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Abstract One of the goals of developmental neuroscience
in the post-genomic era is to clarify functions of a huge
number of anonymous genes of which only DNA se-
quences are identified. More convenient methods for
genetic manipulation in vertebrates, especially mam-
mals, could help us to identify functions of the novel
genes. Here we introduce a novel gene transfer tech-
nology using electroporation (EP), which is a simple and
powerful strategy for genetic analysis. We have applied
this method to cultured mammalian embryos in order to
understand the function of specific genes in the develop-
ing brain. We have also performed EP in developing
fetuses in utero guided by ultrasound image. The combi-
nation of these techniques in addition to analysis of gen-
etic mutants will clarify functions of individual genes,
gene interactions, and the molecular mechanisms under-
lying the brain development.

Key words mammalian brain - electroporation - whole-
embryo culture - in utero manipulation - ultrasound
guided manipulation

Introduction

Recent studies have shown that molecular mechanisms
which govern compartmentalization and neuronal dif-
ferentiation are phylogenically conserved among a var-
iety of vertebrate species (Puelles and Rubenstein, 1993;
Inoue et al., 2001b). However, each vertebrate species
has specific brain structures as a result of adaptation to
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the environment. For example, mammals developed the
six-layered neocortex for processing numerous environ-
mental stimuli, while a similar structure was developed
in the avian optic tectum as a visual center (La Vail and
Cowan, 1971). One of the important issues in develop-
mental neurobiology is how genetic mechanisms control
the development of such species-specific brain struc-
tures. Although genome projects and transcriptome
analyses may give us clues to identify the large number
of genes expressed during mammalian brain develop-
ment, the task we face in the post-genomic research era
is to analyze functions and interactions of these novel
genes.

For a better understanding of the molecular basis for
mammalian brain development in vivo, we need to ma-
nipulate gene expression in mammalian embryos and
fetuses. Introduction of exogenous genes into embryos
and targeting of given genes by homologous recombi-
nation are conventional and standard techniques to ana-
lyze gene function. However, several problems need to
be overcome for strategies to succeed. First, regulatory
elements which control expression of a gene of interest
in a spatio-temporal manner during development are
not always accessible to genetic manipulation by conven-
tional techniques. Secondly, embryonic lethality of some
mutations precludes investigation of gene function at
later stages of development. Recently, techniques for
conditional gene targeting and gene activation have been
designed using the Cre/LoxP system or other genetic
tools (see review by Porter, 1998). These methods have
overcome some difficulties of conventional gene manipu-
lation. However, a severe limitation of these systems is
that much time and labor are needed to generate the
transgenic animals upon which these systems rely.

Embryo culture systems have opened the way to inves-
tigate mammalian development. For post-implantation
embryos, whole-embryo culture (WEC) is the most
popular method (Cockroft, 1990; New, 1990; Morriss-
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Kay, 1993). Several surgical manipulations such as cell
labeling (Serbedzija et al., 1990; Matsuo et al., 1993),
cell grafting (Osumi-Yamashita et al., 1997; Kinder et
al., 2000), and injection of antisense-oligonucleotides
(Augustine et al., 1993) have been used in conjunction
with mammalian WEC as well as in other vertebrate spe-
cies (Heasman et al., 1991; 1994). However, this tech-
nique is not applicable for embryos at later stages be-
cause the placenta does not develop in vitro. In older
mammalian embryos, in utero and ex utero manipula-
tions are used to inject virus vectors for misexpression
of genes (Muneoka et al., 1990; Papaioannou, 1990; Ka-
geyama et al., 1996). In utero manipulation guided by
ultrasound biomicroscope (UBM) has been used to in-
ject virus solution (Gaiano et al., 2000) and to trans-
plant cells (Olsson et al., 1997; Liu et al., 1998; Turnbull,
2000; Wichterle et al., 2001) into specific regions of the
embryo.

Recently, introduction of exogenous genes by elec-
troporation (EP) has proved to be a powerful tool, espe-
cially for avian embryologists (Muramatsu et al., 1997).
We have adopted EP together with in utero manipulation
of mammalian embryos/fetuses. Here we show the re-
sults of two gene transfer systems, using EP to introduce
exongenous genes to the developing brain of rodent em-
bryos or fetuses. We introduce a method that combines
WEC with EP and in utero manipulation with EP that
is guided by ultrasound imaging. We prefer to use rat
embryos for in vitro manipulations because both their
body size and litter size (number of embryos within one
pregnant animal) are bigger than mice. The methods
shown here are of course applicable for mouse embryos
and fetuses. We believe the spatio-temporal targeting of
these methods will provide more information on specific
genetic interaction than can be ascertained from analysis
of traditional knock-out or transgenic rodents alone.

Electroporation into cultured rat embryos

The in ovo electroporation (EP) method established orig-
inally by Muramatsu et al. (1997) has been widely used

Fig. 1 Time course showing

rat embryonic day B.JE

in chick embryos for analyses of gene function in a var-
iety of developmental events such as brain patterning
and neural crest formation (Yasugi and Nakamura,
2000; Nakamura and Funahashi, 2001; Endo et al.,
2002). We applied EP to rodent embryos in WEC to
study the mechanism of mammalian brain development
(see also Inoue et al., 2001a; Inoue and Krumlauf, 2001;
Osumi and Inoue, 2001; Swartz et al., 2001; Takahashi
and Osumi, 2002). This method leads to a high efficiency
of exogenous gene expression in target tissues without
tissue damage due to the use of square pulses for the
electroporation. Expression of exogenous genes is transi-
ent but commences more quickly than expression me-
diated by virus vectors. Moreover, the strategy is safer
than experiments using virus vectors. Here we show a
further application of WEC + EP aimed at revealing
genetic interactions in the developing rat hindbrain.

Methods for EP into cultured rat embryos

Our detailed procedures of EP +WEC have previously
been described (Osumi and Inoue, 2001). WEC is appli-
cable to E9.0-14.0 rat embryos (corresponding to E7.0—
12.0 mouse embryos; Fig. 1); the growth of mammalian
embryos at later stages depends on enough nutrients
being provided through the placenta in vivo, but as men-
tioned, the placenta does not grow in vitro. Here we use
EP E11.5 rat embryos, which are subsequently cultured
for 1 day prior to expression and function analysis. For
culture, the uterus is isolated from anaesthetised fe-
males; littermate embryos within the yolk sac with the
placenta intact are dissected out and placed in sterile
Tyrode’s solution where the yolk sac is opened. After a
2-hour preculture in medium (100% rat serum (Charles
River Japan, Inc) with 2 mg/ml glucose and antibiotics)
the embryos were transferred into a chamber bordered
on two sides by electrodes (8 X 20 mm electrodes and 20
mm distance between electrodes; Unique Medical Im-
ada, Miyagi, Japan) which is filled with Tyrode’s solu-
tion. A solution of 0.25 ul of plasmid DNA dissolved
in phosphate buffered saline (PBS) at 5 mg/ml (with
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Fig. 2 Loss-of-function study by introduction of dominant-nega-
tive Pax6 construct in cultured mammalian embryos. (A-F) Pax6
dominant negative form, Pax6-En(R), fused with Drosophila en-
grailed repressor domain was transfected into the hindbrain of
early E11.5 (somite 22) wild-type rat embryo together with GFP
reporter construct. These embryos were cultured for 24 hours
after EP. GFP fluorescence and antibody staining were per-
formed. Sets of two panels indicate double images of the same

0.05% Fast Green; Sigma Chemical Co., St. Louis, MO)
is injected into the embryo’s hindbrain with fine glass
needles (outer diameter =1 mm, inner diameter = 0.58
mm, length =100 mm: B100-58-10; Sutter Instrument
Co., Novato, CA). Immediately, square pulses (50 mse-
conds, 5 pulses at 1second intervals, 70 V, five times)
are sent through the chamber using an electroporator
(CUY21; NEPPA GENE, Tokyo, Japan). The embryos
are returned to the culture medium and incubated at
37°C for one day. By using a general expression vector
of one of CMV (cytomegalo virus), beta-actin, or EF-1
(elongation factor-1) promoters and changing direction
and shape of electrodes, transgenes are introduced di-
rectly into specific brain regions where they are transi-
ently expressed.

Loss of gene function study in cultured
mammalian embryos

It has been reported that overexpression of dominant
negative forms of a gene induces a loss-of-function
phenotype in brain development (Akamatsu et al.,
1999). Here, we show analyses on Pax6 gene function in
specification of ventral motor neurons and interneurons
in the rodent hindbrain. To clarify gene cascades con-
trolled by Pax6, we electroporated the truncated form
of Pax6 combined with Drosophila engrailed repressor
domain (Yamasaki et al., 2001) into the hindbrain of
cultured rat embryos. Together with co-transfected GFP
gene product, used as an EP marker (Fig. 2A), strong
expression of Pax6-En(R) protein was detected in the
electroporated side (Fig. 2B). In the side where Pax6-
En(R) was expressed, upregulation of Nkx2.2 was seen
(bracket in Fig. 2D). Additionally, the number of HB9/
MNR?2 positive somatic motor (SM) neurons decreased
(Fig. 2F). It should be noted that this expansion of
Nkx2.2 domain and the decrease of SM neurons re-
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section. (A, B) Pax6-En(R) fusion protein is detected by an
antibody which recognizes the paired domain of Pax6. A very
high degree of overlapping expression is observed between the
electroporated Pax6 and GFP protein. Endogenous Pax6 protein
is expressed in both sides. (C, D) Pax6-En(R) induced expansion
of Nkx2.2 domain (bracket in D). (E, F) The numbers of HB9/
MNR2 positive somatic motor neurons reduce due to indirect
inhibition of Pax6 function.

semble the phenotype of the Pax6 homozygous mutant
rat (left side in Fig. 4D; also reported in Ericson et al.,
1997; Takahashi and Osumi, 2002). These results suggest
that EP of a dominant-negative form of a gene is very
convenient strategy to elucidate its spatio-temporal roles
in brain development.

Here, the fact that Nkx2.2 expands in the presence
of dominant negative Pax6 leads to a couple of im-
portant conclusions on neuronal specification in the
ventral hindbrain. First, several lines of evidence sug-
gest that Pax6 represses Nkx2.2 (Ericson et al., 1997;
Briscoe et al., 2000; Mastick and Andrews, 2001;
Muhr et al., 2001). Our new result strongly suggests
that this repression is not direct in the hindbrain. For
example, if Pax6 bound directly to Nkx2.2 promoter
to repress it, then the Pax6-EnR protein would also
repress Nkx2.2. Instead, our result implies that Pax6
normally activates some other factor, which then acts
more directly to repress Nkx2.2. Second, Nkx2.2 does
not turn on in all regions containing the dominant
negative Pax6, suggesting that other factors that acti-
vate Nkx2.2, or other factors that can also repress
Nkx2.2 in the absence of Pax6, must be spatially
limited in their function.

Recent studies reported that modified antisense oligo-
nucleotides (Morpholino) efficiently suppress gene ex-
pression in zebrafish embryogenesis (Nasevicius and
Ekker, 2000). Morpholinos have higher affinity for
MRNA than general antisense oligonucleotides and can
alter RNA splicing and inhibit mRNA translation
(Summerton and Weller, 1997; Summerton, 1999; Ekker
and Larson, 2001; Heasman, 2002). It should be noted
that the structure of Morpholinos is stable and does not
exhibit toxicity for cells and tissues. Misexpression of
Morpholino has been shown to knock down gene ex-
pression and therefore gene function in chick (Kos et al.,
2001; Tucker, 2001), Xenopus (Heasman et al., 2000),
and sea urchin (Howard et al., 2001) embryos. To obtain
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Fig. 3 Loss-of-function study by introduction of Pax6 Morpholino
oligonucleotides. (A, B) Pax6 Morpholino oligonucleotides were
transfected into the hindbrain of early E11.5 (somite 22) wild-type
rat embryo. These embryos were cultured for 24 hours after EP.
(A, B) Serial sections of the wild-type hindbrain electroporated
with Pax6-Morpholino. (A) Pax6 immmunoreactivity is normally
detected on the control side (green) but eliminated in the electropo-
rated side, as indicated by bracket. (B) In the electroporated side,
the number of Islet1/2 positive motor neurons decreases. These sec-
tions are counterstained with DAPI (blue).

the loss-of-function phenotype of Pax6, we performed
EP of Pax6-Morpholino into the rat hindbrain. We de-
signed Pax6-Morpholino complementary to the se-
guence which covers the first 8 amino acids of mouse
Pax6 protein (5'-CACTCCGCTGTGACTGTTCTG-
CATG-3'; underline indicates complementary sequences
for the initiation codon). We injected approximately 0.25
ul of Morpholino solution dissolved in 1 mM PBS with
0.05% Fast Green into the hindbrain of precultured rat
embryos as described above. We electroporated using 5
square pulses (50 mseconds, 5 pulses at 1 second inter-
vals, 65-70 V). Loss of endogenous expression of Pax6
protein was observed in the electroporated side after sev-
eral hours and up to at least 36 hours (Fig. 3A), indi-
cating Pax6-Morpolino inhibited translation of Pax6
MRNA. Also, the number of Islet1/2 positive motor neu-
rons decreased in the electroporated side (Fig. 3B), being
a similar phenotype seen in the Pax6 mutant hindbrain.
These results suggest that EP of Morpholino is a useful
and powerful technique for analysis of gene functions
during mammalian brain development.

Gain-of-function study in cultured mutant
embryos

Inoue et al. (2001a) have shown that ectopic cadherin-6
positive cells in the cortex side of wild-type mouse were
sorted into the lateral ganglionic eminence (LGE) region
where cadherin-6 is normally expressed. On the other
hand, ectopic expression of cadherin-6 in the cortex of
the cadherin-6 mutant did not lead cell sorting to LGE
side. We tested by EP in the Pax6 mutant whether exoge-

nous Pax6 can rescue the expression pattern of down-
stream genes that are altered in the Pax6 mutant. As a
result, Nkx2.2 expression was repressed as seen in the
wild type (bracket in Fig. 4D; see also Takahashi and
Osumi, 2002). Previous studies reported that expression
of Wnt7b and Enl is missing in the Pax6 mutant hind-
brain (left side in Fig. 4F; Osumi et al., 1997; Burrill et
al., 1997; Ericson et al., 1997, Osumi and Nakafuku,
1998). These molecules are normally expressed in Pax6
positive neuroepithelial cells and their descendants, re-
spectively. EP of Pax6 into the Pax6 mutant hindbrain
recovered expression of Wnt7b (bracket in Fig. 4F) and
Enl (data not shown, see Takahashi and Osumi, 2002).
These results suggest that Pax6 acts as a positive regu-
lator for Wnt7b and a negative regulator of Nkx2.2.
Therefore, gain-of-function studies such as these com-
bined with analysis of specific mutant mice may lead us
to deepen our understanding of mechanisms which re-
sult in brain patterning.

Electroporation into embryos/fetuses developing
in utero

To study long-term functions of genes involved in the
brain development, another gene transfer system is
needed. Such a system will allow embryos and fetuses to
be experimentally manipulated throughout embryogen-
esis and then their development maintained up to deliv-
ery. Although the whole embryo culture system is very
useful for the analysis of the molecular mechanisms of
the developing mammalian brain, as mentioned earlier,
the embryonic stages that can be studied are limited
(Fig. 1).

Conventional in utero EP methods have been useful
for the analysis of gene functions at later stages when
the embryos are visible through the thin uterine wall
(Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001;
Fukuchi-Shimogori and Grove, 2001). In utero manipu-
lation of mouse embryos guided by ultrasound biomic-
roscope (UBM) established by Turnbull (2000) enables
us to precisely manipulate embryos or fetuses even from
early stages when they are veiled by the thicker uterine
wall. Additionally, this method optimally maintains the
development of the manipulated embryos/fetuses due to
minimal invasion of pregnant mothers.

We have established a new gene transfer method using
EP in combination with in utero ultrasound-guided op-
eration to efficiently express exogenous genes. This
method expands the application of in utero manipula-
tion to earlier embryonic stages. The ultrasound-guided
operation will assist in locating the injection of the DNA
solution into a specific location of the embryo. Here we
introduce in utero EP guided by UBM in rat embryos,
but the technique is applicable to mouse embryos as
well.
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Fig. 4 Gain-of-function study by introduction of exogenous Pax6.
(A-F) Wild-type form of Pax6 was electroporated into the hind-
brain of early E11.5 (somite 22) Pax6 homozygous mutant rat em-
bryo together with GFP reporter construct. These embryos were
cultured for 24 hours after EP. Sets of two panels indicate double
image of the same section. GFP fluorescence and antibody staining
were performed except E and F (E, F) In E, GFP protein was
detected by GFP antibody after in situ hybridization was per-

Methods for in utero EP guided with UBM

In utero manipulation guided by UBM is as described by
Turnbull (2000) with some modifications. After pregnant
rats are anesthetized with sodium pentobarbital (0.7 mg/
100 g body weight, injected intraperitoneally), the abdo-
men is shaved with a razor blade, and a 2-cm midline
laparotomy is performed. A 100-mm diameter plastic
petri dish with a 25-mm diameter hole sealed with a thin
rubber membrane (Silastic L room temperature vulcan-
ization (RTV) silicone rubber; Dow Corning) in the bot-
tom center, is placed on the abdomen. The area of the
skin that contacts the rubber is shaved carefully because
hairs disrupt the seal of between the rubber membrane
and the rat abdomen, leading to leakage of the solution
in the Petri dish. The rat should be in a position which
allows the abdomen to make good contact with the rub-
ber membrane (Fig. 5A). Inappropriate abdominal posi-
tioning will restrict breathing of the animal and create
excessive pressure on the uterus. The uterus is gently
pulled from the abdomen through a slit in the rubber
membrane into the petri dish filled with sterile PBS. We
used a high-frequency ultrasound scanner (UBM; Para-
digm Medical Industries, Salt Lake City, UT) to per-
form in utero embryo imaging. This imaging system is
equipped with a high frequency (40-50 MHz) focused
ultrasound transducer that is scanned mechanically to
produce two-dimensional images in real time (Fig. 5A,
C, D). While monitoring the images, an injection needle
made of glass microcapillary pipettes (outer diameter =
1 mm, inner diameter=0.5 mm, length=100 mm:
BF100-50-10; Sutter Instrument Co., Novato, CA) is in-
serted into the cerebral vesicle through the uterine wall,
and plasmid DNA solution (2.5-5 pg/pl with 0.05%
Fast Green) is injected (Fig. 5A, D). The amount of the
DNA solution for injection is approximately 1 pl, but
varies according to the developmental stage of the em-
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formed (F). (A, B) In the Pax6 mutant, exogenous Pax6 was only
detected in the right side. (C, D) the expansion of Nkx2.2 domain
in the Pax6 mutant hindbrain is repressed by exogenous Pax6
(bracket in D). (E, F) In the ventral domain of the neural tube
expressing Pax6, Wnt7b is coexpressed, while the expression is elim-
inated in the Pax6 mutant (left side in F; see also Osumi et al.,
1997). Exogenous Pax6 induced Wnt7b expression (bracket in F).

bryo. After injection of DNA, EP is performed using
tweezer-type electrodes which consist of a pair of round
platinum plates of 0.7 mm diameter (Unique Medical
Imada, Miyagi, Japan) (Fig. 5B). Optimal conditions of
electrical pulses vary according to developmental stages.
We performed EP with 40-50 V, 50 mseconds, 5 pulses
at 1 second intervals for E13.5 rat embryos. The sterile

Fig. 5 Procedures for in utero EP and frontal section images of the
E13.5 rat telencephalon through the UBM. (A) The uterus is held
with the forceps and injected with a glass needle. (B) Electropor-
ation with the tweezer-type electrode. All of these procedures are
performed through the UBM imager. Before (C) and after (D) in-
jection of DNA solution into the hemisphere. White arrow and
arrowhead indicate injection needle and its acoustic shadow. E, eye;
Ctx, cortex; LGE, lateral ganglionic eminence; MGE, medial
ganglionic eminence; U, uterine wall. Bar =1 mm.
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Fig. 6 Expression of the exogenous gene after in utero EP. (A) GFP
expression vector was injected to the right lateral ventricle (LV) of
E15.5 rat embryo by monitoring the image. DNA was electroporat-
ed toward the plus electrode. The direction of the electric field is
indicated by + or —. (B) E18.5 whole brain of the same embryo.
As expected, the expression of GFP was observed in the right telen-
cephalon (white arrowhead). (C, D) Behavior of GFP-positive cells
in E18.5 rat telencephalon electroporated at E15.5. Image of (D)
is more ventral to that of (C). (C) GFP positive cells are green, and
Pax6 are red. GFP positive cells coexpress Pax6 in the ventricular
zone (yellow). Radial fibers extending toward the pial surface are
also present (white arrowhead). (D) Immunostaining for a neuronal
marker, Hu (red). In the whole layer except the ventricular zone,
GFP positive cells coexpress Hu protein (yellow). Mes, mesen-
cephalon; OB, olfactory bulb; Tel, telencephalon. Bar=1 mm (A,
B), 250 um (C, D).

PBS in the petri dish should be changed after each EP
procedure. The procedure should be completed within
one hour. The survival rate of embryos is around 60 %,
but this also depends on the developmental stage of the
embryo; the earlier embryos are more vulnerable.

Exogenous gene expression by ultrasound guided
electroporation

A GFP expression vector, used as a marker for cells that
incorporate the exogenous plasmid, was electropolated

to the ventricular zone of the lateral cortex in E15.5 rat
embryo (Fig. 6A) by the methods described. Three days
later, the expression of GFP was observed in the lateral
side of the telencephalon (Fig. 6B). Furthermore, histo-
logical analysis showed that a large number of GFP
positive cells were located in the ventricular zone, which
is positive for Pax6 (Fig. 6C). GFP positive cells were
also observed in the subventricular zone and the inter-
mediate zone, where neuronal marker protein Hu is ex-
pressed (Fig. 6D). This finding suggests that these cells
derived from the GFP-positive neuronal progenitor.
Therefore, misexpression of genes of interest or intro-
duction of dominant negative-constructs in the wild-type
and mutant embryos could easily be performed using
this method allowing for direct analysis of the gene of
interest. Furthermore, as evidenced by the expression of
GFP in Hu positive cells, this method can also be used
to trace migration of neurons in normal and abnormal
development (Tomioka et al., 2000; and T.N. and N.O.,,
unpublished results).

Future applications

Gene transfer by EP combined with various manipula-
tions of rodent embryos is a powerful tool for under-
standing molecular mechanisms of mammalian brain
formation. Other applications of EP include analysis of
enhancer regions by in ovo EP of reporter constructs
driven by the enhancer regions in question (Itasaki et
al., 1999; Muller et al., 2000; Sakamoto et al., 2000; Ya-
suda et al., 2000; Timmer et al., 2001). Therefore, intro-
duction of these types of constructs or yeast artificial
chromosome (YAC) clone including larger regulatory re-
gions into cultured rodent embryos by EP may provide
more quick and simple method to analyze or identify
regulatory elements in the mouse genome.

WEC for rat embryos is restricted to E9.0-14.0
(corresponding to E7.0-12.0 in mouse embryos), and
growth of embryos can be maintained for only 2-3
days after EP (Fig. 1). In contrast, we can maintain
embryos electroporated in utero guided by UBM to
full term and even analyze at postnatal or adult stages.
Another technique available to enable analysis of de-
velopment over a longer term than WEC/EP allows is
organ culture combined with EP (Fig. 1; Tomioka et
al., 2000; T.N. and N.O., unpublished data). For ex-
ample, the whole telencephalon can be taken from
cultured embryos, electroporated with a gene of inter-
est, and cultured on the membrane for several days.
In conclusion, we have tested various tools to explore
mechanisms of brain development at the molecular
level. EP combined with UBM, WEC, or organ culture
are methods which allow analysis of mammalian speci-
fic brain formation, such as the establishment of the
six-layered cortex and the subdivisions of the cortical
areas.
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Brief Communication

Multipolar Migration: The Third Mode of Radial Neuronal
Migration in the Developing Cerebral Cortex

Hidenori Tabata'? and Kazunori Nakajima'2>
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Two distinct modes of radial neuronal migration, locomotion and somal translocation, have been reported in the developing cerebral
cortex. Although these two modes of migration have been well documented, the cortical intermediate zone contains abundant multipolar
cells, and they do not resemble the cells migrating by locomotion or somal translocation. Here, we report that these multipolar cells
express neuronal markers and extend multiple thin processes in various directions independently of the radial glial fibers. Time-lapse
analysis of living slices revealed that the multipolar cells do not have any fixed cell polarity, and that they very dynamically extend and
retract multiple processes as their cell bodies slowly move. They do not usually move straight toward the pial surface during their radial
migration, but instead frequently change migration direction and rate; sometimes they even remain in almost the same position,
especially when they are in the subventricular zone. Occasionally, the multipolar cells jump tangentially during their radial migration.
Because the migration modality of these cells clearly differs from locomotion or somal translocation, we refer to their novel type of
migration as “multipolar migration.” In view of the high proportion of cells exhibiting multipolar migration, this third mode of radial

migration must be an important type of migration in the developing cortex.

Key words: cerebral cortex; neuronal migration; radial glial fiber; multipolar cell; mouse; intermediate zone

Introduction

In the developing cerebral cortex, projection neurons are primar-
ily generated in the ventricular zone (VZ) and then move to the
developing cortical plate (CP) by means of “radial migration”
(Angevine and Sidman, 1961; Berry and Rogers, 1965; Rakic,
1972). Most GABAergic interneurons, however, originate in gan-
glionic eminences in mice and enter the developing CP via “tan-
gential migration” (Marin and Rubenstein, 2001). Two distinct
modes of radial migration, locomotion and somal translocation,
have been reported previously (Nadarajah et al., 2001). Locomo-
tion is characterized by cell migration along a radial fiber of a
radial glial cell (Rakic, 1972), the fibers of which traverse the
entire thickness of the developing cerebral wall. Neurons migrat-
ing in this mode have bipolar cell morphology, with a thick lead-
ing process and a thin trailing process, and the entire cell moves
along the radial fiber. In somal translocation, as the soma of a cell
with along radially directed leading process that terminates at the
pial surface advances toward the pial surface, its leading process
becomes progressively shorter, whereas its terminal remains at-
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tached to the pial surface (Miyata et al., 2001; Nadarajah et al.,
2001; Tamamaki et al., 2001).

In contrast to the bipolar or monopolar morphology of the
cells that migrate by locomotion or somal translocation, histolog-
ical analyses of fixed sections of developing cerebral hemisphere
using Golgi staining, electron microscopy, or virus vectors ex-
pressing green fluorescent protein (GFP) have demonstrated the
presence of multipolar cells in the intermediate zone (IZ) (Sten-
saas, 1967; Shoukimas and Hinds, 1978; Nowakowski and Rakic,
1979; Gadisseux et al., 1990; Noctor et al., 2001; Tamamaki et al.,
2001). The radially oriented bipolar or monopolar morphology
of locomotion or somal-translocation cells cannot account for
the presence of the large proportion of multipolar cells in the 1Z,
and yet the behavior of these multipolar cells, including whether
they indeed migrate, is unknown, because all of the previous
analyses have been performed on fixed sections.

We recently established an in utero gene transfer system for
use in mouse brains that allows plasmid vectors to be introduced
into the embryonic cerebral VZ (Tabata and Nakajima, 2001,
2002). We used this system to label migrating cells in the devel-
oping cortex with GFP or red fluorescent protein (DsRed) and
performed time-lapse observations. Here, we report that multi-
polar cells express neuronal markers and migrate by anovel mode
of radial migration that we refer to as “multipolar migration.”
Because the majority of the cells in the IZ— subventricular zone
(SVZ) are multipolar, this mode of migration must be an impor-
tant type of migration in the developing cortex.
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Materials and Methods

In utero electroporation. All animal experiments were performed accord-
ing to the guidelines of the Japan Neuroscience Society. Pregnant ICR
mice (Japan SLC, Shizuoka, Japan) were deeply anesthetized, and their
intrauterine embryos were surgically manipulated as described previ-
ously (Nakajima et al., 1997). The enhanced green fluorescent protein
(EGFP; Clontech, Cambridge, UK) expression vector with a human elon-
gation factor 1 o (EF1er) promoter (Uetsuki et al., 1989) or with modified
chicken B-actin promoter with cytomegalovirus-immediate early en-
hancer (CAG) promoter (Niwa et al., 1991) was directly introduced into
the VZ by in utero electroporation as reported previously (Tabata and
Nakajima, 2001). For simplicity, when brains were transfected, for exam-
ple, with GFP expression vector and EF1la promoter on embryonic day
13 (E13) and killed on E16, it is indicated as “EF1a-GFP/E13:E16” in this
paper. Red fluorescent protein (DsRed2 or DsRed-Express; Clontech)
expression vectors were used for time-lapse analysis.

Time-lapse imaging. Coronal brain slices (200 wm thick) from the
anterior one-third of the cortex were placed on a Millicell-CM (pore size,
0.4 wm; Millipore, Bedford, MA), mounted in collagen gel, and cultured
in Neurobasal medium containing B27 (Invitrogen, San Diego, CA). The
dishes were then mounted in a CO, incubator chamber (5% CO, at
37°C) fitted onto a confocal microscope [LSM510 (Zeiss, Oberkochen,
Germany) or FV300 (Olympus Optical, Tokyo, Japan)]. The dorsome-
dial or lateral region of the cortex was analyzed, and essentially the same
results were obtained in both regions. Approximately 10-20 optical Z
sections were obtained automatically every 30 min, and ~20 focal planes
(~50 wm thickness) were merged to visualize the shape of the entire cell.

Immunostaining. Tissue samples were prepared as described previ-
ously (Tabata and Nakajima, 2001). To detect GABA, the animals were
perfused with 4% paraformaldehyde with 0.1% glutaraldehyde. In other
cases, 4% paraformaldehyde without glutaraldehyde was used. The pri-
mary antibodies used in this study were anti-Hu (1:200; Molecular
Probes, Eugene, OR), which recognizes HuC and HuD, anti-calbindin
(1:1000; Swant, Bellinzona, Switzerland), anti-GABA (1:500; Sigma, St.
Louis, MO), anti-nestin (Rat 401; 1:1000; BD Biosciences, San Jose, CA),
anti-neurofilament M (1:200; Chemicon, Temecula, CA), anti-BIII-
tubulin (TuJ1; 1:1000; Babco, Richmond, CA) and anti-Tbr1 (1:1000)
(Hevner etal., 2001). The dorsomedial region in the anterior one-third of
the cortex was analyzed. Images were acquired with confocal micro-
scopes [LSM410 or LSM510 (Zeiss) or FV300 (Olympus Optical)].

Results

Abundant multipolar neurons are present in the intermediate
and subventricular zones

To examine the morphology of migrating neurons, we directly
introduced the GFP or DsRed expression vectors into the cells of
the cortical VZ in utero by electroporation (Tabata and Nakajima,
2001). In the EF1a-EGFP/E14:E17 brains (see Materials and
Methods for the abbreviation), GFP-positive migrating cells were
found in the developing CP, 1Z, and SVZ (Fig. 1A,B). The GFP-
expressing cells in the CP in both the dorsomedial cortex (Fig.
1A) and the lateral cortex (Fig. 1 B) assumed a radially oriented
bipolar shape with a thick leading process extending toward the
pial surface and a thin trailing process, representing the typical
locomotion—cell morphology (Fig. 1C). In contrast, many of the
GFP-positive cells within the IZ-SVZ of both the dorsomedial
and lateral cortices exhibited multipolar morphology (Fig. 1D),
and the multipolar cells were especially abundant in the lower 1Z
and SVZ. The strong Hu immunoreactivity in the cytoplasm of
the multipolar cells (Fig. 1 D), as well as the positive staining with
TuJ1 (Fig. 1 E-G), indicated that the cells were indeed neurons.
To investigate the relationship between the multipolar cells and
the radial fibers, we subsequently stained the radial fibers with an
anti-nestin antibody (Fig. 1 H). Although some of the thin pro-
cesses of the multipolar cells were apposed to the radial fibers
(Fig. 1H, arrowhead), most of them extended independently
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Figure 1. Histological features of multipolar cells in mouse developing cerebral cortex. 4, B,
Coronal sections of brains transfected with EF1c-GFP/E13:E16. In both the dorsomedial cortex
(A) and the lateral cortex (B), most of the GFP-expressing cells in the IZ and SVZ exhibited
multipolar cell morphology, whereas cells in the CP they had a radially oriented bipolar cell
morphology. The dashed lines indicate the border between VZ and SVZ, or IZ and (P. (, High-
magpnification views of the GFP-positive cells in the CP. D—G, In the CAG-GFP/E14.5:E16 brains,
the GFP-positive cells exhibiting multipolar cell morphology in the IZ-SVZ (D, left panel; £, F;
extended focus view of the confocal image in Fis shown in G) expressed the neuron markers Hu
(D, middle and right panels) and Tul1 (£, F). The dashed line in D and £ indicates the border
between VZ and SVZ. The arrows in D and £ indicate the cytoplasm of multipolar cells. H,
Although some of the thin processes of the multipolar cells were apposed to the radial fibers
(arrowhead), which were stained with anti-nestin, most of them extended independently from
the radial fibers. EF1c-GFP/E13:E16 brains were analyzed. Scale bars: 4, 8,100 wm; (£, H, 20
um; £, G, 10 pm.

from the radial fibers, suggesting that the multipolar cells are not
associated highly with the radial fibers, unlike locomotion cells.

Multipolar neurons express a marker of projection neurons
but not of interneurons

To determine whether the GFP-labeled multipolar neurons were
derived from the cortical VZ instead of the ganglionic eminences,
we then introduced the vectors into the dorsomedial region of the
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Figure 2.  The GFP-labeled multipolar cells originated from the cortical VZ. A, Plasmid DNA
was injected into the lateral ventricle on one side, and an anode was placed on the opposite side
of the injected hemisphere so that the dorsomedial region was labeled selectively (CAG-GFP/
E14.5:E16). The dashed lines indicate the margin of the tissue. GE, Ganglionic eminence. 8, High
magnification of the boxed region in A revealed that many of the GFP-expressing cells in the
1Z-SVZ exhibited multipolar cell morphology, whereas the progenitor cells in the GE were not
labeled (A). The dashed line indicates the border of VZ and SVZ. G, D, The GFP-positive multipo-
lar cells (Cand D, green in the right panels) were calbindin negative (C, left panel and purple in
the right panel) and GABA negative (D, left panel and purple in the right panel). The calbindin-
positive cells are indicated by the arrows. The EF10-GFP/E13:E16 brains () and CAG-GFP/
E14.5:E16 brains (D) were analyzed. £, Tbr1 immunostaining on the CAG-GFP/E12.5:E13.5
brains. High expression of Thr1 was seen in the P, and low expression was detected in the IZ
(purple in the left and middle panels). A single confocal section of the boxed region in the left
panel is shown in the middle panel. The GFP-positive (green) cells were Tbr1 positive (purple).
The extended-focus view of the green channel of the middle panel revealed that the GFP-
positive cells exhibited a multipolar cell morphology (right panel). Scale bars: A, £, 200 wm; B,
100 wm; G D, 20 um.

cortical VZ specifically and not into the ganglionic eminences by
positioning the cathode ventrolaterally (Fig. 2A). Even in these
experiments, however, abundant multipolar cells were still ob-
served within the cortical IZ-SVZ (Fig. 2 B). Moreover, the GFP-
positive multipolar cells did not stain positive for calbindin (n =
00f96) (Fig. 2C) or GABA (n = 0 0f 103) (Fig. 2D), two markers
expressed by tangentially migrating neurons originating in gan-
glionic eminences (Anderson et al., 1997). Finally, the GFP-
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positive multipolar cells in the IZ-SVZ of the CAG-EGP/E12.5:
E13.5 brains expressed Tbr1, a marker for subplate (SP) and early
generated cortical projection neurons derived from the cortical
VZ (Fig. 2E) (Hevner et al., 2001). These results suggest strongly
that the GFP-positive multipolar cells we investigated in this
study were derived from the cortical VZ. However, we have not
ruled out the possibility that the tangentially migrating cells de-
rived from the ganglionic eminences may also assume multipolar
morphology in the cortical IZ-SVZ, because those cells were not
visualized in this study.

Behavior of multipolar neurons

Because the morphology of multipolar cells is very different from
cells that migrate by the modes reported previously (locomotion
and somal translocation), we attempted to determine whether
the multipolar cells were indeed migrating by transfecting mouse
brains with a DsRed expression vector in utero on E12.5 and
performing time-lapse observations of the dorsomedial cortex in
slice cultures on E14 (EF1a-DsRed/E12.5:E14). Many multipolar
cells were found in the IZ at this stage of development, and in
contrast to locomotion or somal-translocation cells, they did not
exhibit fixed cell polarity and were extending and retracting thin
processes in various directions in a very dynamic manner (Fig.
3A,B) (movie files, available at www.jneurosci.org). Many of the
multipolar cells advanced slowly toward the pial surface (Fig. 34,
arrow in B); however, some of them remained in almost the same
position while dynamically moving their processes (Fig. 3B, ar-
rowhead). In the examples shown in Figure 3, A and B, the mul-
tipolar cells migrated radially at a rate of 2.3 wm/hr (Fig. 3A) or
1.8 wm/hr (Fig. 3B, arrow). The behavior of the multipolar cells
in the lateral cortex was basically similar to their behavior in
the dorsomedial cortex (data not shown). However, in CAG-
DsRedExpress/E14.5:E18 brains, we observed that many of the
migrating cells in the CP had radially oriented bipolar morphology
(Fig. 3C, cells a—c) (movie file, available at www.jneurosci.org),
and these cells migrated toward the pial surface linearly by loco-
motion. The migration rate of locomotion cells (9—-12 uwm/hr)
was faster than that of multipolar migration cells (the migration
rates of cells a—c were 12.0, 9.6, and 12.0 wm/hr, respectively). In
the upper 1Z or the SP, multipolar cells extended major leading
processes radially toward the pial surface (Fig. 3D). These cells
may have been in the process of transforming into the locomo-
tion cells. Because the movement of multipolar cells resembled
neither locomotion nor somal translocation, we dubbed this
novel type of migration multipolar migration.

To determine further the migration profile of the multipolar
cells, we plotted the movements of each multipolar neuron in
slice culture (Fig. 4A). These experiments revealed that the mul-
tipolar cells moved in various directions and changed direction
frequently, although they generally tended to move toward the
pial surface ultimately. In addition, their migration rates differed
from cell to cell and changed over time. Many of the cells occa-
sionally remained in nearly the same position for several hours
during their migration (Fig. 4A, dotted circles). Thus, whereas
the mean migration rate of these multipolar cells was 4.4 um/hr
(1.6—6.4 wm/hr), the mean net change in positions per hour in
the radial direction was 2.2 um [— 14 (sometimes they migrated
backward) to 55 wm in 10 hr]. These results indicate that the
characteristics of multipolar migration are unique and different
from those of locomotion or somal translocation.

While observing the behavior of the multipolar cells, we found
that they occasionally jumped tangentially (Fig. 4 B) (movie file,
available at www.jneurosci.org). One of the tangentially oriented
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Figure3.  Time-lapse observation of multipolar migration. 4, B, The movement of the multipolar cells was observed on living
slices prepared from EF1c-GFP/E12.5:E14 brains. A, Multipolar cells advanced toward the pial surface (top) very slowly, while
extending and retracting multiple processes dynamically. B, DsRed-positive multipolar cells were colocalized frequently with
DsRed-positive radial glial cells. In this specimen, three labeled multipolar cells (arrowheads and arrow) were colocalized closely
with a labeled radial glial cell, the body of which (asterisk) was undergoing mitosis (M phase at t = 7.5 hr). One of the multipolar
cells, indicated by the arrow, advanced toward the pial surface (dashed line) by means of the dynamic movement of its processes
and passed another multipolar cell. The short horizontal bars on the right in A and B represent the initial position (f = 0 hr) of the
cell observed. (, The locomotion cells within the CP were observed on the living slices taken from the CAG-GFP/E14.5:E18 brains.
The migration rates of cells a— c were measured (see Results) (movie files, available at www.jneurosci.org). The position of cell ¢
isindicated by the arrow. D, The multipolar cells near the border between 1Z and CP tend to extend major leading processes toward
the pial surface. Scale bars, 20 wm.
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processes of these cells thickened tran-
siently, and their cell bodies then translo-
cated in the direction of the thickened ma-
jor process. Finally, the cells retracted the
tangential process and reassumed a multi-
polar morphology to continue their radial
migration toward the pial surface. Thus,
multipolar cells may have some affinity for
radial fibers during migration, but the af-
finity did not appear to be very strong.

Because the cell bodies and processes of
the multipolar cells tended to be oriented
tangentially (mediolateral orientation)
when they appeared above the VZ (Figs.
1A,B, 2B), we hypothesized that the tan-
gential axon bundles in the 1Z-SVZ af-
fected multipolar cell orientation and
served as the initial target of multipolar
migration. To test this hypothesis, we visu-
alized the axons by staining with anti-
neurofilament (NF) antibody (Fig. 4C,D).
The multipolar cells were observed to ori-
ent along the axon bundles, suggesting
that they might interact with each other
(Fig. 4C). However, when examined at a
later stage, the multipolar cells began to
orient tangentially even before they
reached the strongly NF-positive struc-
ture, suggesting that they may share some
unknown directional cues in the lower IZ—-
SVZ instead (Fig. 4D).

To quantitate the population of cells
exhibiting multipolar migration, we then
counted the multipolar migration cells on
the time-lapse sequences in living slices
from EFla-DsRed/E12.5:E14  brains.
Among the 122 cells that were observed to
move within the IZ of the dorsomedial
cortex, in 107 cells, the mode was multipo-
lar migration (88%). Together, these in
vitro observations and in vivo data from
fixed brains indicate that multipolar mi-
gration must be used by the major popu-
lation of migrating cells in the cortical IZ
and SVZ.

Discussion

Multipolar migration is a mode of
migration distinct from locomotion or
somal translocation

We found that the major mode of migra-
tion in the IZ-SVZ was multipolar migra-
tion, a mode of migration that is distinct
from locomotion and somal translocation.
The mean net change in positions per hour
of the multipolar migration cells (2.2 um/
hr) was much smaller than that of the lo-
comotion cells in the CP (9-12 wm/hr). A
previous study involving sequential label-
ing experiments in vivo with [°H]thymi-
dine and bromodeoxyuridine showed that
mean net change in positions per hour of
migrating neurons in the lower IZ-SVZ of
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Figure 4.  Migratory course of the multipolar neurons. A, Tracing of multipolar cell move-
ment. The slices were prepared from CAG-GFP/E12.5:E14 brains, and time-lapse observations
were made in the IZ. The position of 10 individual multipolar cells was plotted at 1 hr intervals
for 10 hr. The image taken 2 hr after the first time point is shown in the left panel, and the
trajectory is shown in the right panel. Many of the multipolar cells occasionally remained in
nearly the same positions for several hours during their migration (dotted circles). The border
between the IZand CPis indicated by a dashed line. The traced cells are indicated by the arrows.
B, Tangential jump of multipolar cells. One multipolar cell (arrow) temporarily assumed loco-
motion cell-like morphology by extending a thick process tangentially and jumping in that
direction (t = 2.5—8.5 hr). The cell then retracted the thick tangential process and extended a
radially oriented thick process. Finally, the cell resumed radial multipolar migration toward the
pial surface (top) (t = 10.5-14 hr). The other cell (arrowhead; t = 6.5) also jumped tangen-
tially (t = 4.5-8.5 hr) (movie file, available at www.jneurosci.org). G, D, The cell bodies and
tangential processes of the multipolar cells (green) tended to be oriented in parallel with the
NF-positive axon bundles (purple). CAG-GFP/E14.5:E16 (C) or CAG-GFP/E16:E17.5 (D) brains
were analyzed. Scale bars, 20 um.

E14.5 mouse embryos was 2 um/hr (Takahashi et al., 1996), a
finding that is consistent with our observation of multipolar mi-
gration cells. The migration rate by locomotion that we observed
in this study (9—12 wm/hr) was comparable with that observed by
O’Rourke et al. (1992) (11 wm/hr) but slower than reported by
Nadarajah et al. (2001) (35 wm/hr). This discrepancy may be
attributable to the difference in experimental conditions in the
slice culture. Takahashi etal. (1996) reported an in vivo migration
rate of E14-born cells in the CP of 6.4 um/hr. Because most
migrating cells in the CP seemed to migrate by locomotion (Figs.
1A-C, 2B), our estimate (9—12 wm/hr) in our slice culture sys-
tem may be closer to, but still faster than, the in vivo migration
rate. This may reflect the difference between the in vivo and the in
vitro environment of the migrating neurons.

The three modes of migration may differ in their dependency
on the guidance cues for radial migration. In locomotion, the
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radial fibers provide the direction of migration and act as the
scaffold. If the leading process extending toward the pial surface
were maintained, the locomotion cells might be able to migrate
along the radial fibers without any additional positional cues. In
somal translocation, the ascending process from the cell body
reaches the final destination so that migrating neurons can arrive
at the final destination without any additional positional cues. In
contrast, in multipolar migration, neurons do not associate
closely with the radial fibers, and they sometimes jump tangen-
tially during their radial migration. Therefore, it is likely that the
multipolar cells sense some directional cue when they resume
radial migration. These findings suggest that some environmen-
tal factor that directs migrating neurons toward the pial surface
exists in the developing cortex.

Biological meaning of multipolar migration

During multipolar migration, multipolar cells repeatedly extend
and retract their processes in a very dynamic manner. This kind
of behavior is also observed during the pathfinding activity of
axonal growth cones while in the “decision region,” in which the
growing axon changes direction (Godement et al., 1990; Halloran
and Kalil, 1994). These observations suggest that multipolar
movement may be needed to search for environmental cues re-
lated to the direction of axon growth or radial migration.

Although locomotion cells and somal translocation cells are
restricted in their tangential dispersion because of their depen-
dence on radial fibers (locomotion) and long radial processes
(somal translocation), multipolar cells seem to be free to migrate
in tangential directions (Fig. 4A,B). This flexibility may contrib-
ute to passing through the IZ when several potential obstacles to
radial migration exist, such as afferent and efferent fibers, tangen-
tially migrating neurons, and previous radially migrating
neurons.

Although we observed that the multipolar cells accounted for
the major population of the GFP-labeled migrating cells in the
[Z-SVZ, we did not find multipolar migration cells in the CP, in
which most migrating cells exhibited locomotion morphology
(Figs. 1A—C, 3C). These locomotion cells in the CP may have
migrated by locomotion all the way from the cortical VZ, and
they may be a population independent from the multipolar cells
in the IZ-SVZ. Another possibility is that the locomotion CP cells
may have derived from multipolar IZ-SVZ cells. If the latter is
true, the multipolar cells must have transformed into locomoting
cells before entering the CP. When we investigated the morphol-
ogy of the migrating cells in the IZ-SVZ, we found only a small
population of cells exhibiting locomotion (Fig. 1 A,B). In addi-
tion, the multipolar cells generally ultimately migrated toward
the pial surface (Fig. 4A), expressed neuronal markers (Figs.
1D-G, 2E), and exhibited locomotion cell-like morphology be-
neath the CP in vivo (Fig. 3D); in addition, at least most of them
were not apoptotic, as revealed by terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling staining
(n = 0 of 107; data not shown) (Thomaidou et al., 1997). These
results suggest that the multipolar cells are likely to enter the CP
as locomotion cells. Additional experiments, however, will be
required to draw a final conclusion.
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Brief Communications

Radial Migration of Superficial Layer Cortical Neurons
Controlled by Novel Ig Cell Adhesion Molecule MDGAL1

Akihide Takeuchi and Dennis D. M. O’Leary
Molecular Neurobiology Laboratory, The Salk Institute, La Jolla, California 92037

MAM (meprin/A5 protein/receptor protein tyrosine phosphatase mu) domain glycosylphosphatidylinositol anchor 1 (MDGA1), a unique
cell surface glycoprotein, is similar to Ig-containing cell adhesion molecules that influence neuronal migration and process outgrowth.
We show in postnatal mice that MDGALI is expressed by layer 2/3 neurons throughout the neocortex. During development, MDGA1 is
expressed in patterns consistent with its expression by migrating layer 2/3 neurons, suggesting a role for MDGA1 in controlling their
migration and settling in the superficial cortical plate. To test this hypothesis, we performed loss-of-function studies using RNA inter-
ference (RNAI) targeting different sequences of mouse MDGA1. RNAi or empty vectors were coelectroporated with an enhanced green
fluorescent protein reporter in utero into the lateral ventricle at embryonic day 15.5 to transfect progenitors of superficial layer neurons;
the distributions of transfected neurons were analyzed late on postnatal day 0. We found a direct correlation between effectiveness of an
RNAI in suppressing MDGA1 expression and disrupting migration of superficial layer neurons. An RNAi with no effect on MDGA1
expression has no effect on the migration. In contrast, an RNAi that suppresses MDGA1 expression also blocks proper migration of
transfected superficial layer neurons, with essentially all transfected cells found deep in the cortical plate or beneath it. This migration
defect is rescued by cotransfection of a rat MDGA1 expression construct along with the effective RNAi, confirming that the RNAi effect is
specific to diminishing mouse MDGA1 expression. RNAI transfections of deep layer neurons that do not express MDGA1 do not signifi-
cantly affect their migration. We conclude that MDGA 1 acts cell autonomously to control the migration of MDGA1-expressing superficial

layer cortical neurons.

Key words: cell adhesion molecules; cortical development; cortical lamination; Ig superfamily; in utero electroporation; RNAi

Introduction

The mammalian neocortex is distinguished from other regions of
the cerebral cortex by its six major layers. Each layer is comprised
of a heterogeneous population of neurons broadly classified into
two general types: glutamatergic, including all projection neu-
rons, and GABAergic interneurons. Most GABAergic interneu-
rons are generated within the medial and caudal ganglionic em-
inences and migrate tangentially in the intermediate zone (IZ) or
marginal zone (MZ) until they reach their cortical destination,
whereupon they turn and migrate radially into the cortical plate
(CP) (Marin and Rubenstein, 2003; Kriegstein and Noctor,
2004). Glutamatergic neurons are generated by progenitors
within the ventricular zone (VZ) and subventricular zone (SVZ)
of dorsal telencephalon and migrate radially along processes of
radial glia into the overlying CP in an “inside-out” pattern [i.e.,
early-born neurons form deeper layers and later-born neurons
migrate past them to form more superficial layers (Rakic, 1972;
Kriegstein and Noctor, 2004)].
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Molecules required for radial migration and inside-out corti-
cal lamination include reelin, a protein secreted by Cajal-Retzius
neurons of the MZ, its receptors, the very low-density lipoprotein
receptor/apolipoprotein E receptor type 2, and downstream
components of this signaling pathway that influence migration in
part through regulating cytoskeletal proteins, including dou-
blecortin (Bielas et al., 2004; Tsai and Gleeson, 2005). The POU
domain transcription factors Brn-1 and Brn-2 also have roles in
patterning of superficial layers (McEvilly et al., 2002; Sugitani et
al., 2002). Cell adhesion molecules (CAMs) play important roles
in the interactions of migrating neurons with glial processes
(Zheng et al., 1996; Anton et al., 1999). Two CAMs involved in
neuronal migration are astrotactin (Adams et al., 2002) and the
integrin a3 31, which to date is the only CAM reported to control
cortical radial migration (Anton et al., 1999; Dulabon et al.,
2000).

Here, we report a role in cortical radial migration for a unique
Ig superfamily protein, meprin/A5 protein/receptor protein ty-
rosine phosphatase mu (MAM) domain glycosylphosphatidyl-
inositol anchor 1 (MDGA1), that we originally cloned in the rat
(Litwack et al., 2004). MDGALI, an IgCAM anchored to the extra-
cellular surface of the cell membrane by a GPI-linkage, contains
six Ig domains, a fibronectin III domain, and uniquely for Ig-
CAMs, a MAM domain (Litwack et al., 2004). MDGAL1 is struc-
turally similar to other IgCAMs, such as the L1 family and axonin
1, which have roles in cell adhesion, migration, and process out-
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Figure 1.
mouse cortex is shown. At E16.5, MDGAT is modestly expressed in the IZ. At PO, expression is robust in the CP, and dense clusters
of silver grains (red) deeperin the CP and IZ suggest MDGA1 expression by migrating neurons. By P7, robust expression is localized
to layers 2/3. EP, Ependymal layer; WM, white matter. Scale bars, 100 um; bar in E15.5is E15.5 to PO.

growth (Walsh and Doherty, 1997; Panicker et al., 2003). We
cloned full-length mouse MDGA1 and show that it is expressed in
neocortex by layer 2/3 neurons throughout their development.
We hypothesize that MDGAL1 is involved in controlling the mi-
gration and lamination of layer 2/3 neurons. We address this
issue using RNA interference (RNAi) combined with in utero
electroporation in mice, an approach recently used to reveal a
function for doublecortin in radial migration of cortical neurons
(Bai et al., 2003).

Materials and Methods

Animals. C57BL/6 mice were used to examine MDGA1 expression and to
identify its cDNA sequence. Timed pregnant ICR mice were used for in
utero electroporation. The morning of the vaginal plug is embryonic day
0.5 (E0.5), and the first postnatal day (P) is PO. Experiments were done
following institutional guidelines and approved protocols.

Microscopy. Digital images were obtained with a Zeiss (Thornwood,
NY) LCM510 confocal microscope or a Retiga digital camera on a Nikon
(Tokyo, Japan) Microphot microscope with OpenLab software (Impro-
vision, Conventry, UK).

In situ hybridization. Radioactive in situ hybridization of MDGA1 was
done on wild-type C57BL/6 mouse embryos and neonates from E9.5 to
P7 as described previously (Litwack et al., 2004).

Vectors and in utero electroporation. Four different targeted regions
that only match with MDGA1 ¢cDNA sequence were selected to make H1
promoter-based RNAi vectors (pSUPER) (Brummelkamp et al., 2002).
The four 19-nucleotide target sequences are as follows: M1, GGAG-
GATAACATCAGCGAG; M2, GTCTATCCGCGTGGACGTG; M5,
CATTTCCTCAGAGACAGTA; M6, CGTACGACCCCGGGAGGCT.
To evaluate their efficiency, each RNAi vector, or as a control an empty
pSUPER (‘E1’") vector, was cotransfected with a Myc-tagged MDGA1
expressing vector in pcDNA3.1 (—)/Myc-His B (Invitrogen, San Diego,
CA) (RNAI, 4.0 ug; MDGA1-Myc, 1.0 ug) into COS-7 cells using Poly-
Fect Transfection Reagent (Qiagen, Hilden, Germany). After 24 h, ex-
pression of MDGA1-Myc protein was visualized with anti-Myc mouse
monoclonal antibody (9E10) and a fluorescent secondary. Quantifica-
tion of labeling was done using NIH Image and Adobe Photoshop
(Adobe Systems, San Jose, CA) as described previously (Pak et al., 2004).
To determine relative MDGAL1 protein levels, total pixel intensity of
fluorescence for each RNAi vector was expressed as a percentage of that
obtained with the E1 control vector (normalized as 100%). The number
of MDGA1-expressing cells was also counted and indicated as a corrected
absolute number. Immunolabeled cells were marked using NIH Image.
Counts were done with thresholds set at four different pixel intensity
levels (>50, >100, >150, >200; software maximum is 256). Experi-

Laminar expression of MDGAT1 in the developing cortex. In situ hybridization of MDGA1 expression in the developing
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ments were done five times using the same con-
ditions, normalized between each experiment.

Plasmids used for in utero electroporation
were prepared using the EndoFree Plasmid kit
(Qiagen). To fluorescently label cells trans-
fected in vivo with RNAi, we cotransfected a
pCAG-enhanced green fluorescent protein
(eGFP) vector (Saito and Nakatsuji, 2001). One
to 2 ul of plasmid (molecular ratio for pCAG-
GFP and RNAI vectors, 1:3; final concentration
of mixed DNA, 1.5 ug/ul) with Fast Green
(0.01%; Sigma, St. Louis, MO) in PBS were mi-
croinjected using fine-tipped glass capillaries
into the right lateral ventricle of each embryo.
For the “rescue” experiments, the molecular ra-
tio for the M1 RNAi, pCMV empty vector or
pCMV-rMDGAL, and pCAG-GFP is 3:2:1, and
the final concentration of mixed DNA is 1.5
pg/ ul. Electroporation was done by five pulses
at 30 V discharge with a duration of 50 ms at
950 ms intervals. Brains were fixed and coro-
nally sectioned either 24 h later to confirm effi-
ciency and restriction of electroporations or
late on PO for analyses.

Results

A single full-length mouse MDGA1 cDNA was isolated by reverse
transcription-PCR from a ¢DNA library of P7 mouse basilar
pons. Homologies in the coding region of cDNA and protein
sequences (supplemental Fig. S1, available at www.jneurosci.org
as supplemental material) are 94 and 93% between mouse and
rat, respectively, and 89 and 92% between mouse and human,
respectively.

In situ hybridization reveals a weak transient expression of
MDGAL early in cortical development, from E9.5 to E13.5, lim-
ited to the MZ/preplate (data not shown). At E15.5 and later,
MDGALI expression is no longer detected in the MZ (Fig. 1).
Signal above background is not detected at any age in the VZ/
SVZ. At E16.5, modest expression is evident in the IZ. By PO, a
band of MDGAL1 expression is clearly evident in the superficial
CP (the dense CP that will differentiate into layers 2/3); in addi-
tion, scattered cells deeper in the CP and IZ express MDGAL. By
P7, expression of MDGALI is limited to layers 2/3 throughout
most of the cortex (Fig. 1) but is not detected in adults (data not
shown). Layer 2/3 neurons are generated from E15 through E17,
with peak generation on E16 (Takahashi et al., 1999); a substantial
proportion reach the superficial CP by birth (Bayer and Altman,
1991). Thus, these data indicate that MDGAL1 is expressed by layer
2/3 neurons during their migration and settling in the CP.

To investigate a role for MDGAL1 in the migration of superfi-
cial layer neurons, we adopted small interference RNA (RNAI) to
suppress MDGA1 expression using a pSUPER vector to produce
short hairpin RNAs (Brummelkamp et al., 2002) by in utero elec-
troporation in mice. Four RNAIi vectors were made with unique
nucleotide sequences of inter-Ig domains specific to mouse
MDGAI1 (Fig. 2A). The RNAi vectors vary in their effectiveness in
suppressing MDGAL protein expression, shown by cotransfect-
ing each vector and a myc-tagged MDGALI expression construct
into COS-7 cells (Fig. 2B). Quantitation of relative levels of
MDGAL1 protein or number of MDGA1-expressing cells revealed
by fluorescence immunostaining for the myc-tag shows that the
M1 RNAI vector is very effective in suppressing MDGAL1 expres-
sion, whereas the M6 RNAI vector has no detectable effect and is
indistinguishable from the empty pSUPER (‘El’) vector (Fig.
2GC,D).
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For our in vivo studies, we used the M 1
RNAI vector to suppress MDGALI expres-
sion, and both the E1 empty vector and the
M6 RNAI vector as controls for potential
nonspecific effects of RNAi and vector ex-
pression. We performed in utero electro-
porations of the vectors in E15.5 embryos;
an eGFP vector was coelectroporated to
mark cells transfected with the RNAi or E1
vectors (Fig. 3A). Because of the timing of
these transfections and the dynamics of
transgene expression, the majority of the
GFP-marked cells should be layer 2/3 neu-
rons, although a very small proportion of
layer 4 neurons are generated after E15.5
and therefore could be transfected (Taka-
hashi et al., 1999). Embryos examined 1 d
later show discrete transfection domains
of GFP-labeled cells within the VZ and
SVZ and restricted to dorsal telencepha-
lon (data not shown). To determine the
effect of the transfections on neuronal mi-
gration, electroporated mice were per-
fused late on PO, when a substantial pro-
portion of layer 2/3 neurons have reached
the superficial CP; only healthy appearing
nursing pups were fixed. Twenty-three of
the 26 control transfected brains (coelec-
troporated with GFP, and either M6 RNAi
or El vectors) and 31 of the 33 M1/GFP
cotransfected brains had cortical GFP sig-
nal visible in whole mounts fixed at P0.

Brains with similar transfection do-
mains were sectioned: these included 10
control transfected brains (five each of M6
and E1 vectors) and 12 MI transfected
brains. No morphological defects are evi-
dent in these transfected brains, and
cortical architecture appears normal in
4',6’-diamidino-2-phenylindole (DAPI)-
stained sections. Essentially all of the GFP-
labeled cells have a pyramidal-like mor-
phology characteristic of layer 2/3 neurons
and immunostain for the neuronal
marker TuJ1 (class IIT B-tubulin) (sup-
plemental Fig. S2, available at www.
jneurosci.org as supplemental material);
however, their laminar distribution differs
substantially between brains electropo-
rated with the control vectors (M6 RNAi
or E1 empty) versus the M1 RNAI vector.
In brains transfected with either the E1
(Fig. 3A) or M6 vector (Fig. 3B), the ma-
jority of GFP-labeled cells are in the super-
ficial layers in a distribution that closely
resembles the distribution of MDGA1-
expressing cells in nontransfected PO cor-
tex (Fig. 1). In contrast, in brains trans-
fected with the M1 vector, the majority of
GFP-labeled cells are deep in the CP or
beneath it in the IZ or deeper (Fig. 3C).

The laminar (i.e., radial) distributions
of GFP-labeled cells were quantified at late
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Figure 2.  Targeted sequences for RNAi vectors differentially suppress MDGAT protein expression in vitro. A, MDGA1 domain
structure and selected target regions to make RNAi vectors; the four target regions (M1, M2, M5, M6) were 19 bp sequences located
between the Ig domains. S, Signal peptide sequence; FN3, fibronectin type 3 repeat; MAM, MAM domain; GPI, glycosylphosphati-
dylinositol anchor. B, C0S-7 cells cotransfected with a pcDNA3.1 vector containing MDGA1 (DNA tagged with a Myc epitope and an
RNAi pSUPER vector or en empty pSUPER vector (E1); RNAi vector name (M1, M6) denotes sequence location shown in A. Shown is
immunofluorescence using a Myc antibody 24 h after transfection; the secondary antibody was conjugated to Alexa568 (orange).
Cultures are DAPI stained (blue). Scale bar, 100 m C, Histogram of fluorescence intensity of MDGA1-Myc protein. D, Histogram of
the number of MDGA1-positive cells with a total pixel intensity above the indicated thresholds. Quantitative data for M2 is
statistically indistinguishable from that shown in Cand D for M1 and M5 from that shown for M6.
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Figure 3.  Transfection of M1 RNAi to suppress MDGA1 selectively results in aberrant deep distribution of superficial layer

neurons. Distribution of GFP-labeled neurons late on PO following cotransfections on E15.5 with a GFP and E1 vector (4), GFP and
M6 RNAi vector (B), and GFP and M1 RNAi vector (C). D, Five M1 cases and five control cases (4 ETand 1 M6) were quantitatively
analyzed. The cortical wall was subdivided as indicated, and numbers of GFP-labeled transfected cells in each layer were counted
and expressed as a percentage of the total. Statistical analyses comparing the number of labeled cells in each layer between control
and M1 transfected cases (ANOVA, Bonferroni's test) are shown. Statistical difference is seen for each set of layers ( p << 0.01)
except MZ and U-D layers. Scale bars, 100 wm. E, Schematics of late PO cortex showing an expression pattern of MDGA1 and
distribution of GFP-labeled neurons transfected with M1 RNAi or control (M6 RNAi, E1) vectors at E15.5. Expression of MDGAT is
similar to distribution of GFP-labeled neurons transfected with control vectors or in rescue experiments (cotransfections with M1
RNAiand rat MDGAT cDNA vectors). However, distribution of GFP-labeled neurons transfected with an M1 RNAi vector s aberrantly
displaced deep. sCP, Superficial cortical plate; dCP, deep cortical plate; Sup, superficial CP; Mid, middle CP; U-D, upper-deep CP;
L-D, lower-deep CP; others are as in Figure 1.
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PO from sections of electroporated brains with very similar trans-
fection domains (five brains electroporated with the M1 RNAi
vector and five with control vectors: one M6 RNAi and four E1
empty vectors). In the controls, the mean number of GFP-labeled
cells is 370 * 29 (total of 1851; range, 270—448); the M1 cases
have a mean of 268 * 30 labeled cells (total of 1342; range,
196-364).

In control transfected brains, 74% of GFP-labeled cells are in
the upper half of the CP, with 49% in the superficial most quarter
of the CP (the dense CP that will become layers 2/3) (Fig. 3D). In
contrast, in M1 transfected brains, only 6% of GFP-labeled cells
are in the upper half of the CP, with virtually no labeled cells (1%)
in the superficial most quarter of the CP; 80% of all labeled cells
are in the deepest one-quarter of the CP or beneath it (Fig. 3D).
The difference in the distribution of GFP-labeled cells between
control and M1 transfected brains is statistically significant for
each “layer,” with the exception of the MZ, which contains virtu-
ally no labeled cells, and the “upper-deep” layer of the CP, which
is the layer where the transition occurs in the superficial versus
deep bias in the distribution of transfected cells between control
and M1 electroporated brains (Fig. 3D). Thus, transfection with
the M1 RNAI vector in migrating layer 2/3 neurons inverts their
distribution from superficial to deep (Fig. 3D).

As described in Figure 2, the M6 vector has no detectable effect
on expression of MDGAL1 in vitro, whereas the M1 vector sub-
stantially suppresses it (Fig. 2). We also analyzed the effect of
these RNAi vectors on MDGAL expression in vivo and obtained
similar findings; the M6 vector has no detectable effect on
MDGAL1 expression (n = 3) (Fig. 4A,C), whereas MDGA1 ex-
pression is diminished in correlation with domains of M1 trans-
fections (n = 2) (Fig. 4B, D). Thus, both the in vitro and in vivo
data indicate that the M1 RNAIi vector selectively diminishes
MDGAL1 expression, whereas the M6 RNAI vector does not.

To corroborate further the specificity of the M1 RNAI vector
for selectively suppressing MDGA1, resulting in aberrant migra-
tion of MDGAI1 expressing layer 2/3 neurons, we did two com-
plementary experiments. In the first set, we performed a “rescue”
experiment in which we repeated the same M1/GFP transfections
at E15.5 but cotransfected with either a rat MDGAI ¢cDNA ex-
pression construct (n = 2) or as a control with an empty expres-
sion vector (n = 2). Importantly, the M1 vector against mouse
MDGAL1 has only a one nucleotide mismatch with the same se-
quence stretch in the rat MDGA1 (Fig. 4 F). When analyzed late
on PO, the distribution of GFP-labeled cells in cases cotransfected
with the M1 RNAi and control expression vectors are qualita-
tively the same as in cases transfected with only the M1 RNAi
vector (i.e., the cells exhibit a migration defect and are distributed
deep to their normal positions) (Fig. 4E). In contrast, in cases
cotransfected with the M1 RNAi and rat MDGAL expression vec-
tors, a substantial proportion of the GFP marked cells are posi-
tioned superficially in the CP (Fig. 4F). Thus, overexpression of
rat MDGAL in cells transfected with the M1 RNAi mostly
rescues the migration defect. In the second set of experiments,
we show that transfections at E12.5 of the M1 RNAi vector into
deep layer neurons that do not express MDGA1 does not dis-
rupt their migration (supplemental Fig. S3, available at ww-
w.jneurosci.org as supplemental material). Together, these
findings demonstrate the specificity of the M1 RNAi for
mouse MDGAI and indicate that the defective migration of
layer 2/3 neurons transfected with M1 RNAi is specific to their
diminished expression of MDGAL.
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Figure4. Differential suppression of MDGA1 expression in vivo by mouse RNAi vectors with
rescue of RNAi-induced migration defect by cotransfection of rat MDGA1. A-D, Distribution of
GFP-labeled neurons late on PO following cotransfection with GFP and M6 (4) or GFP and M1
RNAivectorsat E15.5 (B). Insitu hybridization using S35-labeled riboprobes for MDGA1 (€, D) on
adjacent sections of A and B, respectively. M6 RNAi transfection has no detectable effect on
MDGAT expression. However, MDGA1 expression is diminished in superficial layers above the
domain of M1 RNAi transfection (arrow) but not adjacent to it (arrowhead). E, F, Distribution of
radially migrating neurons cotransfected with M1 RNAi plus empty pCMV plus GFP vectors
(control) (E) and M1 RNAi plus pCMV rat-MDGA1 (rMDGA1) plus GFP vectors (F). M1RNAi target
sequence (GGAGGATAACATCAGCGAG) and rat MDGAT ¢(DNA (-GGAGGATAATATCAGCGAG-) have
a one nucleotide mismatch (bolded). In control cases (E), most GFP-labeled cells are deep, and
virtually none are in the superficial CP. As shown in F, cotransfection with rat MDGA1 expression
vector essentially corrects the migration defect and shifts distribution of GFP-labeled cells com-
pared with D, with many in superficial CP. Scale bars, 100 pm. Hc, Hippocampal formation;
other abbreviations are as in Figure 1.

Discussion

We show that MDGAL1, a unique IgCAM,, is expressed in mouse
neocortex by layer 2/3 neurons during their migration and set-
tling superficially in the CP. We go on to show, using RNAiand in
utero electroporation, that suppression of MDGAL1 expression in
migrating layer 2/3 neurons disrupts their migration, and over
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the period of our analyses prevents the transfected neurons from
reaching the superficial CP (Fig. 3E).

To generate the RNAi vectors, we chose stretches of cDNA
between the Ig domains, because they have the least homology to
other genes. These RNAi vectors have varying effectiveness in
suppressing MDGA1 expression. Importantly, we found a direct
correlation between the effectiveness of an RNAI vector in sup-
pressing MDGA1 expression, both in vitro and in vivo, and its
ability to disrupt in vivo the migration of layer 2/3 neurons: the
M1 RNAi vector blocks MDGAL1 expression and also blocks
proper migration of layer 2/3 neurons, whereas the M6 RNAi
vector has no evident effect on MDGA1 expression nor on
migration.

These findings argue for the specificity of the effect of the M1
RNAI vector, which we also directly demonstrated by rescuing
the M1 RNAIi induced migration defect by cotransfecting a rat
MDGAI expression vector with the M1 RNAI vector (Fig. 3E).
The mouse MDGALI sequence against which the M1 RNAI is
directed has only a single nucleotide difference from the equiva-
lent sequence of rat MDGA1, which strongly argues for the spec-
ificity of the M1 RNAi for mouse MDGA1. Other findings also
strongly imply that the observed migration defect is caused by the
suppression of MDGALI in the migrating neurons themselves.
First, MDGAL1 is expressed by layer 2/3 neurons as they are mi-
grating and forming the superficial layer of the CP but is not
expressed by VZ/SVZ cells, and therefore not by radial glia that
guide migrating neurons to the CP (Rakic, 1972). In addition, at
the developmental stages at which we have performed the in utero
electroporations, MDGAL1 is not expressed by cells in the MZ and
therefore not by Cajal-Retzius neurons that express reelin, a pro-
tein required for proper radial migration of cortical neurons and
CP lamination (D’Arcangelo et al., 1995). Essentially no cells in
the MZ are transfected and therefore could not be influenced by
the vectors. Additionally, transfections done with the E1 control
and M1 RNAi vectors at E12.5, coincident with the generation of
deep layer neurons that do not express MDGA1, do not appear to
affect the migration of the transfected neurons (supplemental
Fig. S3, available at www.jneurosci.org as supplemental mate-
rial). Therefore, we conclude that the aberrant migration of su-
perficial layer neurons transfected with the M1 RNAI vector is
caused by a cell autonomous effect of the suppression of MDGAL1
protein.

Our findings indicate a critical role of MDGAL1 in the proper
migration of superficial layer cortical neurons that normally ex-
press it. RNAi suppression of MDGALI expression results in a
failure of superficial layer neurons to reach even the upper half of
the CP, and essentially all transfected neurons are very deep in the
CP or beneath it (Fig. 3E). This aberrant deep distribution of
superficial layer neurons could be attributable to a dramatic
slowing in their migration or to a defect in their final laminar
distribution. A related issue is whether MDGAL1 is required for
the formation of layer 2/3. However, these issues are difficult to
address using in utero electroporation of RNAi vectors because of
the transient suppression of expression and the difficulty in
transfecting a sufficient proportion of layer 2/3 neurons.

MDGAL is also expressed by a select number of other neuro-
nal populations as they migrate, for example basilar pontine neu-
rons and D, spinal interneurons (Litwack et al., 2004), and by
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inference might be involved in controlling their tangential migra-
tion. Our findings minimize the risk and provide a justification
for making the investments to generate additional reagents and
genetically engineered mice necessary to advance the work pre-
sented here and to explore more broadly the role of MDGA1 in
neuronal migration and other aspects of neural development.
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Mammalian BarHI Confers Commissural Neuron Identity
on Dorsal Cells in the Spinal Cord
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Commissural neurons in the spinal cord project their axons through the floor plate using a number of molecular interactions, such as
netrins and their receptor DCC (deleted in colorectal cancer). However, the molecular cascades that control differentiation of commis-
sural neurons are less characterized. A homeobox gene, MBHI (mammalian BarH1) was expressed specifically in a subset of dorsal cells
in the developing spinal cord. Transgenic mice that carried lacZ and MBHI-flanking genome sequences demonstrated that MBHI was
expressed by commissural neurons. To analyze the function of MBH]I, we established an in vivo electroporation method for the transfer
of DNA into the mouse spinal cord. Ectopic expression of MBH1 drove dorsal cells into the fate of commissural neurons with concomitant
expression of TAG-1 (transiently expressed axonal surface glycoprotein 1) and DCC. Cells ectopically expressing MBHI migrated to the
deep dorsal horn, in which endogenous MBHI-positive cells accumulated. These results suggest that MBHI functions upstream of TAG-1
and DCC and is involved in the fate determination of commissural neurons in the spinal cord.

Key words: MBHI; homeobox; homeodomain; in vivo electroporation; TAG-1; DCC

Introduction

Commissural neurons in both vertebrates and invertebrates
transfer information from one side of their bodies to the other
through the midline. Molecular mechanisms regulating axon
guidance of these neurons have been characterized extensively
(Tessier-Lavigne and Goodman, 1996; Mueller, 1999; Kaprielian
etal., 2001). Netrins and DCC (deleted in colorectal cancer) play
a pivotal role in axon guidance. Some commissural neurons are
generated in the developing dorsal spinal cord, in which domains
of progenitor cells are specified by helix-loop-helix (HLH) tran-
scription factors (Gowan et al., 2001). The domains are initially
established by TGF-B-like signals (Liem et al., 1997) and produce
several cell types, which are defined by combinatorial expression
of homeobox genes (Lee and Jessell, 1999; Gross et al., 2002;
Muller et al., 2002). The most dorsal cell type, dI1 (D1), is gener-
ated by an HLH factor, MATH]1 (mouse atonal homolog 1). dI1
cells and a subset of commissural neurons are lost in MATH1
knock-out mice (Bermingham et al., 2001; Gowan et al., 2001),
whereas ectopic expression of MATHI increases the number of
dI1 cells (Gowan et al., 2001). However, the molecular cascades
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that form the link between the generation of the cells and their
migration—axon guidance remain to be determined.

Bar-class homeobox (BarH) genes function in the develop-
ment of various organs. Drosophila BarH genes control the devel-
opment of the retina (Higashijima et al., 1992a) and peripheral
nervous system (Higashijima et al., 1992b). A mammalian BarH
gene, MBH], is expressed at early stages of neurogenesis and is a
potential regulator of neural HLH genes in the diencephalon
(Saito et al., 1998). Outside of the diencephalon, MBHI is ex-
pressed by postmitotic neurons in the midbrain, hindbrain, spi-
nal cord, and retina (Saito et al., 1998, 2000). Another mamma-
lian BarH gene, MBH2/Barhl1, is also expressed in the spinal cord
(Bulfone et al., 2000; Saito et al., 2000) and suggested to be a
downstream gene of MATHI (Bermingham etal., 2001). Xenopus
BarH genes, XBH1 and XBH2, which are orthologs of MBH1 and
MBH2, respectively, show distinct expression patterns (Patterson
etal., 2000). Expression patterns of MBHI1 and MBH?2 are similar
but not identical (Saito et al., 2000), suggesting that expression of
the two genes may be controlled by different mechanisms.

In this paper, we made transgenic mice carrying lacZ with the
MBH]I-flanking sequences and examined the cell types of MBHI-
expressing cells in the developing mouse spinal cord. The func-
tion of MBH1 has been revealed using the in vivo electroporation
method.

Materials and Methods

Generation and analysis of transgenic mice. The MBHI-flanking se-
quences were obtained by screening a 129/Sv] mouse genomic library
(Stratagene, La Jolla, CA) using the entire sequence of the MBH1 cDNA
(GenBank accession number AB004056) as a probe. We made a con-
struct that carried the lacZ-coding region from BGZA (Yee and Rigby,
1993; Helms et al., 2000) between the 1 kb 5" and 2.5 kb 3’ sequences
flanking the MBH1-coding region. BGZA was a gift from Dr. J. Johnson
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(University of Texas Southwestern Medical Center, Dallas, TX). Trans-
genic mice were generated by standard procedures (Hogan et al., 1986)
using fertilized eggs from B6C3F1 (C57BL/6 X C3H) crosses. Staged
transgenic embryos were dissected in cold PBS and fixed in 4%
paraformaldehyde. Whole mount 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside staining of the embryos was performed as described
previously (Verma-Kurvari et al., 1996). Other constructs that carried
longer MBHI-flanking sequences also demonstrated the same lacZ ex-
pression pattern as the above construct, recapitulating endogenous
MBHI expression. After staining, the embryos were postfixed and em-
bedded in paraffin. Microtome sections (7 wm) were stained with Nu-
clear Fast Red (Vector Laboratories, Burlingame, CA). For immuno-
staining, fixed embryos were embedded in OCT compound and sliced at
14 wm using a cryostat.

In vivo electroporation. Exo utero surgery and electroporation were
performed as described previously (Saito and Nakatsuji, 2001). pCAG-
EYFP (enhanced yellow fluorescent protein), which carried EYFP down-
stream of a CAG promoter (Saito and Nakatsuji, 2001), was used as a
control. To express both EYFP and MBHI in the same cells, pEYFP-
MBHI1 was constructed by inserting the MBHI-coding region down-
stream of the second CAG promoter of pCAG-EYFP-CAG (Saito and
Nakatsuji, 2001). One microliter of DNA solution (140 nm) in PBS was
injected into the central canal of the spinal cord. Five electric pulses at 22
V were delivered to the spinal cord by holding embryos with forceps-type
platinum electrodes. Two kinds of electrodes, half-ring type (see Fig. 2A)
and round-plate type with a 3 mm diameter (http://www.frontier.kyoto-
u.ac.jp/rc01/in_vivo_ electroporation.html), were used for gene transfer
into the whole and a part of the spinal cord, respectively. The electric
pulses were obtained from an electroporator, CUY21EDIT (Nepa Gene,
Ichikawa, Japan). Survival and EYFP-positive (EYFP ") rates, which were
calculated from surviving embryos/operated and EYFP ™ spinal cords/
surviving embryos, were 56.7 * 4.6 and 79.9 = 2.7%, respectively. For
functional analysis of genes, each result was confirmed by using another
independently isolated clone with the same structure.

In situ hybridization and immunohistochemistry. In situ hybridization
was performed as described previously (Saito et al., 1996). Antisense
RNA probes were synthesized from plasmids carrying mouse cDNA
clones: pMH4 -1 for MBH1 and generous gifts from Dr. T. Jessell (Co-
lumbia University, New York, NY) for LH2B (a LIM homeobox gene),
Dr. R. Kageyama (Kyoto University, Kyoto, Japan) for MATH1, and Dr.
Q. Ma (Harvard Medical School, Boston, MA) for Ngn2 (neurogenin 2).
Frozen sections were incubated with the following primary antibodies:
4D7 [anti-TAG-1 (transiently expressed axonal surface glycoprotein 1)],
AF5 (anti-DCC; Calbiochem, La Jolla, CA), 40.2D6 [anti-Isl1 (Islet-1)],
4F2 [anti-Lim1/2 (a homeodomain protein)], rabbit polyclonal L1 (anti-
LH2A/B, gift from Dr. Jessell), goat anti-3-galactosidase (3-gal) (Bio-
genesis, Kingston, NH), and rabbit anti-GFP (Molecular Probes, Eugene,
OR).4D7,40.2D6, and 4F2 were obtained from the Developmental Stud-
ies Hybridoma Bank (University of Iowa, Iowa City, IA). Signals were
visualized by the following secondary antibodies: donkey anti-rabbit IgG,
anti-mouse IgG, or anti-mouse IgM conjugated with Cy3 or FITC (Jack-
son ImmunoResearch, West Grove, PA); and donkey anti-goat IgG con-
jugated with Alexa Fluor 488 (Molecular Probes). Immunofluorescent
studies were performed as described previously (Saito and Nakatsuji,
2001).

Results

MBH]1 expression marked a subset of cells in the spinal cord
Expression of MBH]I was detected in the mouse dorsal spinal
cord at embryonic day 10.5 (E10.5) (Fig. 1A). At E11.5, the ex-
pression expanded ventrally to the deep dorsal horn (Fig. 1C).
Later than E12.5, the expression was mainly restricted to the deep
dorsal horn (Fig. 1 E). The pattern of the expression during de-
velopment resembled that of ventral migration of some dorsal
neurons (Leber and Sanes, 1995), suggesting that MBHI was ex-
pressed by these migrating neurons. A stream of cells between the
deep dorsal horn and the floor plate also expressed MBH]I at
E12.5 (Fig. 1E, arrows). MBHI expression in the ventral spinal
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Figure 1. MBH1 expression in the developing mouse spinal cord. Transverse sections at
brachial levels of embryos at E10.5 (A, B), E11.5 (G, D) and E12.5 (E, F) were hybridized with
antisense cRNA probes for MBHT (A, C, E) and immunostained using an anti- 3-gal antibody (B,
D, F). Embryos carrying the MBH1/lacZ transgene were used (B, D, F~H). Arrows indicate
streams of MBH1 ™ cells between the deep dorsal horn and the floor plate. Control hybridization
using a sense-strand probe of MBHT gave no specific signals (data not shown). Similar expres-
sion patterns of MBH1T were observed from cervical to lumbar levels. G, Transverse section of the
£10.5 spinal cord was stained with antibodies against the 3-gal (green) and LH2A/B proteins
(red). H, Double-label immunostaining with the anti-3-gal (green) and anti-TAG-1 (red) anti-
bodies of the E11.5 spinal cord. Filled and open arrowheads indicate 3-gal * axons and ventral
funiculi, respectively. Scale bars: (in A) A, C, £, 200 um; B, D, F—H, 100 m.

cord became confined to a group of cells dorsolateral to the floor
plate at later stages (see Fig. 4 B), suggesting that MBH1 " cells in
the stream are under ventromedial migration at E12.5.

Characterization of MBHI-expressing cells

To examine which types of cells expressed MBHI, transgenic
mice with lacZ under the control of the MBHI-flanking DNA
sequences were generated. The transgenic mice expressed the
lacZ product 3-gal in a pattern recapitulating endogenous MBH1
expression (Fig. 1 B,D,F). Coexpression of MBH]I and lacZ was
confirmed by immunostaining using an anti-MBH1 antibody
(data not shown). All B-gal ™ cells were labeled with antibodies
against the LH2A/B proteins (Fig. 1G), a marker of dI1 cells, but
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Figure 2.  DNA transfer into the mouse spinal cord by in vivo electroporation. A, Schematic
representation of DNA injection and electrodes. EYFP was introduced into the E11.5 spinal cord.
B, Dorsal view of an embryo at E13.5, 2 d after electroporation. C, Semi-illuminated view of B.
EYFP was expressed in only one side of the spinal cord closer to the anode. Scale bars: 2 mm.

not with antibodies against the Isl1 and Lim1/2 proteins (data not
shown), suggesting that MBH1 is expressed by dI1 cells.
Because the 3-gal protein spreads throughout the cytoplasm,
it enabled us to examine the morphologies of MBHI ™ cells.
B-gal * signals were detected in axons projecting to the floor plate
and ventral funiculi (Fig. 1 H). The B-gal ™ axons were labeled
with specific markers of commissural neurons, anti-TAG-1 and
anti-DCC antibodies (Fig. 1 H; data not shown). These results
indicate that MBHI is expressed by commissural neurons.

In vivo electroporation into the spinal cord

To examine the function of MBH]I, we established a system for
the forced expression of a gene in the mouse spinal cord by mod-
ifying our in vivo electroporation method to the brain (Saito and
Nakatsuji, 2001). The uterine wall was cut to see embryos clearly,
and DNA was injected into the central canal of the spinal cord
(Fig. 2). Then electric pulses were applied to the spinal cord using
half-ring-type electrodes (Fig. 2A). The electrodes helped better
survival of embryos by limiting electric pulses mainly onto the
spinal cord. After electroporation, a reporter gene, EYFP, was
expressed only in one side of the spinal cord (Fig. 2B,C).

Ectopic expression of MBH1

Using this system, pEYFP-MBH1, which carried both the EYFP
and MBH]1 genes downstream of ubiquitous CAG promoters,
was introduced into the E11.5 mouse spinal cord. At this stage,
DNA will be taken up by cells that are not fated to express MBH1
for the following two reasons: (1) endogenous MBH1 ™ cells are
away from the ventricle (Fig. 1C), and (2) DNA is transferred to
cells adjacent to the ventricle by this method (Saito and Nakat-
suji, 2001). DNA will be also introduced mainly into dorsal cells,
because the central canal is wider in the dorsal side. Transfection
with EYFP alone as a control mostly labeled only dorsal cells, as
expected (Fig. 3A). In contrast, more ventral EYFP * cells were
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Figure3. Generation of commissural neurons by ectopic expression of MBH1.E11.5 mouse spinal
cords were transfected with £YFP alone (4, G, £, 1) and both EYFPand MBH1 (B, D, F—H, /). Right sides
of sections were closer to the anode and transfected with these genes (4, B, G, H). A, B, Transverse
sections of the spinal cord at brachial levels, 2 d after electroporation. Arrows and arrowhead indicate
EYFP ™ cells with morphologies similar to migratory commissural neurons and commissural axons,
respectively. Similar patterns of EYFP * cells and axons were observed through all axial levels of the
spinal cord in all electroporated EYFP ™ embryos (n = 15 for EYFP alone; n = 25 for coexpression of
EYFPand MBH1). Lateral (C, D, /,J) and ventral (E, F) views of the spinal cord electroporated at lumbar
levels, 3 ((—F) and 4 (/,J) d after electroporation. Rostral is to the left. Arrow and arrowhead indicate
EYFP " ipsilaterally projecting and commissural axons, respectively. G, H, Transverse section of the
E12.5 spinal cord, 1d after transfection with £YFP and MBH1. The section was stained with antibodies
against TAG-1 (red) and GFP (green). Misexpression of either LH2B, a LIM homeobox gene, or PHD1,a
paired-like homeobox gene expressed in the dorsal spinal cord (Saito et al., 1996), did not generate
more commissural axons. Scale bars: (in A) A, B, 100 wm; (in ) G, £, 200 wm; (in D) D, £, 200 em; G,
100 pem; (in/) 1,4, 200 pm.

generated by coexpression with MBHI (Fig. 3B, arrows). The
ventral EYFP ™ cells had morphologies similar to some commis-
sural neurons (Silos-Santiago and Snider, 1992). Transfection of
MBHI also produced more EYFP * commissural axons (Fig. 3B,
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Figure4. Comparison of MBH1-misexpressing cells with endogenous MBHT ™ cells using in

situ hybridization. After electroporation at E11.5, transverse sections of the mouse spinal cord
were annealed with antisense cRNA probes of MBH1 (A, B), MATH1 (C), and LH2B (D). Right sides
were transfected. Embryos were recovered at E12.5 (4, (, D) and at E13.5 (B). Arrowheads and
arrows indicate endogenous MBH1 ™ domains and MBH1-misexpressing cells, respectively.
Expression of MATHT and LH2B was not uprequlated at E13.5 either (data not shown). Trans-
fection with £YFP alone did not affect the expression of the genes (data not shown). Scale bar (in
A): A-D, 100 pem.

arrowhead). The cells transfected with EYFP alone projected as-
cending EYFP * axons ipsilaterally (Fig. 3C, arrow) but not com-
missural axons (Fig. 3E). In contrast, cells ectopically expressing
MBHI projected ascending commissural axons (Fig. 3F, arrow-
head). Coexpression of MBHI and EYFP in the same cells was
confirmed by immunostaining using the anti-MBHI1 antibody
(data not shown). There were more TAG-1" axons observed in
the MBH I-transfected side (Fig. 3G). EYFP " axons were labeled
with the anti-TAG-1 antibody (Fig. 3H). Similarly, more DCC *
axons were generated by ectopic expression of MBH]I, and the
EYFP * axons were also DCC™" (data not shown). These results
indicate that the axons of the cells ectopically expressing MBH
had acquired molecular identities as commissural axons and that
ipsilaterally projecting dorsal neurons were transfated into com-
missural neurons by misexpression of MBH].

Migration patterns of MBHI-misexpressing cells

Four days after electroporation, cells expressing EYFP alone re-
mained in the dorsal spinal cord (Fig. 3I). In contrast, most of
MBH 1-misexpressing cells were observed in the middle of the spinal
cord (Fig. 3]), suggesting that MBHI-misexpressing cells may have
migrated from the dorsal spinal cord. To compare MBHI-
misexpressing cells with endogenous MBHI ™ cells, in situ hybrid-
ization was performed (Fig. 4). At E12.5, 1 d after electroporation,
more cells expressing MBHI were detected in the dorsal area of the
MBHI-transfected side (Fig. 4A). Expression levels of MBHI were
higher in the MBHI-misexpressing cells than those of endogenous
MBH], reflecting a strong activity of the CAG promoter. Those cells
appeared to migrate toward the deep dorsal horn, whereas the en-
dogenous MBH1 * cells had already settled in the deep dorsal horn at
this stage (Fig. 4A, arrowhead). Two days after electroporation,
many MBHI-misexpressing cells settled down in the deep dorsal
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horn, in which the endogenous MBH1 ™ cells accumulated (Fig, 4 B).
A minor population of the MBHI-misexpressing cells was detected
in the ventral spinal cord as well as the endogenous MBHI ™ cells.
These results suggest that the cells ectopically expressing MBHI mi-
grate to endogenous MBHI " domains.

Next we examined whether the misexpression of MBHI af-
fects other genes. Expression of MATHI and LH2B, which are
related to the differentiation of commissural neurons, was not
upregulated (Fig. 4C,D; data not shown). Furthermore, no in-
crease of LH2A/B ™ cells was detected using the anti-LH2A/B
antibody (data not shown). These findings suggest that MATH
and LH2A/B are not downstream of MBH].

Discussion

Commissural neuron differentiation by MBH1

The results obtained by the ectopic expression of MBH1 suggest
that MBHI1 regulates at least three aspects of the differentiation of
commissural neurons. Expression of TAG-1 and DCC, which are
markers of commissural neurons, were induced by MBH]I. Be-
cause DCC s a receptor of netrins, the ectopic expression of DCC
may be responsible for axon projection of the MBHI-
misexpressing cells to the floor plate. Their axons elongated along
the floor plate after crossing it, as do endogenous commissural
neurons. The MBHI-misexpressing cells appeared to migrate to
the endogenous MBH1* domains. These findings suggest that
several genes involved in the differentiation of commissural neu-
rons are regulated downstream of MBH].

There are several types of commissural neurons at various
dorsoventral domains in the spinal cord. Only two domains were
MBH1 *, showing that MBH]1 is expressed by a subset of commis-
sural neurons. The expression of MBHI at E10.5, which was re-
stricted to the dorsal edge of the spinal cord, was similar to that of
MATHI, but the expression of MATH1 was limited to the ven-
tricular zone and detected at E9.5 (Helms and Johnson, 1998;
datanot shown), earlier than that of MBH1. All B-gal * cells of the
MBH]1/lacZ transgenic embryos expressed LH2A/B, which is a
marker of dI1 cells and expressed downstream of MATH1. These
results indicate that MBHI is expressed in a lineage of cells that
have expressed MATH1. All LH2A/B™ cells, however, appeared
not to be B-gal *, suggesting that MBH1 is expressed in a subset of
LH2A/B * cells. The expression patterns of MBH1 were similar to
those of LH2B in the spinal cord (Fig. 4; data not shown), sug-
gesting that MBH I may be expressed in the same lineage of cells
that express LH2B.

Misexpression of MBHI generated more commissural neu-
rons without induction of LH2A/B, suggesting that LH2A/B may
not exert the same function as MBH1 in the differentiation of
commissural neurons. This was confirmed by ectopic expression
of LH2B in the spinal cord, which did not produce more com-
missural neurons (data not shown). On the other hand, misex-
pression of MATH1 generated more commissural neurons (data
not shown), suggesting that MATH]I is upstream of MBH]I. At
E11.5, the domain of MBHI expression closely resembled the
B-gal* domain of transgenic mice that carried lacZ under the
control of MATHI-flanking sequences (Helms and Johnson,
1998). Moreover, the 3" MBHI-flanking sequence used for the
transgenic mice in this study contained an E-box (CAGCTG),
which could bind the MATH1 protein (Akazawa et al., 1995;
Helms et al., 2000). These findings suggest that MBHI may be a
downstream target of the MATHI1 protein.

A recent report has shown that excess commissural neurons
were generated in Lbx! (a Ladybird-like homeobox gene 1) mu-
tant mice because of mis-specification of dorsal interneurons (Gross
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etal., 2002). This is similar to our results from the misexpression of
MBH]. However, expression of Is/I and Lim1/2, which are affected
in the mutant mice, were not perturbed by the misexpression of
MBHI (data not shown). This result suggests that MBH]I generates
ectopic commissural neurons independently of a transcriptional
cascade exerted in the Lbx] mutant mice.

Regulation of cell migration by MBH1

The transgenic mice carrying lacZ with the MBHI-flanking se-
quences visualized MBHI1 ™ cells. At E10.5 and E11.5, the stages
when the MBH1 * cells were located between the dorsal edge and the
deep dorsal horn in the spinal cord, they showed morphologies typ-
ical of some migratory neurons (unipolar with leading processes)
(Leber and Sanes, 1995). Together with expression patterns of
MBHL1, this suggests that MBH1 is expressed during the migration of
commissural neurons. The endogenous MBHI * cells migrated to
the deep dorsal horn along the marginal zone of the spinal cord. In
contrast, MBHI-misexpressing cells appeared not to follow the same
route as the endogenous MBHI * cells but rather to take a direct
shortcut route from their birthplaces in the ventricular zone to the
deep dorsal horn. These observations suggest that MBHI may in-
struct the cells where to migrate, responding to an extracellular fac-
tor in the spinal cord. The factor may be released from the deep
dorsal horn to attract the cells or may exclude the cells from the
dorsolateral region of the spinal cord.

MBHI1 was also expressed by granule cells during their migra-
tion in the developing cerebellum (Saito et al., 2000). MATH],
TAG-1, and DCC are all expressed in the developing cerebellum
as well (Yamamoto et al., 1990; Akazawa et al., 1995; Livesey and
Hunt, 1997), suggesting that there is a common cascade of genes
between commissural neurons and the cerebellum.

Various functions of BarH genes

Some commissural neurons are generated downstream of Ngn2
(Simmons et al., 2001). We showed that forced expression of
MBH1 upregulates Ngn2 in P19 cells, reflecting expression patterns
of the two genes in the developing diencephalon (Saito et al., 1998).
Ngn2 was not activated by ectopic expression of MBH1 in the devel-
oping spinal cord (data not shown). MBH]I requires another un-
known factor that is transiently expressed in P19 cells to upregulate
Ngn2 (Saito et al., 1998). The factor may have been absent in the
spinal cord at the stage when MBHI was ectopically expressed.
MBHI was expressed in mitotically active cells in the ventricular
zone of the diencephalon, whereas postmitotic cells expressed
MBHI in the spinal cord. MBHI may have different functions at
different stages of neurogenesis. Similarly, Drosophila BarH genes
show various functions (Higashijima et al., 1992a,b).

In vivo electroporation in mouse

Both gain- and loss-of-function analyses are essential to establish
gene function. Gene knock-out techniques have enabled the loss-
of-function analysis of many genes in mouse. On the other hand,
gain-of-function approaches have been used extensively in chick.
The genes and gene combinations that regulate some stages of
development are not exactly the same between chick and mouse.
This report demonstrates that the in vivo electroporation tech-
nique is a powerful tool to reveal gene function in the mouse. This
technique will greatly facilitate functional analyses of genes, be-
cause it may also be applied to knock-out and transgenic mice.
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In utero electroporation parameter

Electrode
Stage  Diameter Electrode Voltage Pulse length Pulse interval Cycles Current
E125 3mm CUY650P3 33V 30 msec. 970 msec. 4 30-60mA
E135 5mm CUY650P5 30V 50 msec. 950 msec. 4 30-60mA
E145 5mm  CUY650P5 33V 50 msec. 950 msec. 4 30-60mA
E15 5mm CUY650P5 35V 50 msec. 950 msec. 4 30-60mA
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CUY650P1, P3

Tweezers w/Variable Gap 2 Round Platinum Plate Electrode
CUY650P1: 1mm diameter

CUY650P3: 3mm diameter

For Mouse Brain in Utero

For All Animal Tissues (Muscle, Skin, Bladder,Testis and Organs of Mouse, Rat,
Rabbit & Dog)

Ajustable Screw
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CUY650-5, PS, 7, P7

Tweezers w/Variable Gap 2 Round Plate Electrode

CUY650-5: Stainless Steel, 5mm diameter

CUY650P5: Platinum, 5mm diameter

CUY650-7: Stainless Steel, 7mm diameter

CUY650P7: Platinum, 7mm diameter

For Mouse Brain in Utero

For All Animal Tissues (Muscle, Skin, Bladder, Testis, Liver and Organs of Mouse,
Rat, Rabbit & Dog)

Ajustable Screw
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Mouth-controlled micropipette system

Drummond scientific company

Glass capillary GD-1 (Narishge)
* Puller PC-10 (Narishge) is required.





