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Regional Distribution of Cortical Interneurons and
Development of Inhibitory Tone Are Regulated by Cxcl12/
Cxcr4 Signaling

Guangnan Li,">? Hillel Adesnik,"* Jennifer Li,' Jason Long,":>* Roger A. Nicoll,* John L. R. Rubenstein,"*> and
Samuel J. Pleasure!?

Programs in 'Neuroscience and ?Developmental Biology, and Departments of *Neurology, *Cellular and Molecular Pharmacology, and 5Psychiatry,
University of California, San Francisco, San Francisco, California 94158

Interneurons are born in subcortical germinative zones and tangentially migrate in multiple streams above and below the developing
cortex, and then, at the appropriate developmental stage, migrate radially into the cortex. The factors that control the formation of and the
timing of exit from the streams remain obscure; moreover, the rationale for this complicated developmental planis unclear. We show that
a chemokine, Cxcl12, is an attractant for interneurons during the stage of stream formation and tangential migration. Furthermore, the
timing of exit from the migratory streams accompanies loss of responsiveness to Cxcl12 as an attractant. Mice with mutations in Cxcr4
have disorganized migratory streams and deletion of Cxcr4 after the streams have formed precipitates premature entry into the cortical
plate. In addition, constitutive deletion of Cxcr4 specifically in interneurons alters the regional distribution of interneurons within the
cortexand leads tointerneuron laminar positioning defects in the postnatal cortex. To examine the role of interneuron distribution on the
development of cortical circuitry, we generated mice with focal defects in interneuron distribution and studied the density of postnatal
inhibitory innervation in areas with too many and too few interneurons. Interestingly, alterations in IPSC frequency and amplitude in
areas with excess interneurons tend toward normalization of inhibitory tone, but in areas with reduced interneuron density this system
fails. Thus, the processes controlling interneuron sorting, migration, regional distribution, and laminar positioning can have significant
consequences for the development of cortical circuitry and may have important implications for a range of neurodevelopmental

disorders.
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Introduction

The balance of excitation and inhibition is critical for cortical
function; imbalance disrupts closing of critical periods (Hensch,
2005) and sensing and processing information (Wulff and Wis-
den, 2005), and is associated with a number of human conditions,
such as epilepsy (Cossart et al., 2005). Development of the cere-
bral cortex uses a complex developmental plan that makes the
ability to establish the precise balance of inhibition and excitation
all the more amazing. Excitatory neurons are generated in the
cortex and then migrate radially to adopt laminar positions with
an inside-out gradient according to birthdate (for review, see
Ayala et al., 2007; Hevner, 2007; Molyneaux et al., 2007). Mean-
while, GABAergic interneurons, generated in subcortical germi-
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native zones, migrate tangentially and ultimately sort themselves
into the correct layers in the cortex (for review, see Wonders and
Anderson, 2005; Metin et al., 2006; Ayala et al., 2007).

Although recent studies have characterized a number of im-
portant extracellular regulatory cues that regulate steps in sub-
cortical sorting and tangential migration of interneurons [too
numerous to recount in detail here but extensively reviewed by
Wonders and Anderson (2005), Metin et al. (2006), and Ayala et
al. (2007)], there has been no clear understanding of one of the
most prominent features of interneuron migration, their organi-
zation into migratory streams and the function of these streams
in interneuron distribution. Previous studies showed that mice
bearing mutations in the chemokine receptor Cxcr4 or its ligand
Cxcl12 [also known as stromal cell-derived factor-1 (SDF-1)]
have defects in the positioning of neocortical interneurons dur-
ing migration both in the superficial and deep migratory streams
and Cxcl12 expression by the meninges presumably regulates the
localization of interneurons in the marginal zone (MZ) (Stumm
et al., 2003). Additional studies showed that meningeal expres-
sion of Cxcl12 is crucial for organizing the marginal zone posi-
tioning and migration of Cajal-Retzius cells, another prominent
MZ resident neuron population (Borrell and Marin, 2006; Pare-
des et al., 2006). In addition, Cxcl12 expression in the cortical
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subventricular zone (SVZ) and intermediate zone (IZ) is also
important for regulating interneuron migration into the cortex
(Tiveron et al., 2006). However, none of these studies examined
how the expression of this presumed chemoattractant regulates
the timing and organization of stream formation and mainte-
nance. In addition, because of the neonatal lethal phenotypes of
Cxcl12- and Cxcr4-null mutants, these studies did not examine
the postnatal consequences of disruption of Cxcl12/Cxcr4 signal-
ing on interneuron positioning or numbers. Thus, the major
question of the consequences of loss of the interneuron migratory
streams on the final disposition and function of interneurons has
remained unclear, and the more fundamental question of what
the function of the migratory streams is in regulating the devel-
opment of cortical excitability has been completely unexamined.

In this study, we demonstrate that, in addition to acting as an
attractant controlling the initial sorting of interneurons into the
migratory streams, Cxcl12/Cxcr4 signaling controls the timing of
interneuron exit from these streams. In addition, using
interneuron-selective Cxcr4 mutants, we find that postnatal in-
terneuron distribution and laminar positioning is affected, and
that mice with regional interneuron sorting defects have alter-
ations in the development of cortical excitability.

Materials and Methods

Animals. The following mouse lines were purchased from The Jackson
Laboratory (Bar Harbor, ME): Cxcr4 (stock no. 004341), Z/EG cre re-
porter line (stock no. 004178), GAD1-green fluorescent protein (GFP)
transgenic line (stock no. 003718), and ubiquitous inducible cre line
CAG-CreER (stock no. 004682). Lhx6GFP BAC line was obtained from
GENSAT (The Gene Expression Nervous System Atlas Project at The
Rockefeller University, New York, NY). Cxcr4-flox animals were kindly
provided by Dr. Dan Littman (New York University, New York, NY) and
the DIx5/6Cre line was generated in the laboratory of J. L. R. Rubenstein
[University of California, San Francisco (UCSF)]. The following breed-
ing schemes were used to obtain littermate controls and mutants: Lhx6-
GFP ¥ *;Cxcra ¥/~ X Cxcrd V'~ (for Lhx6-GFP ™ *;Cxcrd ™/* and Lhx6-
GFP™¥";Cxcrd 7/7), CAG-CreER™ ";Cxcrda ™/~ X Cxerd 19919% (for
CAG-CreER™*;Cxcr4™*  and ~ CAG-CreER"¥";Cxcr4"¥7),
Z/EG"¥*;DIx5/6Cre ¥ *;Cxerd */~ X Cxerd "1°* (for Z/EG™¥;DIx5/
6Cre ¥ ;Cxera 1 and Z/EG™¥*;DIx5/6Cre "¢ T;Cxcra 1°7), Lhx6-
GFP"¥*;DIx5/6Cre ™ *;Cxcrd 7/~ X Cxcra 191X (for Lhx6-GFP#*;
DIx5/6Cre ™ *;Cxcrd ™" and Lhx6-GFP ¥ ;DIx5/6Cre ¥ *;Cxcrd 19 ),
and GAD1-GFP ¥ ";DIx5/6Cre ™ *;Cxcrd 7/~ X Cxcrd 8% (for GADI1-
GFP"¥*;DIx5/6Cre"™®*;Cxcr4™* and GADI-GFP"®";DIx5/6Cre ™¥*;
Cxcrd ™), The day of vaginal plug was considered embryonic day 0.5
(E0.5). Mouse colonies were kept at UCSF in accordance with National
Institutes of Health and UCSF guidelines. The Cxcr4-null mice are on a
pure C57BL/6 background, but all other lines of mice are on mixed
backgrounds between C57BL/6 and CD1. In all cases, controls are litter-
mate and from the same degree of mixed background.

Cortical slice culture and bead analysis. We dissected brains from E13.5
embryos or postnatal day 0 (PO) newborns in ice-cold 1X Hanks buffer
(no. 140-25-076; Invitrogen, Carlsbad, CA). Lhx6-GFP+ brains were
selected by direct inspection with a fluorescence dissection microscope.
The 250 um coronal cortical sections were prepared by cutting on a Leica
(Nussloch, Germany) vibrating microtome. Slices were grown on
Millicell-CM (Biopore PICMORG50) in 35 mm Petri dishes in serum-
free medium (1X Neurobasal medium, 2% B-27 supplement, 0.5% glu-
cose, 1% penicillin/streptomycin, 2 mm GlutaMAX-1). Slices were al-
lowed to recover for 2-3 h before any treatment was started. For bead
analysis, we soaked agarose beads (Bio-Rad, Hercules, CA) with BSA (10
pmg/ml; Sigma, St. Louis, MO) or Cxcl12 (SDF-1e) (10 pg/ml; R&D
Systems, Minneapolis, MN) at 4°C for 1 h before placing the beads at the
appropriate locations in the slices with fine forceps. After culture at 37°C
with 5% CO, for the listed amount of time, confocal pictures were taken
for analyzing the chemoattractant effect.

In utero electroporation. Timed pregnant mice at desired ages were
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anesthetized with sodium pentobarbital at 60 mg/kg body weight. The
abdomen was cleaned with 70% ethanol. A midline incision was made,
and the uterus was exposed. The cerebral vesicle of each embryo was
transilluminated with a fiber optic source and DNA solution prepared at
2 mg/mlin 10 mum Tris-HCI, pH 8.0, with 0.04% trypan blue was injected
into lateral ventricle with a glass micropipette. After injection, embryos
were held with a forcep-type electrode with two platinum paddles (Pro-
tech International, San Antonio, TX). Electrical pulses (42 V for E13.5, 50
V for E14.5) with 50 ms duration were delivered five times at 950 ms
intervals using a square-pulse electroporator BTX830. After the proce-
dure, the uterus was replaced into the abdominal cavity, and the abdom-
inal cavity was filled with prewarmed 1X PBS. The abdominal wall and
skin were sutured to allow the embryos to develop further. The mother
was placed on a 37°C hot plate until recovery from the surgery. The entire
surgical procedure was completed within 45 min. The following full-
length cDNAs were cloned into the chicken B-actin CMV (cytomegalo-
virus) promoter driven expression vector pPCAGGS (provided by J. L. R.
Rubenstein): DsRed2 (Clontech, Cambridge, UK), Cxcl12 (IMAGE
clone 3984285; Open Biosystems, Huntsville, AL).

Tamoxifen induction. Tamoxifen (Sigma) was dissolved in corn oil
(Sigma) at 20 mg/ml. For temporal removal of Cxcr4, pregnant females
with embryos at E15.5 were intraperitoneally injected with tamoxifen at
3 mg per 40 g animal.

Immunohistochemistry. Embryos older than E13.5 and postnatal mice
were perfused with 1X PBS followed by 4% paraformaldehyde (PFA).
Dissected brains were postfixed in 4% PFA overnight and then cryopro-
tected in 30% sucrose until they sank. Brains were frozen and sectioned
coronally at 40 wm on a cryostat. Floating sections were stained with the
following antibodies according to standard protocols: rabbit or mouse
anti-GFP (1:1000; Invitrogen), rat anti-CTIP2 (1:1000; Abcam, Cam-
bridge, MA), rabbit anti-calretinin (1:1000; Chemicon, Temecula, CA),
rabbit anti-neuronal nitric oxide synthase (nNOS) (1:1000; Zymed, San
Francisco, CA), mouse anti-parvalbumin (1:1000; Swant, Bellinzona,
Switzerland), mouse anti-calbindin (1:1000; Swant), rabbit anti-NPY (1:
1000; Immunostar, Hudson, WI). Primary antibodies were detected with
secondary antibodies (goat anti-rabbit, goat anti-mouse, or goat anti-
rat) conjugated to Alexa fluorochromes (1:1000; Invitrogen).

In situ hybridization. Embryos older than E13 were perfused with 4%
PFA and brains were dissected and postfixed in 4% PFA for 4 h (for
E13.5-E15.5 brains) or overnight (for brains older than E15.5). Fixed
brains were cryoprotected in 30% sucrose before embedding in OCT.
Brain tissues were cut on a cryostat at 20 wm and directly mounted onto
Superfrost slides (Fisher Scientific, Houston, TX). All the slides were
stored at —80°C before use. For in situ hybridization (ISH), slides were
warmed to 55°C, fixed in 4% PFA for 30 min, treated with proteinase K
(50 mg/ml) for 1.5 min, and fixed again with 4% PFA for 30 min. Acet-
ylation was performed using 0.25% acetic anhydride in 0.1 M triethanol-
amine, pH 8.0, for 10 min, followed by three PBS washes. Slides were
incubated with hybridization buffer [50% formamide, 5X SSC, 0.3
mg/ml yeast tRNA, 100 mg/ml heparin, 1X Denhart’s, 0.1% Tween 20,
0.1% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate), 5 mm EDTA] for 30 min at 65°C, followed by overnight incu-
bation with a digoxigenin-labeled probe. Three high-stringency washes
were performed with 0.2X SSC at 65°C. Slides were then incubated with
horseradish alkaline phosphatase (AP)-conjugated anti-digoxigenin and
NBT (nitroblue tetrazolium)/BCIP (5-bromo-4-chloro-indolyl phos-
phate) for signal detection. The probes and their sources were as follows:
Cxcl12 (IMAGE clone 3984285) and Cxcr4 (IMAGE clone 3592479;
Open Biosystems), and Lhx6 and GAD67 (provided by J. L. R.
Rubenstein).

Image analysis and quantification. Images were acquired using a
cooled-CCD camera (QCapture Pro; QImaging, Burnaby, British Co-
lumbia, Canada). To quantitate the distribution of the recombined in-
terneurons, counting boxes of equal size in controls (Z/EG Te/* Dlx5/
6Cre " *;Cxcr4 ™ ") and DIx5/6-cKO (Z/EG "' ";DIx5/6Cre '™
Cxcrd 1°97) animals were drawn in cingulate cortex, motor cortex, and
somatosensory cortex at the bregma level of —0.94 mm. Six pairs of
animals were analyzed. The numbers of GFP+ cells were normalized
with the average values of the corresponding regions in the controls. For
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Lhx6-GFP+ animals with in utero electroporation of pCAG-DsRed2
alone, or together with pCAG-Cxcl12 targeted into the somatosen-
sory cortex, counting boxes of the same size were drawn in somato-
sensory cortex or cingulated cortex in the electroporated sides and
contralateral sides. The ratio was calculated as the number of Lhx6-
GFP+ cells in the electroporated side divided by the number of Lhx6-
GFP+ cells in the contralateral side within the corresponding count-
ing boxes. To further analyze the laminar distribution of Lhx6-GFP+
cells in the somatosensory cortices of the electroporated animals, a
grid of 10 equal horizontal bins were drawn in the counting boxes. Bin
1 approximately corresponds to the marginal zone and bin 10 to the
lower end of layer VI. The data were presented as the percentage of the
total number within the boxes.

The results were expressed as the mean = SEM for n given samples.
Data were analyzed using two-tailed Student’s t test with unequal vari-
ance. Any value of p = 0.05 was considered significant.

Electrophysiology. Coronal brain slices (300 wm thick) were cut from 2-
to 3-week-old mice on a Leica vibrating microtome in normal ice-cold
artificial CSF. After 1-2 h of incubation at room temperature, slices were
transferred to a submersion chamber on an upright Olympus (Tokyo,
Japan) BX51 microscope, and layer 4 pyramidal cells in somatosensory
“barrel,” or in a medial region (cingulate cortex), were visualized by
infrared-differential interference contrast optics. The electroporated re-
gion of the slice was visualized by epifluorescence, and cells were targeted
within the confines of the transfected area or in the equivalent region
from the contralateral side. The extracellular solution contained the fol-
lowing (in mm): 119 NaCl, 2.5 KCI, 26 NaHCO;, 1 Na,PO,, 11 glucose,
2.5 CaCl,, and 1.3 MgCl,, and saturated with 95% O,/5% CO,. The
intracellular solution contained the following (in mm): 135 CsMeSO,, 8
NaCl, 10 HEPES, 0.3 Na;GTP, 4 MgATP, 0.3 EGTA, and 5 QX-314
(lidocaine N-ethyl bromide). Experiments in which series resistance
changed by >20% were excluded from analysis. Spontaneous IPSCs were
collected at a holding potential of 0 mV. Under our conditions, the
GABA reversal potential was approximately —45 mV, and thus the IPSCs
were recorded as outward currents. Spontaneous events (75-125) were
collected per cell and semiautomatically detected by in-house software in
Igor Pro (WaveMetrics, Lake Oswego, OR). The Kolmogorov—Smirnov
test was used to obtain p values for the analysis of cumulative
distributions.

Results

Interneuron migration is organized into characteristic stages
during prenatal life

During neocortical and hippocampal development in mice, most
interneurons are generated from the germinal zones in the sub-
pallium, including the medial ganglionic eminence (MGE).
MGE-derived interneurons can be identified by the expression of
a LIM-homeobox gene Lhx6, which plays a critical role in the fate
determination and migration of the cells originated from MGE
(Alifragis et al., 2004; Liodis et al., 2007). The tangential migra-
tion of these cells from the MGE to the cortex form two streams
that are visualized in transgenic mice expressing GFP driven by
the Lhx6 promoter (Cobos et al., 2006) (supplemental Fig. 1A,
available at www.jneurosci.org as supplemental material). A su-
perficial stream is in the MZ, and a deep stream is in the SVZ
and IZ.

Lhx6-GFP expression reveals the dynamic nature of interneu-
ron migration and stream organization during embryonic and
early postnatal life is delineated by the Lhx6-GFP expression. At
E13.5, GFP+ cells course through the SVZ of the lateral gangli-
onic eminence (LGE) and the LGE/cortex border, at which point
one can readily distinguish the two prominent cortical migratory
streams (Fig. 1 A). Lhx6-GFP+ cells progressively accumulate in
the MZ over the next 2 d [supplemental Fig. 1 B, C, arrows (avail-
able at www.jneurosci.org as supplemental material)]. Cells with
shapes suggesting that they are migrating (extended morphology
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with a clear leading process) are abundant in the IZ/SVZ; a few
are also seen in the cortical plate. Most cells with migratory mor-
phology are oriented with their leading processes toward the me-
dial cortex indicating migration medially [supplemental Fig. 1 B,
red arrowheads (available at www.jneurosci.org as supplemental
material)], although small numbers of cells are seen with their
leading process oriented either laterally or radially [supplemental
Fig. 1B, yellow arrowheads (available at www.jneurosci.org as
supplemental material)]. This is consistent with previous studies
demonstrating that the superficial and deep interneuron streams
have some exchange as well as the tendency of many interneurons
to migrate in a variety of directions within local zones (Ang et al.,
2003; Tanaka et al., 2003; Yokota et al., 2007).

At E17.5, there continue to be large numbers of GFP+ cells in
the MZ [supplemental Fig. 1C, white arrows (available at www.
jneurosci.org as supplemental material)], whereas the number of
cells in deeper layers has decreased; most cells in the IZ and cor-
tical plate do not have migratory morphology [supplemental Fig.
1C (available at www.jneurosci.org as supplemental material)].
The exception to this is in the SVZ, where there is a stream of
apparently migrating GFP+ cells [supplemental Fig. 1C, white
arrowheads (available at www.jneurosci.org as supplemental ma-
terial)]. By E18.5, the MZ begins to be depleted of GFP+ cells
[supplemental Fig. 1 D, arrows (available at www.jneurosci.org as
supplemental material)]. Within the cortical plate, most GFP+
cells are radially oriented with a bipolar morphology, suggesting
that they engaged in radial migration, perhaps from the MZ. Over
the next 3 d, the MZ (layer 1 of the cortex) becomes depleted of
GFP+ cells [supplemental Fig. 1E, arrows (available at www.
jneurosci.org as supplemental material) |, whereas deeper cortical
layers have large numbers of GFP+ cells that are beginning to
extend processes [supplemental Fig. 1 E (available at www.jneu-
rosci.org as supplemental material)]. Thus, from E13.5 to E17.5,
the MZ accumulates GFP+ interneurons (supplemental Fig.
1B,C, arrows), and from E17.5 to P2, the number of these cells
decreases [supplemental Fig. 1D,E, arrows (available at www.
jneurosci.org as supplemental material)]. In the SVZ stream, the
number of GFP+ cells increases from E13.5 to E15.5, and subse-
quently decreases [supplemental Fig. 1 B—E, white arrowheads
(available at www.jneurosci.org as supplemental material)].
These dynamic changes in the distributions of Lhx6-GFP+ cells
are consistent with the observations of others using different la-
beling approaches (Ang et al., 2003; Tanaka et al., 2003; Yokota et
al., 2007) and provide an anatomical and temporal framework for
assessing the mechanisms that regulate the tangential and radial
migration of these immature interneurons.

Spatial and temporal regulation of Cxcl12 and Cxcr4
expression in the developing forebrain

Previous studies suggested that Cxcl12 and Cxcr4 are involved in
regulating cortical interneuron migration (Stumm et al., 2003;
Tiveron et al., 2006), but none of these studies provided insights
into the cellular mechanisms governing how Cxcl12/Cxcr4 sig-
naling regulates migration in the setting of the dynamic nature of
the migratory stages described above.

At early stages of corticogenesis (E13.5), when the interneu-
ron streams are forming, Cxcl12 is expressed prominently by the
meninges overlying the telencephalon [supplemental Fig. 24,
black arrows (available at www.jneurosci.org as supplemental
material)] and within the cortex in a ventral-to-dorsal gradient in
the SVZ [supplemental Fig. 2 A, black arrowheads (available at
www.jneurosci.org as supplemental material) | and weakly by the
lateral cortical plate [supplemental Fig. 2A, B, blue arrowheads
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(available at www.jneurosci.org as supple-
mental material)]. Cxcl12 RNA expression

E13.5+12 hours IV

| | Po+2DIV

is more intense in the meninges than in the
cortex at E13.5 and E16.5 [supplemental
Fig. 2 B (available at www.jneurosci.org as
supplemental material)]. The temporal
and spatial expression of Cxcl12 in the me-
ninges and the cortex suggests that it con-
tributes to organizing the interneurons
into superficial and deep streams. Further-
more, the ventral-to-dorsal gradients
within the cortical SVZ and cortical plate,
may regulate their tangential dispersion. In
contrast, as has been reported in detail by
others (Stumm et al., 2003, 2007; Tissir et
al., 2004; Daniel et al., 2005), the Cxcl12
receptor Cxcr4 is weakly expressed in the
migrating interneurons entering the cortex
atboth E13.5 and E16.5 [supplemental Fig.
2D,E,G, arrowheads (available at www.
jneurosci.org as supplemental material)],
whereas it is highly expressed in the Cajal—
Retzius cells in MZ [supplemental Fig.
2C-G, arrows (available at www.
jneurosci.org as supplemental material)].
The distribution pattern of Cxcl12 in the
meninges and SVZ suggests that it may play
a role in organizing interneurons into
streams, whereas the tapering pattern of
Cxcl12 in the SVZ may facilitate the lateral-
to-medial dispersion of interneuron.
Moreover, the spatial gradient (high in me-
ninges to low in SVZ) and the temporal
gradient (low at E13.5 to high at E16.5) of
Cxcl12 suggest it may play a critical role in
the MZ accumulation of interneurons in
that particular time window.

bes: ) |

Cxcl12 is only a chemoattractant for
Lhx6-GFP+ interneurons at
embryonic stages
The expression of Cxcl12 along the SVZ and
meninges suggests that it may act as an at-
tractant to focus interneurons into deep and
superficial streams, respectively, and to pro-
mote interneuron accumulation in the MZ
from E13 to E17. To test this idea, we im-
planted beads soaked in Cxcl12 or BSA into
the MGE, LGE, or cortex of E13.5 cultured
slices prepared from Lhx6-GFP transgenic
mice; only the Cxcl12 beads attracted a pen-
umbra of GFP+ cells (Fig. 1,1,2,3,4,n =6
of 6). Thus, Cxcl12 is able to act as a chemoat-
tractant for Lhx6-GFP+ interneurons at var-
ious stages in their migration, including as they sort into streams.
Lhx6-GFP+ cells in the MZ appear to radially migrate into the
cortical plate from E18.5 through P2 (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). Because
Cxcl12 continues to be expressed in the meninges during that
time window (Stumm et al., 2003, 2007), it raises the issue of how
the GFP+ cells adjust their responsiveness to Cxcl12 during this
period; either the GFP+ cells change their responsiveness (losing
their attractive response or becoming repulsed by Cxcl12), or the

Figure 1.

! ] =
A /./.'1 h}k

1-Cxcl12

Cxcli12

1-Cxcl12

¥
L]

3-Cxcl12

4-Cxcl12

Dynamic changes of interneuron responsiveness to (xcl12 in slice cultures. A, A’, Beads soaked with BSA or
re-combinant Cxcl12 were placed on the slices prepared from E13.5 Lhx6-GFP-positive embryos and then cultured for 12 h. 4
shows the lightimage, and A" shows the confocal image. The positions of the beads in the confocal image are indicated with red
asterisks, and they are numbered according to their different locations (1, cortex; 2, cortical entrance; 3, LGE; 4, MGE). To facilitate
side-to-side comparisons, the responsiveness of the Lhx6-GFP+ interneurons to the ectopic BSA beads on one side or Cxcl12
beads on the other side were performed in the same slices. Lhx6-GFP + cells apparently ignored the BSA beads at all the selected
sites but clustered around the Cxcl12 beads (see higher-magpnification images arrayed below and numbered as above). B, At PO,
as the interneurons migrated radially, GFP + cellsin the cortical plate apparently lost their responsiveness to both BSA and Cxcl12
even after culture for 2 d. Scale bars: 4, A’, 500 m; B, 125 wm; all high-power images, 25 m.

cues that drive the radial migration are dominant over Cxcl12. To
address this, we examined Cxcl12 responsiveness during this time
period by placing Cxcl12-soaked beads into the cortical plate of
PO cultured slices. The GFP+ cells did not form a penumbra
around the Cxcl12-soaked beads (Fig. 1) (n = 4 of 4), supporting
amodel that GFP+ cells leave the MZ when they lose their attrac-
tion to Cxcl12. Because cells in the cortical plate appeared to
ignore Cxcl12, being neither attracted nor repulsed, it does not
appear that emigration from the MZ is attributable to a change in
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EP-DsRed2 at E13.5

E15.5 Lhx6GFP/DsRed2 I

expression induced collections of Lhx6-
GFP+ interneurons around the ectopic
Cxcl12 (Fig. 2B’, arrows). Lhx6-GFP+
cells appeared to be depleted in the MZ su-
perficial to the zone of ectopic Cxcl12 (Fig.
2 B’, arrowhead); we speculate that the ec-
topic GFP+ cells radially migrated toward
the ectopic focus of Cxcll2 expression
(thus depleting the MZ) or were ensnared
as they migrated past in the IZ or SVZ.

To determine whether the ectopic
Cxcl12 had long-term consequences on in-

FP/DsRed2

| terneuron distribution, we examined the

control side

EP-Cxcl12+DsRed2 at E13.5

Figure 2.

polarity of Cxcll2 chemotactic activity from attraction to
repulsion.

Ectopic Cxcl12 expression interrupts dorsal dispersion of
interneurons in vivo

The bead studies establish that Cxcl12 acts as a chemoattractant
in telencephalic slice cultures. Next, we examined whether
Cxcl12 acts similarly in vivo using in utero electroporation of a
Cxcl12 expression vector into the lateral neocortical ventricular
zone (VZ) at E13.5. We examined interneuron distribution after
2 d (at E15.5) by comparing the distribution of the Lhx6-GFP+
cells on the hemisphere electroporated with Cxcl12 with the non-
electroporated contralateral hemisphere or with hemispheres
electroporated with DsRed2 without Cxcl12 (consistent results
were obtained in all Cxcl12 electroporated hemispheres regard-
ing disturbance of interneuron distribution; n > 5 for both
Cxcl12 and control DsRed2 electroporations). Ectopic Cxcl12

Ectopic Cxcl12 expression causes interneuron accumulation in vivo. A, B, Distribution of Lhx6-GFP + cells at E15.5
was examined after in utero electroporation into the lateral cortex at E13.5 with either pCAG-DsRed2 alone (A) or together with
pCAG-Cxcl12 (B). Ectopic Cxcl12 expression causes Lhx6-GFP+ cell accumulation, whereas DsRed2 expression has no apparent
effect. A" and B’ show the distribution of Lhx6-GFP + cells at higher magpnification. A” and B” show the distribution of DsRed2 +
cells.A™ and B” show the merged images. Scale bars: 4, B, 200 um; A’~A",B"~B"", 100 pm. (~C", Distribution of Lhx6-GFP +
cells at P3 was examined after in utero electroporation with pCAG-DsRed2 with pCAG-Cxcl12 at E13.5. There is notable accumu-
lation of GFP+ cells around the ectopic site of expression of (xcl12 (yellow oval) and a decrease in cell number in the medial
cortex on the electroporated side (yellow arrows). Note as well that, where there was a small area of ectopic Cxcl12 expression in
the SVZ (white arrow), there was a focal collection of GFP+ cells trapped in this area. EP, Electroporated. Scale bar, 300 m.

mice after longer survival periods after
electroporation. When electroporated with
Cxcl12 at E13.5 and examined at P3, the
areas with ectopic Cxcl12 had dramatic ex-
cesses of GFP+ cells (Fig. 2C, yellow oval),
whereas the number of cells that success-
fully migrated past the ectopic Cxcll2
source to adopt positions in the dorsal
(medial) cortex was decreased (area be-
tween the yellow arrows in Fig. 2C). Thus,
CXCL12 is a potent chemoattractant for
interneurons in vivo, and it is sufficient
when overexpressed to trap interneurons
en route to their final destinations.

EP side

Cxcr4 mutants have defects in
organization of immature interneurons
into streams

Because in vitro and in vivo analyses show
that Cxcl12 is a chemoattractant for Lhx6-
GFP+ cells, we wanted to determine
whether Cxcr4 is required for interneuron
stream formation and sorting during de-
velopment using the Lhx6-GFP transgene
as a reporter in Cxcr4 mutant mice. At
E13.5, the mutant GFP+ cells accumulated
external to the striatum in the ventral pal-
lium (anlagen of the claustrum and en-
dopiriform nucleus), olfactory cortex, and
perhaps ventral parts of the neocortex (in-
sular cortex anlage) (Fig. 3B’). The mutant
interneurons correctly avoided the stria-
tum, which could be identified as CTIP2+
domain (Arlotta et al., 2005) (Fig. 3A’,B’), consistent with evi-
dence that semaphorin-based repulsion mediates interneuron
avoidance of the striatum (Marin et al., 2001).

The ectopic collection of interneurons in the ventral pallium
and olfactory cortex is continuous dorsally with the subplate in
the ventrolateral neocortex (Fig. 3 B,C,B’,C’, white arrowheads).
In control brains, the small number of GFP+ cells in the subplate
of the lateral cortex apparently joins the SVZ or MZ streams (Fig.
3C, white arrowheads), whereas in the mutant brains many of
these cells appear to be trapped in the subplate (Fig. 3C’, white
arrowheads). Thus, in controls, the SVZ and MZ (white arrows)
streams are well defined as soon as GFP+ cells have moved dor-
sally past the pallial-subpallial boundary (Fig. 3C), whereas in the
Cxcr4 mutants the streams are poorly formed leading to gaps in
the MZ (white arrows), the poorly organized SVZ stream, and the
appearance of ectopic GFP+ cells in the VZ (Fig. 3C’, yellow
arrowheads). This phenotype becomes more severe in dorsal
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Figure3. Interneuron sorting is disrupted in Cxcr4 mutants at early stages of stream migration. Cxcr4 ™/ (4) and Cxcrd ™ (A”) brains from E13.5 embryos combined with a single allele of
the Lhx6-GFP transgene were stained with antibodies to GFP (green) to label MGE-derived Lhx6-GFP + interneurons and CTIP2 (red) to label the striatum and the forming cortical plate. The arrows
inAandA’ show that the fronts of the migrating interneurons reach almost the same lateral-to-medial level in both controls and mutants. The boxed areasin Aand A" are shown in B-Dand B'-D’,
respectively, at higher magnification (and without the red channel). B, In Cxcr4 /™ brains, MGE-derived Lhx6-GFP—+ cells migrate superficially to the striatum and organize the beginnings of the
MZ stream (MZ) and a minor stream in the subplate (SP) (white arrowheads). Note that this is an area of strong (xcl12 expression in the MZ and weaker expression in the cortical plate and subplate
(seeFig. 2). B', In contrast, in Cxcr4 ™ brains, Lhx6-GFP + cells form abnormal accumulations in the external capsule (ec), the subplate stream (white arrowheads) is more prominent, and there
is an extensive collection of GFP+ cells spanning the subplate, forming cortical plate and MZ (solid white oval adjacent to the striatum). €, Slightly more dorsally in Cxcr4 ™/ brains, the two fairly
defined streams (MZ and SVZ) are sorted and the cells in the subplate stream (white arrowheads) join one of the other of these as cells head into the cortex. Note the paucity of cells between the
MZ and SVZ streams and in the VZ. €', In Cxcr4 ~/~ brains, the subplate stream persists (white arrowheads), there are gaps in the MZ (white arrows), and there are ectopic cells in the VZ (yellow
arrowheads). D, Once the streams have reached the cortex, the organization is well maintained in Cxcr4 ™/~ mice; where cells are in the cortical plate (CP), they are generally oriented to imply that
they are migrating from the SVZ stream to the MZ stream (see inset and white arrowheads). D', In Cxcr4 ~/~ brains, the stream organization is disrupted with many cells within the CP that do not

have morphologies consistent with apparent tangential migration (see inset) and gaps in the MZ. Scale bars: A-D, A’-D’, 100 m; D, D', insets, 10 um.

parts of the cortex (Fig. 3D,D"). Examining the morphology of
the small numbers of GFP+ cells in the cortical plate in control
cortex shows that these cells generally have a leading process
oriented toward the MZ indicating that they may be radially
translocating from the SVZ to the MZ (Fig. 3D, inset). In con-
trast, many mutant GFP+ cells in the cortical plate lack a radial
orientation (Fig. 3D, inset). Thus, the MZ and SVZ streams in
Cxcr4 mutants are poorly organized, and many Lhx6-GFP+ cells
appear to prematurely reside in the cortical plate.

Cxcr4-dependent accumulation of interneurons in the MZ

As suggested by Lhx6-GFP+ expression and previous studies
(Ang et al., 2003; Tanaka et al., 2003; Yokota et al., 2007), imma-
ture interneurons accumulate in the MZ over several days (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). At higher magnification, the MZ Lhx6-GFP+ inter-
neurons are approximately one to two cells thick at E14.5 (Fig.
4 D). This increases to two to three cells in thickness at E15.5 (Fig.
4 E) and reaches four to five cells by E16.5 (Fig. 4 F). To determine
whether Cxcr4 regulates this process, we examined Cxcr4 mu-
tants carrying the Lhx6-GFP transgene from E14.5 to E16.5. It is
apparent that dramatically fewer mutant GFP+ cells concentrate
in the MZ during this interval (Fig. 4, compare A-F, A'=F'). In
mutants over this interval, gaps are commonly seen in the MZ
(Fig. 4G’, arrow) and the cortical plate is filled with cells that do
not have a clear migratory morphology (Fig. 4G’, red arrow-
heads). In control mice at E15.5, many GFP+ cells in the cortical

plate still have morphologies consistent with migration toward
the MZ (Fig. 4 E, arrowheads), but not in the mutants (Fig. 4E")
where more and more cells appear stalled in the cortical plate and
1Z (Fig. 4E'). Therefore, it appears that concentration of Lhx6-
GFP+ in the MZ relies on the presence of functional Cxcr4 and
presumably on the expression (and increased expression of
Cxcl12 over this same time frame) (supplemental Fig. 2, available
at www.jneurosci.org as supplemental material) of Cxcl12 in the
meninges. Continuing these observations for another day to
E16.5, reveals additional accumulation of GFP+ cells in the MZ
of controls (Fig. 4F), and a distinct layer of GFP+ cells without
apparent migratory morphology begins to appear in the subplate
(Fig. 4F, arrows). In contrast, the MZ in the mutants is actually
becoming depleted of GFP+ cells (Fig. 4 F') with many of these
apparently migrating radially into the cortical plate (Fig. 4F',
arrowheads). So, a simple model is that Cxcl12 in the meninges is
maintaining the laminar positions of MZ cells and Cxcl12 in the
SVZ is holding the SVZ/IZ cells, until the cells are no longer
attracted to Cxcl12. Without Cxcr4, cells in the superficial and
deep migratory streams precociously move into the cortical plate.

Time-dependent loss of Cxcr4 from MZ interneurons induces
early invasion into the cortical plate

Our bead analysis with PO slices shows that Lhx6-GFP+ cells in
the cortical plate are no longer responsive to the Cxcl12-soaked
beads, and this seems to coincide approximately with the time
that interneurons migrate radially into the cortex away from the
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Figure4. Accumulation ofinterneuronsin the MZis dependent on Cxcr4. Low-power and high-power images (taken from the
areas boxed in the low-power images) of Cxcr4 1+ (A-€) and Cxcrd —'~ (A’=C') brains combined with a single allele of the
Lhx6-GFP transgene from E14.5—E16.5 stained with GFP and CTIP antibodies. A-C demonstrate that over this period the density
of GFP+ cellsin the MZ increases (as we also showed in Fig. 1) in Cxcr4 */* mice. By the end of this period, very few cells reside
in the cortical plate in Cxcr4 1 mice. A’=C’, In Cxcrd ~' mice, there is little accumulation of GFP+ cells in the MZ, and
throughout this period, there are numerous cells in the cortical plate and also scattered throughout the cortical wall. D-G,
Higher-magnification images (taken from the boxed areas in A-D) in Cxcr4 /™ allow more detailed analysis over this develop-
mental window. At E14.5 (D, G), the MZ and SVZ (white arrows) streams are distinct, and cells between these in the 1Z and the
cortical plate have morphologies consistent with migration from one stream to the other (white arrowheads). At E15.5 (E), this
trend continues, but there is continued accumulation of GFP+ cells in the MZ. At E16.5 (F), the MZ is now several GFP+ cells
thick, and a distinct, new layer of GFP+ cells in the subplate that do not have migratory morphology are now prominent (yellow
arrows). DG’ , Higher-magnification images (taken from the boxed areasin A’~D") in Cxcr4 ~/~ show thatat E14.5 (D', 6')
there are gaps in the MZ (G’, red arrow) and very few migratory appearing cells in the SVZ (D”, white arrows). In addition, the
cortical plate is loaded with GFP+ cells that do not appear migratory (G’, red arrowheads). At E15.5 (E’), in contrast to the
controls, the MZ fails to accumulate GFP+ cells, and the subplate and cortical plate are crowded with cells. This trend continues
at £16.5 (F), with cells in the cortical plate beginning to prematurely adopt radial migratory morphologies (F’, white arrow-
heads). CP, Cortical plate; SP, subplate.
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MZ. However, only a few days earlier, in-
terneuron accumulation in the MZ appar-
ently requires these cells to migrate toward
Cxcl12 expressed in the meninges, and this
is Cxcr4 dependent. These observations
raise the question of whether the timing of
accumulation in and then radial migration
away from the MZ are controlled by re-
sponsiveness to Cxcll12. To examine this,
we removed Cxcr4 function after many of
the interneurons had already arrived in the
MZ using a conditional (floxed) Cxcr4 al-
lele (Nie et al.,, 2004) and tamoxifen-
induced Cre recombination under the con-
trol of a ubiquitously expressed chicken
B-actin promoter (Hayashi and McMa-
hon, 2002). We postulated that removal of
Cxcr4 from the cells already in the MZ
should accelerate their exit from the MZ.
We compared interneuron location in con-
trol versus conditional mutant embryos at
E19.5 using two interneuron markers
(Lhx6 or GAD ISH). Whereas the control
cortex shows that many interneurons are in
both the MZ and cortical plate (Fig. 5A, B,
arrows indicate the MZ), the Cxcr4 mu-
tants (induced at ~E15.5) had far fewer in-
terneurons in the MZ (Fig. 5A’,B’, arrows).
Taking these data with our previous results
provides evidence that interneurons accu-
mulate and remain in the MZ under the
control of Cxcr4 signaling and that loss of
Cxcr4 signaling from cells in the MZ is suf-
ficient to cause cells to prematurely invade
the cortical plate.

Cxcr4 cell-autonomously regulates
tangential dispersion and lamination of
cortical interneurons

Cxcr4 is expressed in developing cortical
interneurons and Cajal-Retzius interneu-
rons. Thus, the constitutive and
tamoxifen-induced Cxcr4 mutants alter
both cell types. To establish whether the
observed phenotypes are based on the cell-
autonomous functions of Cxcr4 in the in-
terneurons, we selectively removed Cxcr4
in the cortical interneurons using Cre ex-
pression regulated by the DIx5/6 intergenic
enhancer (Monory et al., 2006). To identify
the recombined cells, we used the Cre re-
porter Z/EG line (Novak et al., 2000). We
define mice with the genotype Z/EG™®";
DIx5/6Cre ™ *;Cxcr4 ¥~ as conditional
DIx5/6 mutants (DIx5/6-cKO henceforth),
whereas animals with the genotype
Z/EG"®";DIx5/6Cre ¥ *;Cxcra 19" are
used as controls.

Analysis of interneuron distribution at
E16.5 in DIx5/6-cKO shows that most of
the mutant (GFP+) cells were present in
the cortical plate rather than accumulated
in the MZ (Fig. 6 A, B, red arrowheads), and
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SVZ (Fig. 6 A, B, white arrowheads). More-
over, many fewer GFP+ cells reach the me-

CAGCreERT9*; Cxcr4flox+

CAGCreERT™*; Cxcr4ox-

dial cortex (Fig. 6A, B, arrows) thaninthe [ ] A
constitutive Cxcr4-null mutants (Fig. 4). 5
Because both terminal deoxynucleotidyl =
transferase-mediated biotinylated UTP
nick end labeling and activated caspase
staining at a variety of ages in both the null
and conditional mutants fail to demon-
strate increased numbers of dying cells
(data not shown), we believe that the re-
duced number of interneurons reaching
the medial wall by E16.5 is attributable to a
primary migration defect rather than accel-
erated cell death. This is also consistent
with our observations of focal excess col-
lections of interneurons at the lateral edge s
of the neocortex in null mutants (Fig. 3B),
where we suspect some of the excess inter-
neurons collect during prenatal life and gk
thus fail to migrate into the cortex. Thus, e
mice with conditional loss of Cxcr4 in the
cortical interneurons phenocopy the inter-
neuron defects of the constitutive Cxcr4-
null mutants at prenatal stages (Fig. 4), es-
tablishing that the migration phenotype is
cell autonomous. Because loss of Cxcr4
function in Cajal-Retzius cells is known to
disrupt their development and positioning
in the MZ (Borrell and Marin, 2006; Paredes et al., 2006) and
these cells could have potential secondary effects on interneu-
rons, the demonstration that the interneuron positioning defects
are cell autonomous is quite important.

E19.5TM at E15.5
= |

Figure 5.

Postnatal analysis of interneurons lacking Cxcr4

Cxcr4 constitutive null mutants do not survive postnatally, pre-
venting the analysis of interneuron phenotypes in the maturing
and adult cortex. However, DIx5/6-cKO mutants show normal
viability, allowing us to address whether the disruption of inter-
neuron migratory streams will lead to abnormal distribution of
interneurons in the cortex. As at E16.5, P8, and P14, DIx5/6-cKO
animals also show reduced interneuron number in the medial
cortex (Fig. 6C,D,E',F', dashed ovals) and hippocampus (data
not shown). Quantitation of GFP+ cells in three regions of the
cortex (cingulate cortex, motor cortex, and somatosensory cor-
tex) at P14, revealed reductions in GFP+ interneurons: signifi-
cant differences in interneuron number between mutants and
controls that are more severe the more medially this is examined:
cingulate cortex is decreased 35%; motor cortex, 15%; and so-
matosensory cortex, 15% (Fig. 6G) (n = 6). Because cortical
thickness and neocortical lamination (in both embryonic null
and early postnatal cKO mice) appear normal in these mice (data
not shown), direct comparison of neuronal number in standard
boxes is an appropriate measure of interneuron density in corti-
cal areas.

Next, we investigated the laminar distribution of Cxcr4 mu-
tant interneurons in the cortical wall. To address this, we intro-
duced the Lhx6-GFP transgene into the D1x5/6-cKO background
(DIx5/6Cre ™ *;Cxcrda 1) and the control background (DIx5/
6Cre ¥ *;Cxcra 1°*). At P14 in the control cortex, most Lhx6-
GFP+ cells are found in layers IV-VI with a lighter sprinkling of
GFP+ cells in more superficial layers (Fig. 7A); we grouped these
in three layers (just above each of the dotted lines in Fig. 7A). In

r —
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Loss of Cxcr4 from cells in the MZ causes premature migration into the cortical plate. 4, B, A, B, Cxcrd-flox mice
were bred with ubiquitous CreERT-expressing mice to generate mice carrying the CreERT transgene and Cxcr4-flox. The control
mice are Cxerd™/ ™ and the experimental mice are Cxcr4™ . After administration of tamoxifen at E15.5, embryos are har-
vested the morning of delivery (E19.5) and analyzed by in situ hybridization for either Lhx6 (4, A") or GAD67 (B, B') to evaluate
interneuron positioning. In the controls (CAGCreER ™™ - Cxcra "/ ™), 4 d after tamoxifen many interneurons are still located in
the MZ, whereas in experimental animals (CAGCreER ™9/ ; Cxcr4 "™ ), the MZ has essentially emptied of interneurons, and they
have migrated radially into the cortical plate. The black arrows indicate the MZ. Scale bars, 100 m.

the DIx5/6-cKO animals, whereas most Lhx6-GFP+ cells are still
located in the deeper layers of the cortex, there are clear defects in
the laminar allocation GFP+ cells. In layer IV, there are domains
devoid of GFP+ cells (Fig. 7B, arrowheads) and layer V has un-
usual cell clusters (Fig. 7B, arrows). Next, we assessed the distri-
bution of interneurons expressing the GAD1GFP transgene
(Oliva et al., 2000). This transgene labels a more restricted group
of cells than the Lhx6-GFP transgenic line. In the control animals,
GADI1GFP+ cells are exclusively localized in the superficial area
(layers II-IV) of somatosensory cortex with fairly even distribu-
tion (Oliva et al., 2000; Yabut et al., 2007) (Fig. 7C). In contrast,
DIx5/6-cKO mice have domains without labeled cells and other
areas with clusters of cells (Fig. 7D, arrowheads and arrows, re-
spectively). Of note, however, the lack of GAD1GFP+ cells in
deep cortical layers is not affected by the Cxcr4 mutation (Fig.
7D).

Next, we analyzed the distribution of calretinin and nNOS,
which label interneurons with a bias in the upper and lower cor-
tical layers, respectively (Pla et al., 2006). Although most calreti-
nin+ cells are appropriately located in superficial layers in the
DIx5/6-cKOs (Fig. 7E,F), there are ectopic clusters of calreti-
nin+ cells in deeper layers (Fig. 7F, dotted oval), similar to what
we observed with Lhx6-GFP+ and GAD1GFP+ cells. nNOS+
cells show a relatively compact stripe in layer VI in the control
animals (Fig. 7G), whereas they are more scattered in the DIx5/
6-cKO animals with some straying into more superficial zones
(Fig. 7H, arrows). We also analyzed the distribution of
calbindin-, parvalbumin-, neuropeptide Y-, and somatostatin-
expressing interneurons in the DI1x5/6-cKO animals (supplemen-
tal Fig. 3, available at www.jneurosci.org as supplemental mate-
rial). There were no clear defects in the distribution of these
classes of cells in the radial dimension of the cortex, but because
the normal distribution of these classes of interneurons tends to
be rather scattered across multiple cortical layers, subtle changes
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Figure 6.  Conditional Cxcr4 mutants have regional interneuron distribution defects. A—F, DIx5/6Cre ™ *;Cxerd ™/ +:7/EGY
(controls) (4, €, E) and DIx5/6Cre ™/ *;Cxcrd " ~; 2/EG'Y'* (DIx5/6-cKO) (B, D, F) mice are compared atthree ages (E16.5, P8, and P14).
The distribution of the GFP + cells after staining GFP antibody staining s shown in the coronal sections from animals at E16.5 (4, B), P8 (C,
D),andP14(E,F,E’,F').AtE16.5, GFP+ cells have accumulated in the MZin the control mice (4, red arrowheads), but in DIx5/6-cKO mice
the MZis depleted of GFP+ cells (B, red arrowheads), the SVZ stream in the Dix5/6-cKOs is diminished compared with the controls (4, B,
white arrowheads), and there are fewer GFP+ cells reaching the hippocampus in the mutants than the controls (4, B, white arrow). The
numberof GFP+ cellsinthe medial cortexis also decreased consistently in the DIx5/6-cKOmice at E16.5. At postnatal stages (P8 and P14),
DIx5/6-cKO mice have major reductions in the numbers of medial cortical GFP+ cells, compared with the controls (compare areas in
dashed ovalsin C, D, and E’, F'). To quantitate the regional deficits in GFP+ cell number at P14 (when most interneurons should have
settled into their final positions), a standard-sized box was drawn in the cingulate cortex, motor cortex, and somatosensory cortex, and
pairs of animals were counted in matched sections. The number of GFP+- cells in each box was normalized to the average of the values
counted in the appropriate region in control brains. The normalized ratios are graphed (as percentages == SEM) in G. Notably, there is
significant reduction in the relative numbers of GFP+- cells in the DIx5/6-cKO cingulate cortex (Cc) (35% decrease compared with control;
p = 0.0005) and in the motor cortex (Mo) (15% drop; p = 0.05) with a similar magnitude but more variable (and not significant
statistically) decrease in somatosensory cortex (SS) (13% drop; p = 0.15). Thus, DIx5/6-cKO mutant mice have a progressive deficit of
recombined interneurons as they are examined more medially. Scale bars: 4, B, 100 um; C~F, 200 m; E', F', 250 jum.
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like those described above would be almost
impossible to detect. However, what is
clear is that there is no dramatic, subtype-
selective effect on one class of
interneurons.

Thus, although major features of inter-
neuron laminar distribution ar