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Normal brain development requires a series of highly complex and interrelated steps. This process presents many opportunities for
errors to occur, which could result in developmental defects in the brain, clinically referred to as malformations of cortical development.
The marginal zone and Cajal-Retzius cells are key players in cortical development and are established early, yet there is little understand-
ing of the factors resulting in the disruption of the marginal zone in many types of cortical malformation syndromes. We showed
previously that treatment with methylazoxymethanol in rats causes marginal zone dysplasia with displacement of Cajal-Retzius cells to
deeper cortical layers. Here we establish that loss of activity of the chemokine stromal-derived factor-1 (SDF1) (CXCL12), which is
expressed by the leptomeninges, is necessary and sufficient to cause marginal zone disorganization in this widely used teratogenic animal
model. We also found that mice with mutations in the main receptor for SDF1 (CXCR4) have Cajal-Retzius cells displaced to deeper
cortical layers. Furthermore, by inhibiting SDF1 signaling in utero by intraventricular injection of a receptor antagonist, we establish that
SDF1 signaling is required for the maintenance of Cajal-Retzius cell position in the marginal zone during normal cortical development.
Our data imply that cortical layering is not a static process, but rather requires input from locally produced molecular cues for mainte-
nance, and that complex syndromes of cortical malformation as a result of environmental insults may still be amenable to explanation by
interruption of specific molecular signaling pathways.
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Introduction
The six-layered mammalian neocortex is formed by neurons,
generated in the proliferative zone lining the ventricles migrating
radially to form the cortical plate in a characteristic inside-out
gradient based on birthdate. The earliest of these cells split the
previously formed preplate into a superficially placed marginal
zone, containing neurons of cortical layer I, and the subplate, the
boundary with the future white matter. Cajal-Retzius cells are a
unique cell type populating the marginal zone, directly adjacent
to the meninges. Cajal-Retzius cells regulate cortical lamination
by secreting the glycoprotein reelin (Ogawa et al., 1995) as well as
producing other factors that help support radial glial fibers, the
primary conduits for neuronal migration (Anton et al., 1997;
Super et al., 1997). Very recent studies suggest that Cajal-Retzius
cells are generated in up to three discrete germinative zones and
migrate long distances tangentially to establish themselves in the
marginal zone during early gestation (Takiguchi-Hayashi et al.,

2004; Bielle et al., 2005; Muzio and Mallamaci, 2005). Loss of
Cajal-Retzius cells (or reelin expression) results in loss of the
inside-out pattern of radial migration required to generate the
normal laminar organization of the neocortex (Ogawa et al.,
1995; Super et al., 2000). However, recent studies showed that
genetic ablation of the fraction of Cajal-Retzius cells derived from
the cortical hem or lateral sources had somewhat less than ex-
pected effects on neocortical lamination (Bielle et al., 2005; Yo-
shida et al., 2006). In humans, reelin mutations lead to a similar
widespread cortical neuronal migration phenotype with associ-
ated cerebellar hypoplasia (Kato and Dobyns, 2003). Other types
of malformations of cortical development (MCD), such as
polymicrogyria (excessive folding and disorganization of the gy-
ral pattern of the cortex) and focal cortical dysplasia (chaotic
disorganization of the normal laminar pattern of organization),
also have associated defects in the superficial cortex, suggestive of
problems in the marginal zone during brain development (Eriks-
son et al., 2001; Garbelli et al., 2001). There have been tremen-
dous advances in understanding the basis of normal and abnor-
mal cortical development by studying genetic causes of MCD
(Olson and Walsh, 2002). However, the most common cases of
MCD presenting in humans, especially focal cortical dysplasia
(usually in young adults presenting to epilepsy centers), are spo-
radic and thought to be attributable to an interplay of environ-
mental and genetic factors (Montenegro et al., 2002; Sisodiya,
2004). Although it is now clear that the marginal zone and Cajal-
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Retzius cells are key players in cortical development, there is little
understanding of why it becomes so disorganized in a variety of
MCD. Here we establish that defective chemokine stromal-
derived factor-1 (SDF1) (CXCL12) signaling causes marginal
zone disorganization in a widely used teratogenic animal model
of MCD in rodents. Furthermore, we establish that SDF1 signal-
ing is required for the maintenance of Cajal-Retzius cell position
during normal cortical development.

Materials and Methods
Methylazoxymethanol exposure. Pregnant Sprague Dawley (SD) rats were
given injections of 25 mg/kg methylazoxymethanol (MAM; Midwest Re-
search Institute, Kansas City, MO). Intraperitoneal injections (0.3 ml in
dimethylsulfoxide) were made on day 15 of gestation (E15). All proce-
dures using animals were in accordance with ethical guidelines set forth
in the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and were approved by the University of California,
San Francisco Committee on Animal Research. Studies were designed to
minimize both animal suffering and the overall number of animals used
for experimentation. Animals were perfused at E16 and E19 with 4%
paraformaldehyde (PFA) in PBS. Brains were removed, fixed overnight
in 4% PFA, cryoprotected in 30% sucrose, and frozen in Optimal Cutting
Temperature Compound (Tissue-Tek; Sakura Finetek, Torrance, CA).
The litter size for rats treated with MAM varied between 8 and 12 pups.

Immunohistochemistry and LacZ histochemistry. Cryosectioned brain
slices (14 �m) were stained with antibodies against the following: lami-
nin (rabbit; Sigma, St. Louis, MO), TuJ1 (mouse; Covance, Princeton,
NJ), chondroiton sulfate proteoglycan (CSPG) (mouse; Sigma), reelin
(mouse; Chemicon, Temecula, CA), and 5-bromodeoxyuridine (rat; Ab-
cam, Cambridge, MA). Colorimetric detection was achieved after expo-
sure of the sections to diaminobenzidine (Sigma) or AlexaFluor second-
ary antibody conjugates (Invitrogen, Carlsbad, CA) for fluorescent
immunohistochemistry.

In all of the immunohistochemistry studies, we used a minimum of
four MAM-exposed and nonexposed brains. To ensure the reliability of
the staining, we included negative controls in our immunostaining ex-
periments in which we incubated the tissue in secondary antibody with-
out previous exposure to a primary antibody. LacZ histochemistry was
performed as described previously (Zhao et al., 2006).

Fluorescent in situ hybridization. Tissue was 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. Acetylation was performed using 0.25% acetic
anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min, followed by three
PBS washes. Slides were incubated with hybridization buffer [50% for-
mamide, 5� SSC, 0.3 mg/ml yeast tRNA, 100 mg/ml heparin, 1� Den-
hart’s, 0.1% Tween 20, 0.1% CHAPS (3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonate), 5 mM EDTA] for 30
min at 65°C, followed by overnight incubation with a digoxigenin-
labeled reelin probe and a fluorescein-labeled CXCR4 or SDF1 probe.
Three high-stringency washes were performed with 0.2� SSC at 65°C.

Figure 1. SDF1 is necessary and sufficient to rescue Cajal-Retzius cell positioning defects
after MAM exposure. a, b, Antibody staining for Reelin shows that Cajal-Retzius cells are adja-
cent to the meninges in the E19 control (a) but are displaced to deeper cortical layers in the
same-age MAM brains (b; after MAM exposure at E15). The marginal zone in MAM-treated
brains is several cell layers thick, and many reelin-positive cells appear to have no contact with
either the meninges or neighboring Cajal-Retzius cells. c, Low-power view of an E20 cortical
slice from a control brain cultured for 2 DIV, resectioned, and stained for reelin. The boxed area
shows the region used to quantify the percentage of displaced reelin-positive cells and the
approximate area shown in other panels at higher magnification. d, Cortical slices (2 DIV) from

4

E20 control rats show normal Cajal-Retzius cell positioning with Reelin-positive cells positioned
individually along the meninges, oriented parallel to the meninges. e, Slices (2 DIV) from E20
MAM-treated brains (animals treated with MAM at E15 and cultured on E20) show marginal
zone disorganization similar to that seen in vivo (b), with a thicker marginal zone and many
scattered, chaotically oriented reelin-positive cells. f, MAM slices cocultured with control slices
showed rescue of the reelin-positive cells in the marginal zone. g, The addition of a CXCR4
antagonist, AMD3100, to 2 DIV cocultured slices blocked the rescue of MAM slices. h, SDF1
added to the culture medium without additional factors rescued the positioning of reelin-
positive cells in 2 DIV slices from E20 MAM brains. g�, h�, Higher-power images demonstrate the
ectopic position (g�) and rescue (h�) of Cajal-Retzius cells. i, Quantification of the percentage of
reelin-positive cells displaced two or more cell diameters from the meninges confirmed the
qualitative impressions in all of these conditions. j, Quantification of the effect that exposure to
BDNF, NT-4, or SDF1 had on the percentage of displaced reelin-positive cells in MAM slices. MAM slices
cultured with SDF1 had significantly fewer deep reelin-positive cells than MAM slices grown with any
of the other factors. Scale bars, 100 �m. * p � 0.05; ** p � 0.01. Error bars, SEM.
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Slides were then washed in TN buffer (0.1 M

Tris-HCl, 0.15 M NaCl, pH 7.5), treated with
1.5% peroxide in TN buffer for 20 min, washed
again with TN buffer, and blocked for 30 min
with 0.5% blocking reagent (PerkinElmer,
Wellesley, MA) in TN buffer. Slides were then
incubated with horseradish peroxidase (HRP)-
conjugated anti-fluorescein antibody (1:1500;
Roche) diluted in blocking buffer for 2 h, fol-
lowed by signal amplification using the TSA
Plus Fluorescence System (PerkinElmer). Tyra-
mide signal amplification was followed by HRP
inactivation using 0.01N HCl for 15 min at
room temperature. An HRP-conjugated anti-
digoxigenin antibody was then applied for 2 h,
followed by signal amplification using a differ-
ent fluorescent color tyramide reagent from the
first amplification.

Terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling la-
beling. Cell death detection was performed on
fixed, frozen sections according to the DeadEnd
Colormetric TUNEL System (Promega, Madi-
son, WI). Briefly, mounted tissue was refixed in
4% PFA for 20 min. After several PBS washes,
the samples were treated with proteinase K (20
mg/ml) for 40 s (exposure time was empirically
determined). After several PBS washes, tissue
was immersed in equilibration buffer before the
end-labeling reaction. Tissue was incubated in
the terminal deoxynucleotidyltransferase reac-
tion mix for 60 min at 37°C. The reaction was
stopped by immersion in 2� SSC. After several
washes, the tissue was exposed to FITC-
conjugated streptavidin for signal detection.

Cortical slice cultures. We dissected brains
from E20 untreated and MAM-treated SD rats
in cold 1� Krebs’ solution and prepared 250
mm coronal cortical sections on a Leica (Nuss-
loch, Germany) vibratome. Slices were grown
on Nucleopore Track-Etch membrane filters
(Whatman, Florham Park, NJ) in serum-free
medium (1� Neurobasal medium, B-27 sup-
plement, 0.5% glucose, penicillin/streptomy-
cin, 2 mM GlutaMAX-1). Slices were allowed to recover for 2–3 h before
pharmacological treatments were begun. For control slices (in which
there was no treatment), the medium was changed to new medium. After
2 d in vitro (DIV), slices were fixed in 4% PFA, cryoprotected in 30%
sucrose, and frozen. For analysis, slices were recut on a cryostat into
14-�m-thin sections and immunostained for reelin. For pharmacologi-
cal treatments, we used 50 ng/ml BDNF and 100 ng/ml SDF-1a (Pepro-
tech, Rocky Hill, NJ). AMD3100, a selective blocker of SDF1/CXCR4
function, was obtained through the NIH AIDS Research and Reference
Reagent Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases, NIH: bicyclam JM-2987 (hydrobromide salt of
AMD3100) and was used at a final concentration of 2.5 mg/ml. TN14003,
an SDF1/CXCR4 antagonist, was a generous gift from Dr. Nobutaka Fujii
(Kyoto University, Kyoto, Japan) and was used at a final concentration of
1 �M.

In utero TN14003 administration. SD pregnant rats at E20 and E21
were anesthetized with 100 mg/kg ketamine, 6 mg/kg xylazine, and 2
mg/kg acepromazine, and their uteri were exposed through their abdom-
inal walls. The control solution was 0.9% saline solution with 0.04%
trypan blue. The TN14003 was diluted, in water and 0.04% trypan blue,
to a final concentration of 1 �M. For each litter, the embryos from the left
horn were given injections of 1–2 �l of saline solution and the embryos
from the right horn were given injections of 1–2 �l of TN14003.

Statistics. All values are expressed as means � SEM. For statistical

analysis, the Mann–Whitney U test was used to calculate significance ( p
values) and results were designated significant at a level of p � 0.05.

Results
Disruption of the marginal zone after MAM exposure
We previously observed severe alterations in marginal zone ar-
chitecture of rats exposed in utero to a teratogen, MAM, at E15
(Paredes et al., 2006). MAM is a DNA-alkylating agent that pre-
sumably promotes toxicity predominantly by causing the accu-
mulation of defects during DNA replication of dividing cells
(Kisby et al., 1999). However, in the case of marginal zone dis-
ruption after MAM exposure, it appears that the effect on Cajal-
Retzius cells was via a different, noncell-autonomous mechanism
because, at the time of drug exposure, Cajal-Retzius cells had long
finished being produced. In fact, because MAM was administered
after Cajal-Retzius cells had already occupied the marginal zone
(Marin-Padilla, 1998; Meyer et al., 1998), it was apparent to us
that events started by MAM exposure led to active destruction of
marginal zone organization rather than simply a failure to prop-
erly form. After MAM exposure, the marginal zone was thickened
and many reelin-positive Cajal-Retzius cells were redistributed to
deeper cortical layers (Fig. 1a,b). Dispersed cells reached far into
the cortical plate and, rather than being oriented tangentially,
were randomly oriented within the neocortex (Paredes et al.,

Figure 2. Dramatic decrease in SDF1 expression in the meninges of MAM brains. a, b, Fluorescent double in situ hybridization
performed on E19 control rat brain sections showed that Cajal-Retzius cells, labeled by reelin (a), also expressed the SDF1 receptor
CXCR4 (b). d, e, Cajal-Retzius cells in the MAM-treated brain were also double labeled with reelin (d) and CXCR4 (e), including the
displaced Cajal-Retzius cells. Note that there are also more weakly stained CXCR-positive cells throughout the cortex, probably
representing GABAergic interneurons. g, SDF1 was normally expressed in the meninges of E19 rat brains, and there was a tight
apposition of reelin-positive Cajal-Retzius cells adjacent to the SDF1-rich meninges. h, SDF1 expression in the meninges was lower
in equivalent MAM-exposed brain sections, and Cajal-Retzius cells were scattered below the meninges. Scale bars: a–f, 40 �m; g,
h, 130 �m.
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2006). Our previous studies established the identity of these cells
as Cajal-Retzius cells using multiple markers (Paredes et al.,
2006). Although it appears as if there may be an increased num-
ber of Cajal-Retzius cells in the cortex after MAM exposure, we
demonstrated previously that this is a result of the overall smaller
cortical surface area of the cortex that leads to less “stretching” of
the marginal zone to cover the cortex (Paredes et al., 2006). In-
terestingly, there were compelling similarities between our ob-
served disruption of the marginal zone after MAM exposure with
reelin expression in surgical resections for treatment of epilepsy
in patients with focal cortical dysplasia (Sisodiya, 2004).

A secreted factor reverses marginal zone dysplasia
Similar marginal zone disorganization after MAM exposure was
observed previously in cortical slice cultures from MAM-exposed
ferret kits, and the authors showed that a secreted factor released
from control slices was able to rescue the radial glial scaffolding
and Cajal-Retzius positioning defects (Hasling et al., 2003). In-
terestingly, a recent study showed that treatment of MAM-
exposed slices with neuregulin was sufficient to rescue radial glial
defects but not Cajal-Retzius cell positioning defects (Gierdalski

et al., 2005). This suggested that marginal
zone defects after MAM exposure are re-
versible and that a teratogenic insult might
cause marginal zone dysplasia by affecting
only a small number of molecular path-
ways. To study this question, we prepared
cortical slice cultures from E20 control rat
brains and grew them for 2 DIV and found
that the majority of reelin-positive cells
were located in the marginal zone adjacent
to the leptomeninges (Fig. 1c,d). Brain
slices from age-matched MAM-exposed
rats demonstrated the dispersal of reelin-
positive cells away from the neocortical
surface and a loss of orientation (Fig. 1e).
We quantified the positioning defect by
examining the percentage of strongly
reelin-positive cells confined to the mar-
ginal zone versus those dispersed into
deeper layers (�2 cell widths from the pial
surface of the cortical slice). Control slices
had significantly fewer reelin-positive cells
in deeper layers than MAM-exposed slices
(control, 24.5 � 1.1%; MAM, 43.7 �
1.7%; p � 0.01; n � 5 slices per condition)
(Fig. 1i). To determine whether secreted
factors from normal slices could rescue
this defect, we cultured age-matched slices
from control and MAM-exposed animals
together in shared medium. The marginal
zone of cocultured control slices was sim-
ilar to that of slices grown on their own,
whereas the marginal zone of cocultured
MAM slices revealed reversal of the Cajal-
Retzius cell dispersion phenotype (Fig. 1f).
Quantification of these changes (Fig. 1i)
showed that the percentage of dispersed or
“deep” reelin-positive cells in the marginal
zone from MAM slices grown alone was
statistically greater than that in the mar-
ginal zone of MAM slices cocultured with
control slices (43.7% in slices grown alone

vs 25.8% in cocultured MAM-exposed slices; p � 0.01; n � 5
slices per condition). Thus, cocultured with control slices rescues
the marginal zone disruption caused by MAM exposure. We also
observed rescue of the marginal zone when we added condi-
tioned medium (medium incubated with control slices) to cul-
tured MAM-exposed slices (MAM, 46.2 � 5.8%; MAM exposed
in conditioned medium, 19 � 3.1%; p � 0.05; n � 4 slices per
group) (Fig. 1i). It is important to note that this is a true rescue
rather than a failure of the marginal zone defect to occur, because
our previous in vivo analysis showed that by gestational age of
slice preparation the marginal zone disruption was already quite
advanced (Paredes et al., 2006), and the coculture apparently
reversed this process.

SDF1 signaling is sufficient and necessary to rescue
Cajal-Retzius cell position
We hypothesized that the MAM-exposed rat brain lacked a factor
normally present in the leptomeninges that maintained Cajal-
Retzius cell position in the marginal zone adjacent to the neocor-
tical surface via a chemotactic mechanism. Previous studies sug-
gested several candidate factors able to affect Cajal-Retzius cell

Figure 3. MAM treatment causes meningeal injury. a, E16 control rat brains had a low basal level of TUNEL labeling throughout
the cortical wall, indicating the commonly seen low level of developmental cell death in the developing cortex. b, Laminin
immunostaining marks the meningeal basement membrane and blood vessels. c, The merged images show minimal evidence of
cell death in the meninges. d, One day after MAM administration, there was evidence of dramatic increases in programmed cell
death throughout the neocortex, especially in the cortical plate, the intermediate zone, and the meninges (arrows indicate
TUNEL-positive cells in the meningeal layer). e, f, The overlap of TUNEL labeling and laminin staining confirms the increase in
dying cells in the meninges. g, Higher-magnification of the merged image from the E16 MAM-treated brain shows the numerous
TUNEL-labeled cells embedded within the meningeal basement membrane (arrows indicate several apoptotic cells). h, At E19,
control rat neocortex had very little TUNEL labeling and retained a thick basement membrane layer. i, By this time, the E19 MAM
rat brain has very few TUNEL-positive cells, although still more than in control brains, and a mildly thinner meningeal basement
membrane. Scale bars: a–f, 130 �m; g, 40 �m; h, i, 100 �m.
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positioning under some conditions (Brunstrom et al., 1997;
Ringstedt et al., 1998; Stumm et al., 2003; Alcantara et al., 2005).
We exposed slices from MAM-exposed brains separately to
brain-derived neurotrophic factor (BDNF), neurotrophin-4
(NT-4), and SDF1 for 2 DIV and observed the subsequent posi-
tioning of reelin-positive cells in the marginal zone. Slices with 50
ng/ml BDNF or NT-4 added to the medium showed no rescue of
the MAM phenotype (BDNF, 45.5 � 8.8% displaced cells; NT-4,
40 � 4.7% displaced cells; no factor, 39 � 2.2%) (Fig. 1j). How-
ever, MAM-exposed slices incubated with 100 ng/ml SDF1 ap-
peared quite similar to MAM exposed cocultured with control
slices when stained for reelin (Fig. 1h). Quantification showed
that SDF1 rescued the MAM marginal zone phenotype (39 �
2.2% for MAM slices alone vs 20.1 � 1.1% for SDF1-treated
slices; p � 0.001; n � 6 slices per condition) (Fig. 1j). Thus, SDF1
was sufficient to rescue the localization of Cajal-Retzius cells with
levels comparable to control slices or slices treated with condi-
tioned medium.

To determine whether SDF1 signaling was also required to
rescue Cajal-Retzius cell positioning, we examined whether in-
terrupting SDF1 signaling would prevent rescue. SDF1 is the only
known ligand for the chemokine receptor CXCR4, and several
CXCR4 antagonist compounds have been devised (Donzella et
al., 1998; Tamamura et al., 1998). Either AMD3100 or TN14003,
two CXCR4 antagonists, added to cocultured MAM slices
blocked rescue (25.9% in cocultured MAM vs 44.6% in cocul-
tured MAM slices with AMD3100; p � 0.01; n � 5 per condition)
(Fig. 1i). Interestingly, there was no significant difference be-
tween the percentage of displaced cells in MAM-exposed slices
grown alone and in cocultured MAM-exposed slices incubated
with AMD3100 (Fig. 1i), indicating that blockade of CXCR4 was
able to fully block the rescue by conditioned medium.

Loss of SDF1 expression by the leptomeninges in
MAM-treated rats
Our data indicated that SDF1 was the factor rescuing the mar-
ginal zone phenotype in MAM-exposed rats, but was SDF1 sig-
naling involved in the cause of marginal zone dysplasia? We rea-
soned that MAM exposure could lead to alterations of either
SDF1 or CXCR4 [previously shown to be expressed in Cajal-
Retzius cells (Stumm et al., 2003)] in the developing brain and
that this might be sufficient to induce Cajal-Retzius cell displace-
ment. Double in situ hybridization showed that in both control
and MAM-exposed brains, reelin-positive cells adjacent to the
meninges expressed CXCR4 (Fig. 2a–f). In addition, displaced
reelin-positive cells in MAM-treated brains were also CXCR4
positive (Fig. 2d–f). Thus, MAM does not appear to cause Cajal-
Retzius cell displacement by creating a subset of cells unable to
respond to SDF1 because of the loss of CXCR4.

What about SDF1 expression? In the controls, reelin-
expressing cells at the marginal zone were situated compactly
against the SDF1-rich meninges, supporting a possible chemoat-
tractive interaction between these cells and the meninges (Fig.
2g). In MAM-exposed brains, the SDF1 expression in the menin-
ges was remarkably lower (Fig. 2h), and as noted above, associ-
ated with this decrease there was scattering of reelin-positive
Cajal-Retzius cells to deeper cortical layers (Fig. 3h).

MAM causes direct meningeal injury and defects in the
meningeal basement membrane
We wondered whether the loss of SDF1 expression in the menin-
ges might be caused by direct injury to embryonic meninges be-
cause MAM is an alkylating agent with antiproliferative effects

(Kisby et al., 1999), and the meninges undergo dramatic expan-
sion at the same time as cortical expansion. To address this, we
examined whether MAM induced apoptotic cell death in the me-
ninges 24 h after injury. E16 brains from animals exposed to
MAM at E15 had a remarkable and widespread increase in termi-
nal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) labeling compared with control (Fig.
3a–f). TUNEL labeling was high throughout most of the E16
neocortex: in the cortical plate, intermediate zone, ventricular
zone, and meninges, but notably not in the marginal zone (Fig.
3d– g). Most of this is consistent with the widespread effects of
MAM on the cortical ventricular and subventricular zones ob-
served previously (Paredes et al., 2006); however, the presence of
apoptotic cells in the meninges, but not the marginal zone, indi-
cated that MAM exposure caused direct toxicity to the meninges
rather than the Cajal-Retzius cells. Double labeling for laminin-
and TUNEL-positive cells confirmed that the dying cells were
meningeal (Fig. 3g). Despite this increase in meningeal cell death
at E16, laminin staining showed only very mild alterations in the
basement membrane by E19 (Fig. 3h,i).

We examined another major constituent of the meningeal
basement membrane, CSPG (McCarthy et al., 1989), and found
that it was also minimally affected 1 d after MAM exposure (Fig.
4a,b). However, by 4 d after exposure, the meningeal basement
membrane of the MAM-exposed brain was markedly thinner,
and the normal laminar organization of CSPG staining in the
superficial cortex was disrupted (Fig. 4c,d). Quantification of the
basement membrane thickness, as defined by CSPG staining,
showed a significant difference between control brains and
MAM-treated brains (control, 19 � 0.58 mm; MAM, 10 � 1.1
mm; n � 3 per set; p � 0.05).

Figure 4. The meningeal basement membrane is altered after MAM exposure. a, b, CSPG
expression was generally similar between the E16 control (a) and MAM-treated (b) rat brains. c,
d, However, by 4 d after teratogen exposure, the meningeal basement membrane in the E19
MAM neocortex (d) was noticeably thinner than that in the control E19 neocortex (c). In addi-
tion, the normal laminar pattern of CSPG staining was abolished. Scale bar, 40 �m.
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SDF1 signaling regulates laminar position of
Cajal-Retzius cells
Previous studies indicated that CXCR4 mutant mice had an ap-
proximate 40% reduction in the number of Cajal-Retzius cells in
the marginal zone of some cortical areas, but the authors of this
study believed that there were no ectopic Cajal-Retzius cells in
other cortical layers (Stumm et al., 2003). Because our data sug-
gested a possible role of meningeally expressed SDF1 as a che-
moattractant for Cajal-Retzius cells, we wanted to readdress this

question. Using p73 as an unambiguous
marker for Cajal-Retzius cells (Meyer et al.,
2004), we found the expected localization of
Cajal-Retzius cells in control animals, in the
marginal zone, closely abutting the menin-
ges (Fig. 5a,b). However, in mutant mice we
found many Cajal-Retzius in ectopic loca-
tions of deeper cortical layers (Fig. 5c,d).

To further confirm that the mislocal-
ized cells are Cajal-Retzius cells, we
crossed Frizzled10-LacZ transgenic mice
with CXCR4 mutants. We recently
showed that Frizzled10-LacZ transgenic
mice have abundant expression of trans-
gene in Cajal-Retzius cells derived from
the cortical hem and in the dorsal thala-
mus (also thalamocortical axons) (Zhao et
al., 2006). In wild-type mice carrying the
Frizzled10-LacZ allele, Cajal-Retzius cells
are all found in the marginal zone both in
medial and lateral regions of the cortex
(Fig. 5e,f). In mutants, similar to our find-
ings with p73, LacZ-expressing cells are
found ectopically in deeper cortical layers,
both medially and laterally, and scattered
through the cortex (Fig. 5g,h).

Because the analysis of the CXCR4 mu-
tant does not resolve whether SDF1 is in-
volved in initial targeting of Cajal-Retzius
cells to the marginal zone or in retention of
these cells at superficial levels (as suggested
by the MAM data), we decided to address
the second possibility by incubating con-
trol slices separately with two different
CXCR4 antagonists, AMD3100 and
TN14003, and examining the displace-
ment of Cajal-Retzius cells from the
marginal zone. Slices with both CXCR4
blockers showed a similar magnitude of
Cajal-Retzius cell position (Fig. 6a,b). The
proportion of displaced reelin-positive
cells in the blocker-treated slices was com-
parable to that in MAM slices (control:
22.1 � 1.7% deep cells; AMD3100 treated:
49.0 � 4.8% deep cells, p � 0.001;
TN14003 treated: 49.1 � 3.7% deep cells,
p � 0.0001; n � 7 slices per condition)
(Fig. 6b). These results are consistent with
a role for SDF1 in maintaining the normal
organization of the marginal zone in cul-
ture. To look for an in vivo role for SDF1 in
stability of Cajal-Retzius cell position in

the marginal zone, we performed in utero intraventricular injec-
tions of the CXCR4 blocker TN14300. The marginal zone of
saline-injected embryos was normal up to 48 h after the surgery
with Reelin-positive Cajal-Retzius cells found in a single-cell
layer adjacent to the meninges (Fig. 6c) (n � 3). However, the
TN14003-treated embryos showed signs of marginal zone dis-
ruption with Cajal-Retzius cell displacement from the meningeal
surface as early as 24 h after drug injection (Fig. 6d) (n � 4
embryos), and even more severe disruption 48 h after exposure to
the drug (Fig. 6e) (n � 4 embryos).

Figure 5. CXCR4 mutants have ectopic Cajal-Retzius cells. a– d, Brains from E15.5 wild-type (a, b) and CXCR4 null (c, d) mice
were stained by in situ hybridization (ISH) for p73, a selective marker of Cajal-Retzius cells. At posterior anatomic levels, ectopic
Cajal-Retzius cells are seen in the medial cortical wall in the forming hippocampus (c, arrowheads). At more anterior levels, there
are Cajal-Retzius cells displaced to deeper layers in the lateral neocortex (d, arrowheads), and there are significant gaps in the
distribution of Cajal-Retzius cells in the marginal zone (see area bracketed by the lines) compared with wild type. b�, d�, High-
power views of the marginal zone in wild-type (b�) and mutant (d�) brains show the decrease in Cajal-Retzius cell density
superficially in the mutant. We also crossed the Frizzled10-LacZ allele into the background of CXCR4 mutants and confirmed the
findings with p73. e– h, In wild-type mice (e, f ), LacZ-expressing cells are found exclusively in the marginal zone and thalamus
(TH) and labeled axons in the thalamocortical projection (TC), whereas in mutants (g, h), LacZ-expressing Cajal-Retzius cells are
ectopically displaced to deeper layers (arrows). e�– h�, High-power images show some of these findings. Scale bar: low-power
images, 300 �m; high-power insets, 75 �m. MZ, Marginal zone.
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Discussion
SDF1 was first described as a regulator of
leukocyte chemotaxis but was soon found
to play several roles in brain development
(Nagasawa et al., 1996; Ma et al., 1998; Zou
et al., 1998; Tran and Miller, 2003). In the
nervous system, SDF1 regulates the migra-
tion of sensory neuron precursor cells in
dorsal root and trigeminal ganglia (Bel-
madani et al., 2005; Knaut et al., 2005),
regulates axon guidance of spinal motor
axons (Lieberam et al., 2005), and acts as a
chemoattractant for embryonic cerebellar
neurons (Zhu et al., 2002) and dentate
granule neurons (Bagri et al., 2002). In the
cerebellum, SDF1 is secreted by the me-
ninges and is required to keep progenitor
cells in the developing cerebellar cortex in
the external granular layer, in proximity to
the overlying meningeal cells (Reiss et al.,
2002). This reveals marked similarity to
the situation for Cajal-Retzius cells, except
that unlike for cerebellar neurons, the role
of SDF1 does not appear to be transient.

These findings shed important light on
the role of the meninges in regulating cor-
tical lamination. It is established that dis-
ruption of the meningeal basement mem-
brane during development has important
consequences for neuronal migration. In
particular, genetic causes of cobblestone
lissencephaly in patients and animal mod-
els of these disorders prominently include
defects in meningeal basement membrane stability and glycosyl-
ation (Olson and Walsh, 2002; Kato and Dobyns, 2003). In addi-
tion, recent studies have shown that basement membrane–inte-
grin interactions and downstream intracellular signaling
components are also important regulators of superficial cortical
lamination (Graus-Porta et al., 2001; Beggs et al., 2003; Niewmi-
erzycka et al., 2005). Our findings show that the meninges are also
an important source of at least one secreted ligand that regulates
cortical lamination. Studies showing that focal toxic disruption
of the meninges led to depletion of the marginal zone of Cajal-
Retzius cells may have been an earlier indication of similar inter-
actions (Super et al., 1997).

Why is maintenance of marginal zone structure by the menin-
ges important during cortical development? One of the most
dramatic aspects of cortical development prenatally is the mas-
sive expansion and increase in thickness of the cortex as gestation
continues. During this process, new neuronal layers are added in
an inside-out gradient with each successive layer of cells settling
above the last but never migrating past the Cajal-Retzius cells.
Clearly the expression and secretion of Reelin by Cajal-Retzius
cells is important for this organizational principle, but it also may
be important to have active mechanisms that ensure that Cajal-
Retzius cells are always the most superficially placed neurons.
Although deletion of many Cajal-Retzius cells has a deceptively
subtle effect on cortical lamination (Bielle et al., 2005; Yoshida et
al., 2006), in these previous models the remaining Cajal-Retzius
cells from the nondeleted sources were still located in their ap-
propriate superficial laminar location, presumably because of in-
tact interactions with the meninges.

Previous studies have indicated that sulfated proteoglycans
within the leptomeningeal basement membrane concentrate fac-
tors produced by meningeal cells, such as SDF1 (Reiss et al.,
2002). There is also evidence for direct localization and presen-
tation of SDF1 by basement membrane proteoglycans (Netelen-
bos et al., 2003) and that glycosaminoglycan binding regulates
SDF1 dimerization (Veldkamp et al., 2005). The ability of SDF1
to bind to proteoglycans is the likely reason that conditioned
media and SDF1 added to media are capable of rescuing Cajal-
Retzius cell positioning in a localized manner. Mice or humans
with mutations in genes encoding components of the meningeal
basement membrane have alterations in the organization of
Cajal-Retzius cells in the marginal zone (Graus-Porta et al., 2001;
Halfter et al., 2002; Olson and Walsh, 2002; Beggs et al., 2003;
Niewmierzycka et al., 2005). Our data suggest that when the base-
ment membrane of the leptomeninges is disrupted, SDF1 cannot
be properly concentrated at the meningeal surface, where it func-
tions to restrict Cajal-Retzius cells to the superficial layer. It seems
likely that SDF1 is not the only factor involved in regulating
Cajal-Retzius cells positioning in the marginal zone because only
a fraction of Cajal-Retzius cells are displaced from the marginal
zone in MAM-treated animals and in slices treated with CXCR4
antagonists. It seems likely that the presence of compensating
factors from early stages of development are important in allow-
ing the fairly effective compensation in the CXCR4 mutant mice.

This study has two major findings with broad implications.
First, we show that a form of marginal zone dysplasia seen in the
MAM teratogenic model of MCD, which mimics key aspects of
human MCD (Garbelli et al., 2001), is caused by interruption of
SDF1 signaling. Even after establishment, this phenotype can be

Figure 6. Marginal zone organization requires continued SDF1 signaling during normal corticogenesis. a, E20 control slices
were cultured for 2 DIV with TN14003. The marginal zone in these sections was less compact, and the reelin-labeled Cajal-Retzius
cells have migrated to deeper layers. b, Interestingly, the percentages of displaced cells were similar in slices treated with TN14003
(TN), AMD3100, or MAM. c, Cajal-Retzius cells were found tightly apposed to the meninges forming a single-cell layer in the
marginal zone. d, At E22, TN14003-injected rat embryo (injected 1 d previous at E21) Cajal-Retzius cells had begun to delaminate
from the marginal zone migrating to deeper layers. e, By 48 h after TN14003 injection (E22 rats given intraventricularly injections
at E20), the numbers of cells displaced was increased additionally and cells had migrated to even deeper cortical layers. The dashed
line demarcates the upper border of the marginal zone. Scale bar, 40 �m. * p � 0.05; ** p � 0.01. Error bars, SEM.
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rescued, a finding that could someday have therapeutic potential.
Second, we show that SDF1 is required during normal cortico-
genesis to maintain Cajal-Retzius cell position in the marginal
zone. This plastic nature of cellular position in the marginal zone
indicates potentially important lessons for understanding corti-
cal development in general. It is generally assumed that neuronal
laminar positioning is a stable event once established, but our
study indicates that continued signaling may be required. Be-
cause, Cajal-Retzius cells are central regulators of radial migra-
tion in the cortex, it is also possible that their displacement may
have secondary effects on neocortical neuronal positioning in
other layers (Fig. 7). Interestingly, a recent study showed that
continued laminar integrity of the dentate granule cell layer is
also dependent on continued production and signaling via a de-
velopmental regulatory molecule, in this case Reelin (Heinrich et
al., 2006). Thus, there are now two examples showing that con-
tinued activity of a developmentally important modulator is re-
quired to maintain laminar integrity.

Interestingly, recent studies using genetic methods to ablate
most Cajal-Retzius cells showed that the cortical lamination de-
fects in these mice were mild compared with the defects seen in
reelin mutant mice (Bielle et al., 2005; Yoshida et al., 2006). Be-
cause these studies only ablated either the medial or the lateral
sources of Cajal-Retzius cells, this suggests that only a small
amount of reelin may be required during cortical development to
properly coordinate radial migration. However, it still seems
quite likely that ectopic displacement of Reelin-expressing cells
(such as in our case) may have substantial secondary effects on
cortical lamination; in fact, this factor may contribute substan-
tially to the dyslamination seen in the MAM-treated animals
(Paredes et al., 2006).

Thus, we conclude that marginal zone architecture is depen-
dent on continuous signaling by SDF1 and the integrity of the
meningeal basement membrane, and that the marginal zone is a
dynamic structure requiring maintenance throughout neocorti-
cal development. The conservation of marginal zone structure is
likely to be critical as the cortex expands during embryogenesis so
that cortical lamination can proceed unimpeded.
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