying et al., 2009) and/or because their
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Figure 7. Interneuron density and distribution in normal and Celsr3兩Dlx mice. Immunohistochemical staining with calbindin (A, F ), calretinin (B, G), NPY (C, H ), parvalbumin (D, I ), and reelin
(E, J ) in WT (A–E) and mutant (F–J ) cortex at P20. The distribution and density of labeled cells are similar in both genotypes.

number was adjusted to the number of projection neurons—
their principal afferent source as well as target— during cortical
maturation.
Projection neurons in neocortex isolé are atrophic
As described above, cortical areal and laminar development, as
well as radial and tangential migration of various types of cortical
neurons proceeded quite normally during development of the
neocortex isolé, yet this neocortex was very atrophic at the end of
maturation, presumably because of increased death of neurons
that depend on establishment of extracortical connections. We
were unable to document apoptosis by using activated caspase 3
immunohistochemistry, presumably because cell death proceeded very progressively, and the presence of physiological apoptosis in the WT cortex (Finlay and Slattery, 1983; Pulvers and
Huttner, 2009) hampered accurate estimation of subtle differences. We crossed our mutant mice with Thy1-YFP transgenic
mice in which layer 5 neurons express yellow fluorescent protein
(YFP) from P10 (Feng et al., 2000). In the WT cortex, YFPpositive neurons were highly restricted in layer 5, but their number was dramatically reduced in the mutant, indicating that most
layer 5 projection neurons died in the absence of subcortical projections (Fig. 8 A, B).
The morphology of surviving projection neurons was studied
using Golgi impregnation. The shape of mutant pyramidal cells
was preserved, with a single axonal shaft and profuse basal and
apical dendritic branches. However, the number and length of
basal dendrites looked significantly reduced. To refine these findings, we stained neurons by injecting biocytin through patch
recording pipettes, followed by incubation with streptavidinconjugated FITC or the avidin– biotinylated peroxidase complex
and visualization by confocal microscopy (8 neurons of each genotype) (Fig. 8C,D), or by DAB staining for normal microscopic
examination (10 neurons of each genotype) (Fig. 8 E). A Sholl
analysis of dendritic arbors (Sholl, 1953) further demonstrated

their atrophy in the neocortex isolé, confirming the impression
obtained from Golgi impregnation (Fig. 8 F).
To assess the development of spines on pyramidal dendrites,
we estimated spine density in the eight WT and eight mutant
neurons reconstructed using confocal microscopy. Spines were
counted in five segments selected at comparable levels in basal
dendrites of each neuron (Fig. 8C,D, insets), and spine density
was expressed per 50 m as described in Materials and Methods.
In the mutant, spine density was significantly reduced compared
with that in the control (Fig. 8G), indicating abnormal local microcircuit development in the neocortex isolé.
Pyramidal neurons of neocortex isolé have reduced electrical
excitability in vitro
To compare electrophysiological properties of projection neurons, the intrinsic excitability of large pyramidal neurons in acute
brain slices was characterized using the whole-cell configuration
of the patch-clamp technique. As shown in Table 3, passive physiological parameters such as resting membrane potential, input
resistance (Rin), and membrane capacitance were similar in WT
and mutant neurons. The normal membrane capacitance in mutant neurons was somewhat unexpected, given the atrophy of
dendritic arborizations described above. However, although the
estimation of membrane capacitance through somatic recording
is very reliable for cells that have a compact electrotonic structure,
it is more delicate in large cells with extended processes such as
pyramidal neurons. Thus, presumably, morphological alterations of dendritic trees have little influence on this parameter,
which is mainly dependent on the size of the soma that was not
significantly affected in the mutant.
Intrinsic electrophysiological characteristics were investigated
using current-clamp recordings with 50 pA stepwise increase of
injected current (Tables 1, 2; Fig. 9 A, B). The current needed to
trigger the first action potential, and the voltage threshold for
action potential generation, were respectively increased by 32 and
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current injection was applied. Therefore,
we used the spike number per sweep (1 s)
instead of spike frequency to analyze the
electrical responsiveness. In WT cells, the
spike number increased after gradual increment of injected current, to reach its
maximum at an applied current of 750
pA. However, the maximal discharge rate
was obtained at 400 pA current in mutant
cells, and that rate (9.2 ⫾ 1.3) was much
lower than that in WT (14.4 ⫾ 1.1; p ⬍
0.01). The linear slope factor of the initial
part in the current-spike number plots is
considered a reliable and sensitive parameter of neuronal excitability. This slope
factor was significantly reduced in mutant
cells (1.32 ⫾ 0.20 Hz 䡠 pA ⫺1; p ⬍ 0.01)
(Fig. 9B) compared with WT (1.92 ⫾ 0.14
Hz 䡠 pA ⫺1) (Fig. 9B). These results demonstrate that the membrane of mutant pyramidal neurons was less excitable than
that of WT cells.
In vivo electrophysiology of cortical
neurons and electrocorticogram
The firing behavior of WT and mutant
cortical neurons was also studied in awake
mice at the level of the parietal cortex,
where we recorded the spontaneous activity of isolated neurons, the related LFP
and the ECOG. Based on recordings of 70
mutant and 45 WT neurons, different firing behaviors, from regular-spiking to
bursting, were identified in equal proportion in both genotypes (Fig. 10 A, B). The
Figure 8. Pyramidal neurons in WT and Celsr3兩Dlx mice. A, B, Crosses with Thy1-GFP mice label hippocampal and layer 5 distribution, mean value, and CV of sponpyramidal cells. Absence of layer 5 in Celsr3兩Dlx mice is evident. C, D, Examples of biocytin/fluorescence labeled pyramidal cells in taneous firing rates were similar in both
WT and mutant mice. E, Examples of biocytin/DAB-labeled pyramidal cells in both genotypes. F, Sholl analysis demonstrates
groups (Table 4). Spike shapes, which
dendritic atrophy in mutant versus WT pyramidal cells. G, Reduction in spine density in mutant versus WT. **p ⬍ 0.01, t test. Error
were mainly triphasic, were also similar in
bars indicate SEM. Ctx, Cortex; Hip, hippocampus; Tha, thalamus; Str, striatum.
both genotypes. In contrast, spike duration was significantly shorter in mutant
Table 3. Excitability of pyramidal neurons in slices
versus WT neurons. In 21 mutant neurons, a specific decrement
Parameters
WT (n ⫽ 20)
Celsr3 Dlx (n ⫽ 19)
of the spike amplitude occurred (Fig. 10C–E): the spontaneous
Vresting (mV)
⫺71.2 ⫾ 1.6
⫺70.3 ⫾ 0.8
firing vanished rapidly (mean of 1.57 ⫾ 1.43 s, ranged from 0.22
363.4 ⫾ 35.3
399.8 ⫾ 37.1
Rin (M⍀)
to 4.5 s) following in each case a linear regression with time
105.5 ⫾ 7.3
100.6 ⫾ 7.3
Cm (pF)
(mean correlation coefficient of 0.89 ⫾ 0.07) (Fig. 10 F). This
Threshold current (pA)
90.9 ⫾ 9.1
117.9 ⫾ 10.0*
abnormal behavior was never observed in WT neurons. The LFP
Threshold voltage (mV)
⫺40.7 ⫾ 1.6
⫺32.0 ⫾ 1.4**
profile recorded in the mutant correspond to the classical rhythLatency of 1st AP (s)
0.08 ⫾ 0.02
0.09 ⫾ 0.02
mic activity present in the awake state showing a dominant freAHP (mV)
⫺54.3 ⫾ 1.9
⫺43.2 ⫾ 1.5**
quency peak in the beta– gamma range and two side peaks in the
Half-width (ms)
1.58 ⫾ 0.17
2.47 ⫾ 0.23**
Maximal slope of rise (mV/ms)
261.3 ⫾ 19.8
158.9 ⫾ 11.4**
alpha and the higher gamma bands. However, for each of these
Maximal slope of fall (mV/ms)
⫺39.6 ⫾ 3.7
⫺21.9 ⫾ 2.3**
oscillatory components, the mutant showed higher frequency
AP amplitude (mV)
85.9 ⫾ 2.8
68.2 ⫾ 2.2**
values (12.4 ⫾ 2.4 Hz for alpha, 21.2 ⫾ 3.5 Hz for beta– gamma,
AP, Action potential.
and 32.9 ⫾ 3.8 Hz for higher gamma in the mutant vs 9.5 ⫾ 3.1
*p ⬍ 0.05, **p ⬍ 0.01, t test.
Hz for alpha, 16.3 ⫾ 2.9 Hz for beta– gamma, and 28.3 ⫾ 4.3 Hz
for higher gamma peak in the WT; p ⬍ 10 ⫺4).
ECOG recordings in three WT and three mutant mice, per25% in mutant versus WT neurons ( p ⬍ 0.01), whereas the
formed in freely moving animals, corroborated the LFP data reamplitude of action potentials and of AHP were significantly
corded in head-restrained animals and confirmed that cortical
decreased ( p ⬍ 0.01). The width of the action potential at halfoscillations were present in mutant as in WT cortex (Fig. 11 A, B).
height, and the slope of rise and fall were increased in mutant
Although the frequency peaks of the ECOG were the same 1 h
neurons ( p ⬍ 0.01). Adaptation of amplitude and frequency of
after the anesthesia [27.1 ⫾ 5.5 Hz in WT (n ⫽ 30) vs 25.6 ⫾ 7.2
the spikes occurred in recordings from both genotypes when high
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Hz (n ⫽ 74) in the mutant], they were
higher 30 min after the anesthesia in the
mutant [25.0 ⫾ 2.6 Hz in WT (n ⫽ 48) vs
32.7 ⫾ 1.6 Hz (n ⫽ 24) in mutants; p ⬍
10 ⫺4]. ECOG oscillations in the left and
right hemispheres were more synchronous in WT (Fig. 11C) than in the mutant
(Fig. 11 D) (mean cross-correlation coefficient of 0.40 ⫾ 0.12, 30 min after anesthesia and 0.7 ⫾ 0.10 1 h after in WT vs
0.11 ⫾ 0.02 and 0.47 ⫾ 0.10, respectively,
in the mutant; p ⬍ 10 ⫺4).

Discussion
Here, we studied Celsr3兩Dlx mice, in
Figure 9. Electrophysiological properties of pyramidal cells in WT and Celsr3兩Dlx mice. A, Comparison of action potentials
which the neocortex is isolated because of generated at a same level of injected current in both genotypes. B, Summary plot of discharge frequency as a function of stepwise
the absence of corticothalamic, thalamo- injected current showing in the mutant cells, the decreased maximum frequency level, and the difference in the slope of the linear
cortical, and corticosubcortical connec- part of the current–frequency plot used as a measure of the intrinsic pyramidal cell excitability.
tions (Zhou et al., 2008). These mutant
mice can survive for 3 weeks, until cortical
maturation is basically complete, allowing for the first time the
study of cortical maturation in the absence of extracortical influence. They cannot survive beyond P21, however, and die before
the critical period (Hensch, 2005). Apart from their weakness and
small size, these mice display a basic behavioral repertoire. The
cortical protomap (Rakic, 1988; O’Leary et al., 2007; Hébert and
Fishell, 2008) forms initially normally, both in terms of areal
partitioning and laminar organization. At the end of maturation,
hallmarks of thalamic afferents such as barrels and layer 4 are
absent, and the isolated cortex is atrophic, with death of many
projection neurons and profuse reduction of dendritic arbors in
surviving cortical neurons. Various classes of interneurons originating from ganglionic eminences are present in normal density
in the isolated cortex, indicating that their migration does not
depend on guiding axons, and that absolute numbers may be
reduced in proportion to decreased populations of glutamatergic
target cells. Patch-clamp studies in slices showed that mutant
neurons displayed all electrophysiological features of normal
neurons but were globally hypoexcitable. In in vivo recordings,
discharges vanished rapidly in 25% of recorded mutant neurons,
reflecting hypoexcitability measured in slices. Finally, in mutant
mice, the ECOG displayed oscillations peaking in the beta range
as in the WT but with higher frequency peak, and the left–right
synchrony of these oscillations was reduced in mutants.
Behavior without functional neocortex
Given the anatomical and functional importance of the cortex in
mammals, the observation that mice were able to survive, eat,
drink, walk, swim, and to display a normal basic behavioral repertoire in the absence of any functional neocortex, was rather
unexpected. Celsr3兩Dlx mutant mice performed abnormally in
the open-field test, in which they displayed aberrant hyperlocomotion and failed to react to light/dark transitions like WT controls, indicating defective visual perception and/or circadian
rhythm generation. Unfortunately, their poor general health precluded studies involving conditioning. Although the role of thalamic input in shaping cortical areas such as the barrel field or
visual cortex and in controlling their function is well established,
the participation of thalamocortical and cortical efferent pathways in behavioral traits such as visual behavior or whiskerrelated orientation is less clear. It is known that rodents rely
heavily on subcortical systems such as retinotectal for vision
(Schneider, 1969), and on extrapyramidal systems for movement

Figure 10. Firing properties of pyramidal cells. A, B, Example of spontaneous discharges in
WT (A) and Celsr3兩Dlx (B) mice. C–E, Firing rate exhaustion in Celsr3兩Dlx mice pyramidal neurons in vivo. C–E, Illustration of this phenomenon in three different Celsr3兩Dlx neurons. F, Linear
regression analysis of each spike amplitude in function of time for the 21 neurons with firing rate
exhaustion. The individual values are illustrated for one of these regression lines. For a convenient illustration, for each neuron, the maximal amplitude calculated by the regression lines has
been adjusted at time 0.

control. Our data confirm that the role of the cortex in rodents is
clearly less essential than what is often assumed. They support the
view that the rodent brain is not similar to that of protomammals
and, unlike what happened in the primate lineage, evolved toward a simplification of cortex and increased relative importance
of extracortical centers (Tissir and Goffinet, 2007). Our mutant
mouse model may prove useful to studies aimed at defining the
respective roles of cortical and subcortical mechanisms in brain
and behavioral plasticity, for example after cortical lesions.
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Table 4. Firing properties of pyramidal neurons in vivo
Parameters

WT (n ⫽ 45)

Celsr3 Dlx (n ⫽ 59)

Spontaneous firing rate (Hz)
CV of the firing rate
Total spike duration (ms)
Duration of depolarization (ms)
Time to depolarization peak (ms)
Spike depolarization amplitude (mV)
Mid amplitude duration (ms)
Slope of rise (mV/ms)
Slope of fall (mV/ms)
Duration to the AHP peak (ms)

9.0 ⫾ 9.1
0.96 ⫾ 0.52
10.38 ⫾ 2.46
1.23 ⫾ 0.33
0.74 ⫾ 0.33
0.27 ⫾ 0.14
0.39 ⫾ 0.07
0.49 ⫾ 0.46
0.55 ⫾ 0.33
2.64 ⫾ 1.28

8.8 ⫾ 9.5
1.07 ⫾ 0.70
8.75 ⫾ 1.89***
0.96 ⫾ 0.32***
0.50 ⫾ 0.28***
0.21 ⫾ 0.12
0.38 ⫾ 0.09
0.58 ⫾ 0.76
0.60 ⫾ 0.64
2.05 ⫾ 1.05**

**p ⬍ 0.01, ***p ⬍ 0.001, t test.

Figure 11. ECOG in awake WT and Celsr3兩Dlx mice. A, B, ECOG recorded in the left (L) and
right (R) parietal cortex in WT (A) and Celsr3兩Dlx mice (B). C, D, Cross-correlation analysis of the
ECOG in WT (C) and in Celsr3兩Dlx mice (D). CCF, Cross-correlation function.

Key phenotypic features in Celsr3兩Dlx mice included retarded
growth and abnormal movements that lead to death around P20.
A similar phenotype was observed in Celsr3兩Foxg1 mice, in which
Celsr3 is inactivated in all forebrain except dorsal thalamus, confirming that these anomalies are related to defects in forebrain
wiring. Although the abnormal gait is evocative of cerebellar dysfunction, the cerebellar system is not a target of Dlx5/6-Cre or
Foxg1-Cre, and no evident morphological abnormalities were
found in the cerebellum or precerebellar nuclei in Celsr3兩Dlx or
Celsr3兩Foxg1 mice. However, wiring of basal ganglia should be
widely affected in Celsr3兩Dlx mice. Similarly, retarded growth
might be related to defective circuit wiring in the hypothalamus
and nearby areas related to feeding and growth regulation.
Whether abnormal connectivity in basal ganglia and hypothalamic areas account for the phenotypic abnormalities remains to
be studied further.
Interneuron density and distribution in cortex isolé
The cortex isolé is very atrophic at the end of maturation, mainly
because of death of large projection neurons. In contrast, the
global density of interneurons, estimated by numbers of cortical
cells that express the Dlx5/6 transgene, and density/distribution
of five subclasses of interneurons, are similar at P20 in mutant
and WT cortex. Among GABAergic interneurons, parvalbuminpositive ones develop late and are implicated in the critical period
at P23–P30 (Sugiyama et al., 2008). The death of mutant animals
before P21 precluded studies of parvalbumin neurons and the

critical period in our model. That sufficient numbers of interneurons are able to reach the cortical ribbon in the absence of corticofugal connections, is in line with initial studies of Celsr3
mutant mice (Tissir et al., 2005) and in agreement with the hypoexcitability of mutant pyramidal neurons observed in slices
and normal excitability in vivo. At first sight, this may seem to
contradict a recent work, in which decreased migration of late
born interneurons was shown in constitutive Celsr3 mutant mice
(Ying et al., 2009). However, the latter study shows that the defective tangential migration of mutant interneurons is partial.
The observation of normal density of interneurons in the atrophic cortex isolé clearly indicates that their absolute number,
which is very hard to estimate, is reduced in proportion to cortical volume. Defects in tangential migration may explain this
overall reduction in global interneuron numbers. However, it is
also possible that interneuron numbers at the end of maturation are adjusted to the population of projection neurons that
provide their main input and output. Mechanisms that regulate the dispersion and distribution of interneurons at the end
of migration begin to be unraveled (Bortone and Polleux,
2009). However, as far as we know, those that adjust the relative numbers of GABAergic and glutamatergic cortical cells
during cortical maturation remain elusive. Our observations
suggest that such regulatory mechanisms do indeed play an
important role, and the Celsr3兩Dlx mutant mouse provides a
useful tool to probe that question further.
Electrical properties of cortex isolé
The hypoexcitability of pyramidal neurons recorded in slices was
less evident in in vivo recordings. Indeed, decreased excitability
observed in slices was only reflected in awake state by a shortened
spike duration in mutant neurons, with rapid exhaustion of discharges in a minority of them. Shorter spike duration is unlikely
to result from changes in spike amplitude, because the slope of
rise, greatly decreased in vitro, was not altered in vivo. Perhaps
intracortical connections (network effect throughout reverberant and inhibitory loops) or uncontrolled local factors such as
neurohormonal or trophic actions may compensate in vivo the
intrinsic weakness of the neuronal machinery displayed in vitro.
Electrocorticographic oscillations are generally thought to be
driven by reciprocal thalamocortical connections and require
synchronization among apical dendrites of cortical neurons. The
presence of cortical oscillations in absence of thalamocortical
connections indicates that cortical organization is sufficient to
drive intrinsic cycles of electrical activity, perhaps between superficial and deeper cortical layers. LFP and ECOG oscillations in
cortex isolé occur in comparable albeit faster frequency ranges
than in WT, suggesting that thalamocortical connectivity exert
some modulation on the frequency of oscillations.
The decrease of ECOG synchrony between the left and right
mutant hemispheres could be explained by the absence of corticothalamic and thalamocortical connections. The intracortical
synchronization of spontaneous gamma oscillations is accompanied by synchronized activity in corticothalamic system (Steriade
et al., 1998). In WT, the corticothalamic feedback produces coherent activity by recruiting thalamic circuitry via reticular neurons (Contreras et al., 1996). A more recent study (Vicente et al.,
2008) showed that long-range cortical synchrony associated with
cortico–thalamo– cortical loops is compatible with synchronization across large distances with zero phase lag, as presently observed in WT mice. The preservation of zero phase synchrony in
the mutant indicates that the common mechanisms of zero phase
synchronization proposed for the gamma oscillation (Traub et
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al., 1996; Bazhenov et al., 2008) is conserved in cortex isolé. Callosal commissure may play an important role in facilitating interhemispheric coherence, as demonstrated in lesion studies (Engel
et al., 1991). The presence of faster rhythms in awake mutant
mice, associated to hypoexcitability of pyramidal neurons in
slices may appear paradoxical. Indeed, the absence of the two
parallel activating pathways (the brainstem–thalamo– cortical
and the brainstem–nucleus basilis– cortical) associated to intrinsic weakness would rather be predicted to slow down rather than
accelerate the oscillations of cortical network. The shift of the LFP
frequency peaks toward higher values in the mutant might be
related to the absence of influence of the ⬃10 Hz oscillation
supported by the thalamocortical reverberant system (Contreras
et al., 1996; Steriade et al., 1998).
In sum, the cortical protomap forms normally in Celsr3兩Dlx
mice despite defective cortical–subcortical connections. However, many projection neurons die during maturation and the
mature cortex is severely atrophic. Surviving neurons display
manifest hypoexcitability in vitro, but their activity in vivo is surprisingly conserved. Celsr3兩Dlx mutant mice provide a model to
assess the role of subcortical structures in brain function and to
probe brain plasticity after defective cortical control.
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