
Development/Plasticity/Repair

Hippocampal Pyramidal Neurons Switch from a Multipolar
Migration Mode to a Novel “Climbing” Migration Mode
during Development
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The hippocampus plays important roles in brain functions. Despite the importance of hippocampal functions, recent analyses of neuro-
nal migration have mainly been performed on the cerebral neocortex, and the cellular mechanisms responsible for the formation of the
hippocampus are not yet completely understood. Moreover, why a prolonged time is required for hippocampal neurons to complete their
migration has been unexplainable for several decades. We analyzed the migratory profile of neurons in the developing mouse hippocam-
pal CA1 region and found that the hippocampal pyramidal neurons generated near the ventricle became postmitotic multipolar cells and
accumulated in the multipolar cell accumulation zone (MAZ) in the late stage of development. The hippocampal neurons passed through
the pyramidal layer by a unique mode of migration. Their leading processes were highly branched and made contact with many radial
fibers. Time-lapse imaging revealed that the migrating cells changed their scaffolds from the original radial fibers to other radial fibers,
and as a result they proceed in a zigzag manner, with long intervals. The migrating cells in the hippocampus reminded us of “rock
climbers” that instead of using their hands to pull up their bodies were using their leading processes to pull up their cell bodies. Because
this mode of migration had never been described, we called it the “climbing” mode. The change from the “climbing” mode in the
hippocampus to the “locomotion” mode in the neocortex may have contributed to the brain expansion during evolution.
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Introduction
Neuronal migration is an essential part of the development of the
hippocampus. However, recent analyses of neuronal migration
have mainly been performed on the cerebral neocortex, and the
cellular mechanisms responsible for the formation of the hip-
pocampal layers are not yet completely understood.

In the developing neocortex, several different neuronal migra-
tion modes, including “locomotion,” “somal translocation,”
“terminal translocation,” and “multipolar migration,” have been
described (Rakic, 1972; Nadarajah et al., 2001; Tabata and Naka-
jima, 2003; Noctor et al., 2004; Cooper, 2008; Tabata et al., 2009;
Sekine et al., 2011; Sekine et al., 2012; Yoshinaga et al., 2012). In

contrast, the precise migration modes in the hippocampus are
not yet known.

In the neocortex, neurons generated in the ventricular zone
(VZ) accumulate in the lower part of the subventricular zone
(SVZ) as multipolar cells (Tabata and Nakajima, 2003), where we
dubbed the “multipolar cell accumulation zone” (MAZ) (Tabata
et al., 2009, 2012). Although the neocortical MAZ overlaps with
the SVZ, these two concepts are different from each other (Tabata
et al., 2009, 2012) because the SVZ was originally defined as the
zone adjacent to the VZ with proliferative activity but without
interkinetic nuclear movement during the mitotic cycle (An-
gevine et al., 1970). The MAZ, on the other hand, is a zone en-
riched with postmitotic cells. The upper border of the SVZ is not
very clear compared with that of the MAZ because basal progen-
itors are widely distributed from around the upper border of the
VZ to the intermediate zone (IZ) of the neocortex (Tabata et al.,
2009, 2012).

Analyses of fixed sections of developing hippocampus re-
vealed that hippocampal neurons acquire a bipolar morphology
during their migration through the stratum pyramidale (SP) (py-
ramidal layer) (Stensaas, 1967a, b; Nowakowski and Rakic, 1979;
Nakahira and Yuasa, 2005). Multipolar cells have also been re-
ported to exist in the developing hippocampus of the rabbit
(Stensaas, 1967a, b), monkey (Nowakowski and Rakic, 1979),
and mouse (Nakahira and Yuasa, 2005). However, knowledge of
their contribution to the production of hippocampal neurons
remains elusive. In addition, although it has been repeatedly
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pointed out that the hippocampal pyramidal neurons require a
long time to complete their migration (Nowakowski and Rakic,
1981; Altman and Bayer, 1990; Tomita et al., 2011), why they
require such a long time is unknown.

In the present study, we tracked the cells that were generated in the
VZ of the hippocampal CA1 region. In the late stage of development,
most of the postmitotic migrating cells assumed a multipolar shape and
accumulated just above the VZ, or in the MAZ. They then left the MAZ
andtransformedintowell-branchedbipolarcellstomigratethroughthe
SP. One characteristic of these migrating cells was that they made con-
tacts with more than one radial fiber at a time by their leading processes.
Because this migratory behavior is distinct from the known modes of
neocortical migration, we refer to this migration as the “climbing”
mode.

Materials and Methods
In utero electroporation. All animal experiments were performed accord-
ing to the guidelines of Keio University School of Medicine. Pregnant
ICR (Japan SLC) mice were deeply anesthetized with pentobarbital so-
dium (Nembutal), and their intrauterine embryos were surgically ma-
nipulated as described previously (Nakajima et al., 1997; Tabata and
Nakajima, 2001; Kubo et al., 2010b). Embryos and pups of either sex were
used. A CAG-driven enhanced green fluorescent protein (GFP) expres-
sion vector (pEGFP-CAGGS1) (Niwa et al., 1991) at a concentration of
1.0 �g/�l was injected into a lateral ventricle of the brain of each embryo,
and in utero electroporation was performed. To transfect the embryonic
hippocampus, we injected plasmids into a lateral ventricle of the telen-
cephalon of each embryo and placed the cathode adjacent to the neocor-
tex on the side of the target hippocampus for electroporation as we
reported (Tomita et al., 2011). Mammalian Cre recombinase gene (M-
cre) was obtained as a kind gift from Dr. Shuji Miyazaki (Koresawa et al.,
2000) and subcloned into the pCAGGS1 vector (pCAG-M-cre). Lyn-
GFP (Sawano et al., 2002) (kindly provided by Dr. Atsushi Miyawaki)
was subcloned into the pCAGGS1 (pCAG-Lyn-GFP) or pCALNL vector
(pCALNL-Lyn-GFP, pCALNL vector was purchased from Addgene).
pCAG-Lyn-GFP at a concentration of 1.0 �g/�l or pCALNL-Lyn-GFP
at a concentration of 1.0 �g/�l mixed with a very low concentration
(1.0 ng/�l) of pCAG-M-cre was injected into a lateral ventricle, and in
utero electroporation was performed.

Brain slice preparation and staining. Coronal slices of developing brains
were prepared as described previously (Tabata and Nakajima, 2003).
Briefly, the brains were fixed with 4% paraformaldehyde and cut into 20
to 100 �m sections with a cryostat. Green fluorescent images were cap-
tured directly, except for Figure 3N, N�. The primary antibodies used
were anti-GFP (1:1000, MBL International) (Fig. 3 N, N�), anti-HuC/
HuD (mouse antihuman HuC/HuD, 1:200, Invitrogen), antineurofila-
ment-M (NF-M; rabbit anti-NF-M, 1:500, Millipore), anti-BrdU (mouse
anti-BrdU, 1:50, BD Biosciences), anti-Ki67 (rabbit anti-Ki67, 1:100,
Thermo), and anti-nestin (rat anti-nestin, 1:300, BD Biosciences). For in
vivo BrdU labeling, pregnant mice were intraperitoneally injected with a
50 �g/g body weight dose of BrdU (Sigma). In some sections, the nuclei
were labeled with propidium iodide (PI; Invitrogen) or DAPI (Invitro-
gen). Images were acquired through confocal microscopes (FV300 or
FV1000, Olympus Optical).

Statistical analysis of cell distribution. Cell distribution was statistically
analyzed as described previously (Kubo et al., 2010a). Briefly, to analyze
the distributions of the cells in vivo quantitatively, the nuclei of the GFP-
positive cells were visualized by staining with PI. First, the relative dis-
tance of each cell from the ventricle was determined by measuring the
distance (X) of the nucleus from the ventricle with the ImageJ software
and dividing it (X) by the distance (Y) between the top of the SP and the
ventricle along a line that passed through the nucleus (X/Y corresponds
to the relative distance of the nucleus from the ventricle). Cell distribu-
tion was then evaluated by dividing areas into 5 bins and counting the
cells in each bin. The deepest bin was designated Bin 1, and the most
superficial bin was designated Bin 5. For the sake of accuracy, the relative
distance of each cell from the ventricle (X/Y above) was used to assign the

cells to each of the 5 bins. For example, cells whose relative distance was
�0.8 but �1.0 were assigned to Bin 5, and those whose relative distance
was 0 – 0.2 were assigned to Bin 1. The ratio of cells in each bin was
calculated by dividing the number of cells in the bin by the total number
of cells in all of the bins.

Time-lapse imaging and analysis of movement. Time-lapse imagining
was performed as described previously (Tabata and Nakajima, 2003).
Briefly, coronal brain slices (200 �m thick) from the central one third of
the forebrain were placed on a Millicell-CM membrane (pore size, 0.4
�m; Millipore), mounted in low melting temperature agarose, and cul-
tured in Neurobasal medium containing B27 (Invitrogen). The dishes
were then mounted in a 40% O2 incubator chamber fitted onto a confo-
cal microscope (FV1000, Olympus Optical). Approximately 10 optical
Z-section images were acquired at the indicated interval, and all focal
planes (�200 �m thick) were merged.

Movement was analyzed using Move-tr/2D software program
(Library).

Movies except for Movie 1 are available on the K.N. laboratory website
(http://plaza.umin.ac.jp/�Nakajima/page6/page19/page17/page17.html).

Results
Migration profile of CA1 pyramidal neurons at each stage
of development
The pyramidal neurons in the mouse hippocampus are generated
during embryonic days (E) 12–18 (Angevine, 1965; Caviness,
1973; Smart, 1982), and their generation peaks between E14 and
E16 (Angevine, 1965; Stanfield and Cowan, 1979). To clarify the
relationship between the migration profiles and the birth dates of
the neurons, we transfected a GFP-expression plasmid into hip-
pocampal VZ cells by in utero electroporation (Tabata and Naka-
jima, 2001; Tomita et al., 2011) at E12.5, E13.5, E14.5, E15.5, or
E16.5, to label the pyramidal neurons that were generated on each
of those days (Fig. 1).

The time required for hippocampal neurons to reach the SP
varied with the stage of the development. When electroporation
was performed at E12.5, the first cohort of neurons generated in
the VZ is thought to have been labeled. The cells labeled by elec-
troporation on E12.5 started to move toward the pial surface at
E14.5 (Fig. 1, 2d, yellow arrows). At E15.5 (3 d after electropora-
tion), the thin primitive SP (pyramidal layer; hippocampal plate)
of the hippocampal CA1 region became discernible, as reported
previously (Fig. 1, 3d, between the broken white lines) (Soriano et
al., 1994), and the first cohort of GFP-labeled cells participated in
the emergence of the SP. At E18.5, 6 d after electroporation, the
GFP-labeled cells were positioned in the lowest part of the SP,
reflecting the “inside-out” manner of layer formation (Fig. 1, 6d,
black arrow).

It took longer time for the migrating cells to reach the top of
the SP as development proceeded. When electroporation was
performed at E13.5 or E14.5, the GFP-labeled cells left the VZ and
gradually migrated toward the top of the SP. It took 3 d for the fast
migrating cells to reach the top of the SP, but it took 5– 6 d for the
majority of the GFP-labeled cells to migrate into the SP (the cells
in Fig. 1 reached Bin 5 at 3 d after electroporation; Fig. 2A, blue
asterisks, E13.5EP and E14.5EP), and the peaks in Bin 5 were
observed 5 or 6 d after electroporation (Fig. 2A, magenta aster-
isks, E13.5EP and E14.5EP; see also Fig. 2B). When electropora-
tion was performed at E15.5 or E16.5, it took longer, �7 d, for
most of the GFP-labeled cells to complete their migration (Fig.
1). In Figure 2A, the peaks in Bin 5 were observed 7 and 8 d after
electroporation (Fig. 2A, black asterisks, EP15.5 and EP16.5; see
also Fig. 2B). One day and 2 d after electroporation at E15.5 or
E16.5, a majority of the GFP-labeled cells was found just above
the VZ (Fig. 1, white arrows, 1 d and 2 d). After the GFP-labeled
cells left this zone, they remained in the IZ below the SP from 4 to
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6 d after electroporation on E15.5 (Fig. 1, white arrowheads) and
from 4 to 7 d after electroporation on E16.5 (Fig. 1, white arrow-
heads). When electroporation was performed at E16.5, a consid-
erable number of cells remained in the stratum oriens (SO), even
9 d after electroporation (Fig. 1; yellow arrowheads; see also Fig.
2B). Migration profiles in the hippocampal CA1 region are sche-
matically summarized in Figure 2B.

Multipolar cells accumulated in the hippocampal MAZ in the
late stage of development
Just after the GFP-labeled cells left the VZ, especially 1 or 2 d after
electroporation, they assumed a multipolar morphology (Fig.
3A–J,A�–J�). At E16.5, 2 d after electroporation at E14.5, time-
lapse imaging of multipolar cells labeled with GFP showed that
they were exhibiting characteristic “multipolar movement” (Ta-

Figure 1. Migration profile of the CA1 pyramidal neurons at each stage of development. GFP-plasmid was transfected into the hippocampal cells at E12.5, E13.5, or E14.5, and the brains were
examined 0.5, 1, 2, 3, 4, 5, and 6 d later. When electroporation (EP) was performed at E15.5 and at E16.5, the brains were also examined after 7 and 8, and after 7, 8, and 9 d, respectively. The sections
were counterstained with PI (magenta). The numbers on the left side of the panels are the numbers of the 5 bins used to evaluate cell distribution. (The deepest bin was designated Bin 1, and the
most superficial bin was designated Bin 5.) Two days after E12.5 electroporation, the GFP-labeled cells comprised the first cohort of cells (yellow arrows) that moved toward the pial surface. Three
days after E12.5 electroporation, the thin SP of the hippocampal CA1 region (between the broken white lines) first became visible. Six days after E12.5 electroporation, the GFP-labeled neurons
comprised the lowest part of the SP (black arrow). The broken white lines in panel of 3d are the boundaries of the forming SP. One day and 2 d after electroporation at E15.5 or E16.5, most
of the GFP-labeled cells had accumulated just above the VZ (white arrows). The GFP-labeled cells remained in the IZ below the SP from 4 d to 6 d after E15.5 electroporation (white
arrowheads), and for 4 –7 d after E16.5 electroporation (white arrowheads). When electroporation was performed at E16.5, a considerable number of cells remained in the SO (yellow
arrowheads) and did not enter the SP.
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bata and Nakajima, 2003), in which they extended and retracted
processes dynamically and wandered or advanced slowly toward
the SP (data not shown). When electroporation was performed at
E15.5 or E16.5, the multipolar cells were more tangentially ori-
ented and had densely accumulated just above the VZ (Fig. 3K–
K�). This zone in which the multipolar cells had accumulated was
positive for the neuronal marker HuC/D (Fig. 3K�,K�,L�,L�).
Based on the above findings together, we concluded that an MAZ,
which was originally described in the neocortex (Tabata et al.,
2009, 2012; see Introduction for the details), is also present in the
developing hippocampus.

The above results suggested that the long migration time in
the late developmental stages might coincide with the appearance
of the MAZ. We hypothesized that the axon bundles in the SO
affect the migration and the shapes of the multipolar cells in the
MAZ. To test our hypothesis, we visualized the axons with an
anti-neurofilament (NF) antibody (Fig. 3M), and we found that
the prominent NF-positive fiber bundles appeared at approxi-
mately E16.5, 2 d after electroporation at E14.5, and that the
multipolar cells became tangentially aligned as the numbers of
NF-positive fiber bundles increased. To examine whether the
fiber bundles would derive from the earlier-generated neurons
that have already reached the SP, we performed a sequential in
utero electroporation (Kubo et al., 2010b; Sekine et al., 2011,
2012) by transfecting a GFP plasmid at E13.5 to label the early-

born neurons, and then transfected a tdTomato plasmid at E16.5
to label the late-born neurons. When the brains were analyzed at
E18.5, the tdTomato-positive cells were tangentially aligned un-
derneath the GFP-positive axon bundles that derived from the
GFP-positive cells in the SP (Fig. 3N,N�). Thus, the tangential
orientation of the multipolar cells appeared to coincide with the
appearance of the fiber bundles in the SO that include axons
extended from the earlier-generated neurons.

Basal (intermediate) progenitors are rare in the CA1 region of
the developing hippocampus
The discovery of the presence of the MAZ in the hippocampus led
us to investigate whether an SVZ, which overlaps the MAZ and IZ
and harbors basal progenitors in the developing neocortex (An-
gevine et al., 1970; Tabata et al., 2009, 2012), was present in the
hippocampus. In the late stage of neocortical development, the
SVZ contains two distinct populations of cells (Tabata et al.,
2009, 2012). One of the populations of cells, a slowly exiting
population (SEP), completes its final cell division within the VZ
and migrates slowly into the MAZ, where the cells exhibit
typical multipolar cell morphology and densely accumulate.
The other population, a rapidly exiting population (REP),
rapidly exits the VZ by somal translocation, and the majority
of the cells in the REP undergo an additional cell division
within the SVZ/IZ. The SEP in the SVZ are postmitotic neu-

Figure 2. Quantitative analysis of the migration profiles of the CA1 pyramidal neurons. A, A bin analysis was performed for the results shown in Figure 1 to evaluate cell distribution by dividing
the space between the top of the SP and the ventricle into 5 equal areas (5 bins), and the number of GFP-positive cells in each bin was calculated as a percentage of the total number of cells in all 5
bins. Data are mean � SE of the data obtained in three different brains. Blue asterisks: When electroporation (EP) was performed at E13.5 or E14.5, cells reached Bin 5 at 3 d after electroporation,
indicating that it took 3 d for the fast migrating cells to reach the top of the SP. Magenta asterisks: Peaks in Bin 5 were observed 5 or 6 d after electroporation, indicating that the majority of
GFP-labeled cells needed 5– 6 d to migrate into the SP. Black asterisks: When electroporation was performed at E15.5 or E16.5, the peaks in Bin 5 were observed 7 and 8 d after electroporation,
indicating that most GFP-labeled cells required a longer time (�7 d) to complete their migration. B, A schematic representation of the neuronal migration profiles shown in A.
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rons, whereas REP is thought to be mainly composed of basal
progenitors, but it also contains some glial progenitors and
oRG/bRG cells (outer SVZ radial glia-like cells/basal radial
glial cells) (Tabata et al., 2009, 2012, 2013; Fietz et al., 2010;

Hansen et al., 2010; Shitamukai et al.,
2011; Wang et al., 2011; Hevner and
Haydar, 2012). Because mitotic figures
have been reported in the outer VZ and
IZ in the developing hippocampus
(Smart, 1982), we next investigated
whether two similar distinct popula-
tions (equivalents of an SEP and REP in
the neocortex) are also present in the
developing hippocampus.

The hippocampal MAZ became appar-
ent at E16.5. At E16.5, 1 d after electropo-
ration at E15.5, more GFP-labeled cells
were distributed in the MAZ (90.9 �
1.6%, n 	 205, 3 brains; Fig. 4C) than in
the SO (8.4 � 1.2%, n 	 205, 3 brains; Fig.
4C). A few GFP-labeled cells that had a
long ascending process and a trailing pro-
cess and exhibited a somal-translocation
morphology (Nadarajah et al., 2001) (Fig.
4A–B�, yellow arrow) were found in the
SO (hippocampal IZ) above the MAZ.
The proliferative activity of these cells ex-
hibiting a somal-translocation morphol-
ogy was assessed by a single shot of BrdU
24 h after electroporation and fixation of
the embryos 30 min later. Although only a
small proportion of the GFP-positive cells
was present in the SO, a high proportion
of the GFP-positive cells in the SO were
BrdU-positive (29.6 � 3.0%, n 	 18, 3
brains; Fig. 4D), whereas BrdU-positive
cells were rarely found (1.6 � 0.9%, n 	
187, 3 brains) in the MAZ of the hip-
pocampus (Fig. 4D).

For comparison, in the medial neocor-
tex (Fig. 4E–F�), the typical MAZ was ob-
served at E17.5, and more GFP-positive
cells were found in the neocortical MAZ
(corresponding to the SEP, 72.9 � 4.4%,
n 	 290, 3 brains; Fig. 4G) than in the IZ
(corresponding to the REP, 22.6 � 4.2%,
n 	 290, 3 brains; Fig. 4G), 1 d after elec-
troporation at E16.5. The proportion of
GFP-positive cells in the medial neocortex
that was BrdU-positive (Fig. 4E, arrows)
was higher in the IZ (24.0 � 1.0% of the
GFP-positive cells, n 	 73, 3 brains) than
in the MAZ (8.8 � 1.4% of the GFP-
positive cells, n 	 217, 3 brains) (Fig. 4H),
similar to the results in the hippocampus.

The above observations indicated that
most of the GFP-positive cells in the hip-
pocampal MAZ were not proliferative, the
same as in the neocortical MAZ. The ex-
amination using an antibody against Ki67
(a marker for mitotically active cells in all
phases of the cell cycle, including the G1,
S, G2, and M phases) (Gerdes et al., 1984)

confirmed the low proliferative activity in the hippocampal MAZ
(Fig. 4I–L). These results suggested that most CA1 hippocampal
cells complete their final cell division in the VZ and migrate into
the MAZ, where they become postmitotic multipolar cells. These

Figure 3. Multipolar cells accumulated in the MAZ of the hippocampus in the later stage of development. A–J, A GFP-plasmid
was transfected into the hippocampal cells at E12.5 (A,F ), E13.5 (B,G), E14.5 (C,H ), E15.5 (D,I ), or E16.5 (E,J ) by in utero
electroporation (EP), and the brains were examined 1 d (A–E) or 2 d (F–J ) later. A�–J�, The images are higher magnifications of the
boxed areas in A–J. K–L�, A GFP-plasmid was transfected into the hippocampal cells at E16.5, and the brains were examined 2 d
later. Sections were stained for the neuronal marker HuC/D (magenta) and counterstained with DAPI (blue). L–L�, Higher magni-
fications of the boxed area in K�. The GFP-positive cells in the MAZ were positive for HuC/D (white arrows). M, A GFP-plasmid was
transfected into hippocampal cells at E12.5, E13.5, E14.5, E15.5, or E16.5, and the brains were examined 2 d later. Sections were
stained with anti-NF-M antibody. N–N�, A GFP-plasmid was transfected at E13.5, a tdTomato-plasmid was transfected at E16.5,
and the brains were examined 2 d later. Sections were counterstained with DAPI (blue). N�, A higher magnification of the boxed
area in N.
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multipolar cells accumulate in the hip-
pocampal MAZ, especially in the late
stage of development (i.e., after E15.5).
Members of the other population, basal
progenitors, which exhibit a migratory
profile similar to that of the neocortical
REP, are rather rare in the developing
hippocampus.

Time-lapse imaging of hippocampal
neurons migrating through the SO and
the SP
Although it was previously suggested that
multipolar cells transformed into spindle-
shaped cells arranged along the radial glia
based on examinations of fixed tissue sec-
tions (Nakahira and Yuasa, 2005), the
precise modes of migration of hippocam-
pal cells had never been investigated by
imaging living cells. Two distinct modes
of radial neuronal migration, “locomo-
tion” and “terminal translocation,” have
been reported in the cortical plate (CP) of
the developing neocortex (Nadarajah et
al., 2001). In the “locomotion” mode,
cells having an unbranched (or slightly
branched) leading process migrate a long
distance along the radial fibers in a salta-
tory manner. When the tip of the leading
process reaches the neocortical MZ, they
migrate by the “terminal translocation”
mode, in which only the soma rapidly
moves to the top of the neocortical CP,
whereas the branched tips of the process
remain attached to the MZ. We then in-
vestigated how the hippocampal cells mi-
grate to the top of the SP.

Examination of the brains 5 d after
electroporation at E15.5 showed that the
GFP-labeled cells were mainly located in
the SO, but some had already entered the
SP (Fig. 1). A high-magnification view of
GFP-positive cells in the SO showed that
they were spindle-shaped bipolar cells
that extended multiple processes in vari-
ous directions (Fig. 5A–A�). The GFP-
positive cells that had already entered the
SP were more radially oriented and had
thin trailing processes, and their leading
processes usually had several branches
(Fig. 5B–B�).

We then introduced a GFP plasmid
into the VZ cells at E15.5, prepared hip-
pocampal slices 3–5 d after electropora-
tion, and acquired time-lapse images
every 15 min for 24 h (Fig. 5C–E). When
we started to make our observations 3 d
after electroporation at E15.5, the GFP-
labeled cells in the SO exhibited charac-
teristic “multipolar movement,” but they gradually
transformed into spindle-shaped bipolar cells that had elabo-
rate leading processes with multiple branches (Fig. 5C). Some
cells were in a transitional state between a bipolar morphology

and the multipolar morphology (Fig. 5C); transitions were
also observed in Fig. 5D. When our observations started 5 d
after electroporation at E15.5, the GFP-labeled multipolar
cells were seen to gradually migrate toward the SP and enter it

Figure 4. A few basal progenitors were present in the CA1 region of the hippocampus. A–D, A GFP-plasmid was transfected into
the hippocampal cells at E15.5, and the brains were examined 1 d later. BrdU was injected 30 min before fixation. The sections were
stained with anti-BrdU (magenta) and counterstained with DAPI (blue). Most of the GFP-positive cells were found in the VZ and
MAZ, but some were found in the SO (A, arrow). B–B�, High magnification revealed that it exhibited “somal-translocation”
morphology having an ascending processes and a trailing process. C, The numbers of GFP-positive cells in the hippocampal MAZ
and SO were calculated as a proportion of the total number of GFP-positive cells in the MAZ and SO combined. Values shown are
mean � SE of the average values obtained in three different brains. D, The numbers of BrdU- and GFP-double positive cells as a
proportion of the GFP-positive cells in the MAZ and in the SO were calculated. Values shown are mean � SE of the average values
obtained in three different brains. E–H, A GFP-plasmid was transfected into the neocortical cells at E16.5, and the brains were
examined 1 d later. BrdU was injected 30 min before fixation. Sections were stained with anti-BrdU (magenta) and counterstained
with DAPI (blue). Most of the GFP-positive cells were found in the VZ and MAZ, but some cells with somal-translocation morphol-
ogy were found in the IZ (E, arrows). F–F�, Higher magnification of a cell with somal-translocation morphology (E, yellow arrow)
revealed that it was BrdU-positive. G, The numbers of GFP-positive cells in the neocorical MAZ and in the neocortical IZ were
calculated as a proportion of the total number of GFP-positive cells in the MAZ and IZ combined. Values shown are mean � SE of
the average values obtained in three different brains. H, The numbers of BrdU- and GFP-double positive in the neocortical MAZ and
in the IZ were calculated as a proportion of the GFP-positive cells in the MAZ and IZ. Values shown are mean � SE of the average
values obtained in three different brains. I–L, A GFP-plasmid was transfected into hippocampal cells at E15.5, and the brains were
examined 1 d later. Sections were stained with anti-Ki67 (magenta) and counterstained with DAPI (blue). Some GFP and Ki67-
double positive cells were distributed in the SO (I, arrows). J–J�, High magnifications of a cell in I (yellow arrow). K, The numbers
of GFP-positive cells in the hippocampal MAZ and in the hippocampal SO were calculated as a proportion of the total number of
GFP-positive cells in the MAZ and SO combined. Values shown are mean � SE of the average values obtained in three different
brains (n 	 194). GFP-positive cells were rarely observed in the SO of the hippocampus where they account for only 8.4 � 2.3%
of the total number of GFP-positive cells in the MAZ and SO combined. L, The numbers of Ki67- and GFP-double positive cells were
calculated as a portion of the GFP-positive cells distributed in the MAZ and in the SO. Values shown are mean � SE of the average
values obtained in three different brains. A high proportion of the GFP-positive cells in the SO was Ki67-positive (45.4 � 9.8% of
the GFP-positive cells in the SO, n 	 16, 3 brains). Only a small proportion of the GFP-positive cells in the MAZ was the Ki67-positive
cells (3.0 � 1.3%, n 	 178, 3 brains).
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(Fig. 5D). They became spindle-shaped and usually had one or
two major branched leading processes (Fig. 5B–B�; see Fig.
7B).

Examination of the cells migrating in the SP revealed that the
presence of one or two very long, branched major leading pro-
cesses (Fig. 5E). Without stopping the dynamically moving
branches, the basal part of a leading process grew thicker and the
cell body moved a short distance toward the point where the
leading process branched. The proximal part of one branch later
became thicker and looked like a new leading process (Fig. 5E,
cyan arrows), and soon the cell body moved a short distance
toward the point where this new process branched. After the cell
body moved in this manner several times, the cell finally reached
the top of the SP.

Hippocampal neurons migrate through
the SP in a zigzag manner
Next, to compare the migratory behavior
of the neurons in the hippocampus and
neocortex, we performed time-lapse im-
aging of neocortical neurons (Fig. 6A). Al-
though the tip of the leading process of the
migrating cells in the neocortex was occa-
sionally branched, the smooth, simple
leading processes of the neocortical cells
migrating in the “locomotion” mode con-
trasted with the leading processes of hip-
pocampal cells, which had several long
branches. We then quantitatively ana-
lyzed cell movement by tracing the trajec-
tories of cells and measuring their speed
and angle of migration during each obser-
vation period (Fig. 6B–H�). The result
showed that the migrating hippocampal
cells frequently changed direction and
pursued a zigzag course. Analysis of the
migration speeds in the hippocampal SP
and in the neocortical CP, showed that the
speed of the cells alternated fast and slow
(Fig. 6D,E). The duration of the rapid
movement in the hippocampal SP was
shorter than in the neocortical CP (Fig.
6D,E, shaded in gray). The average maxi-
mum speed of the movement of the cell
bodies of the hippocampal cells (40.9 �
5.9 �m/h, n 	 5) was slower than that of
the neocortical cells (80.6 � 10.2 �m/h,
n 	 6) (Fig. 6F), and as a result the average
migration speed of the hippocampal cells
(7.1 � 1.4 �m/h, n 	 5) was significantly
slower than that of the neocortical cells
(20.5 � 2.4 �m/h, n 	 6) (Fig. 6G). Com-
parison of directions in which the cells
migrated showed that the direction of the
neocortical cells was mostly perpendicu-
lar to the ventricular surface (0 � 15 de-
grees; Fig. 6H, “i. 30 degrees”) and that the
hippocampal cells frequently moved in
different directions. The proportions of
the movements by the migrating cells in
the neocortical CP that deviated no more
than 15 degrees from a line drawn perpen-
dicular to the ventricular surface was
63.2 � 5.5% (Fig. 6H�, “i”), whereas it was

29.1 � 1.6% for the migrating cells in the hippocampal SP (Fig.
6H�, “i”). Thus, the neocortical cells moved relatively in a
straight line (Fig. 6C), whereas the hippocampal cells migrated
in a zigzag manner (Fig. 6B).

The mode of migration of the hippocampal cells differed from
the “locomotion” mode or “terminal translocation” mode of mi-
gration of the neocortical cells. The cell bodies of the hippocam-
pal cells translocated toward the branching point of the leading
processes in a manner similar to the “terminal translocation,” but
their migration speed was much slower than the reported migra-
tion speed of “terminal translocation” (66 �m/h) (Nadarajah et
al., 2001). The hippocampal cells repeated these slow, short trans-
locations several times, whereas the neocortical cells exhibit
“terminal translocation” only once, just before they complete

Figure 5. Time-lapse imaging of migrating hippocampal cells. A–B�, A GFP-plasmid was transfected into the hippocampal cells
at E15.5, and the brains were examined 5 d later. A�, B�, Sections were counterstained with PI (magenta). A�, B�, Higher
magnifications of the GFP images in the boxed areas in A� and B�. C, Time-lapse images of a multipolar cell (yellow arrowhead)
were obtained from a hippocampal slice prepared 3 d after electroporation of a GFP-plasmid at E15.5. D, E, Time-lapse images of
hippocampal cells (yellow arrowheads) were obtained from a hippocampal slice prepared 5 d after electroporation of a GFP-
plasmid at E15.5. The time displayed in each panel indicates the time (hours and minutes) elapsed since the start of the observation
period. The proximal part of one branch became thicker (cyan arrows), and soon the cell body moved a short distance toward the
point where the process branched. Top, SP side. Bottom, Ventricular side.
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migration (Nadarajah et al., 2001;
Sekine et al., 2011). The hippocampal
cells repeatedly moved short distances in
a discontinuous manner that was similar
to the movements in the “locomotion”
mode of migration, but the “locomotion”
movements of the neocortical cells are a
saltatory movement, and their trajectory
is linear, whereas the movement of the
hippocampal cells was zigzag, with long
intervals between movements. Moreover,
although the leading process of neocorti-
cal cells is rather simple during “locomo-
tion,” the hippocampal cells have highly
branched complex leading processes. In
other words, the hippocampal cells un-
dergo sequential translocation in which
they use their branched leading processes
to pass through the SP. In total, we imaged
67 hippocampal migrating neurons from
41 slices. Sixty neurons (89.6%) had
branched leading processes, and among
them, 53 neurons (79.1%) moved in a
zigzag manner by repeatedly extending
and shortening their branched leading
processes.

Hippocampal neurons migrate by a
“climbing” mode
To examine the morphology of the migrat-
ing hippocampal neurons in greater detail,
we labeled each migrating neuron by a
sparse-cell labeling technique. To restrict
transgene expression to a limited number of
cells and enable to label a small subset of
migrating cells, we used a Cre-dependent
expression vector containing a CAG pro-
moter (Matsuda and Cepko, 2007), a floxed
stop cassette, and a reporter gene (GFP)
(the pCALNL-GFP vector) in combination
with a very low concentration of a Cre-
recombinase expression vector (pCAG-M-
cre) (Fig. 7A). The cells that were
visualized had elaborate leading pro-
cesses that extended many branches
(Fig. 7B). Staining with an anti-nestin
antibody showed that migrating cells
frequently came into contact with the
radial fibers at the sites of the varicosi-
ties (Fig. 7B�; single confocal sections of
the boxed areas are shown in Fig. 7B�).

To further elucidate the interaction
between the migrating cells and the ra-

Figure 6. Hippocampal neuron migration was compared with neocortical neuron “locomotion.” A, Time-lapse images of a
migrating neocortical cell were obtained from a neocortical slice prepared 5 d after electroporation of a GFP-plasmid at E15.5. Top,
Pia matter side. Bottom, Ventricular side. B, C, Trajectories of migrating hippocampal (SP) and neocortical (CP) cells are shown.
Images were acquired every 15 min. Left panels, Trajectories (white lines) have been superimposed on the images of the last time
frame. Right panels, Magenta arrows that reflect the speed and direction of the movements in each time frame have been
superimposed on the trajectories. D, E, The trajectories of migrating cells in the SP of the hippocampus and in the CP of the
neocortex were traced, and the speeds and direction of movements of the migrating cells in each time frame were measured. The
durations of movements at relatively high speeds are shaded in gray bars. F, G, Mean � SE of the maximum migration speeds (F )
and mean � SE of the average migration speeds (G) of cells in the SP of the hippocampus from 5 different brains and in the CP of
the neocortex from 6 different brains, respectively. *p 
 0.05 (Student’s t test). **p 
 0.01 (Student’s t test). H, H�, The

4

proportion of the movements by the migrating cells in the SP
of the hippocampus and in the CP of the neocortex that were
within the angles shown in H was measured for 5 (SP) different
brains and 6 (CP) different brains, respectively. **p 
 0.01
(Student’s t test). The movements that were within 0 � 15
degrees (i. 30 degrees) of a line drawn perpendicular to
the ventricular surface were regarded as perpendicular
movements.
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dial fibers in the hippocampus, we labeled the migrating cells
with a membrane-anchored form of GFP (Lyn-GFP) (Sawano
et al., 2002), which enabled us to fully depict the contours of
the migrating cells (Fig. 7C). Staining with an anti-nestin an-
tibody showed that each migrating cell contacted more than
one radial fiber with their branched processes (Fig. 7C; single
confocal sections of the boxed areas are shown in Fig. 7C�).

To perform time-lapse imaging, we labeled the migrating cells
and the radial fibers with different colors by sequential in utero
electroporation. As shown in Figure 7D and in our previous pa-
pers (Kubo et al., 2010b; Sekine et al., 2011, 2012), cells born at
different dates are labeled by different colors using this method.
First, electroporation with a Lyn-EGFP plasmid was performed
3 d before time-lapse imaging to monitor the migrating neurons

Figure 7. Sparse-cell labeling of “climbing” neurons. A, A schematic representation of the sparse-cell labeling technique. To restrict transgene expression to just a few cells, a
combination of a Cre-dependent expression vector containing the CAG promoter, a floxed “stop cassette,” and a reporter gene (EGFP) (pCLANL-GFP vector) and a very low concentration
(1.0 ng/�l) of a Cre-recombinase expression vector (pCAG-M-cre) was used. B, Sparse-cell labeling was performed by transfecting hippocampal cells at E15.5, and the brains were
examined 5 d later. B�, Sections were stained with an anti-nestin antibody (magenta) and counterstained with DAPI (blue). B�, Higher magnifications of the single confocal sections of
the boxed areas in B� (i-v) are shown. C, C�, Sparse-cell labeling with a membrane-anchored form of GFP (Lyn-GFP) was performed by transfecting hippocampal cells at E15.5, and the
brains were examined 5 d later. Lyn-GFP was inserted into a Cre-dependent expression vector containing a CAG promoter and a floxed “stop cassette” (pCALNL-Lyn-GFP vector). Sections
were stained with an anti-nestin antibody (magenta) and counterstained with DAPI (blue). C�, Higher magnifications of the single confocal sections in the boxed areas in (C�) (i-vi) are
shown. D, A GFP-plasmid was transfected into the hippocampal cells at E13.5 (green), and tdTomato plasmid was transfected at E15.5 (magenta), and the brains were examined at E17.0.
Sections were counterstained with DAPI (blue). E, F, Time-lapse images were obtained from a hippocampal slice prepared at E17.5 (E) and E16.0 (F) that had been electroporated with
a Lyn-GFP plasmid at E14.5 (E) and E13.5 (F) to label the migrating cells (green) and with a tdTomato plasmid at E16.5 (E) and E15.5 (F) to label the radial fibers (magenta). The major
processes of the migrating cells (yellow arrowheads in panel 0:00) were in contact with a radial fiber at certain times (yellow arrows) but were seen to be in contact with a different radial
fiber at a later time (cyan arrows). The time displayed in each panel is the time (hours and minutes) that had elapsed since the start of the observation period. Top, the MZ side; bottom,
the ventricular side. See also Movie 1. E�, Higher magnification of the panel in Figure 7E (2:00). The GFP-labeled cells were seen to have made multiple contacts with different
tdTomato-labeled radial fibers (E�, yellow arrows).
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in SP. Next, we transfected a tdTomato plasmid into the same
embryos a half day before the imaging to label the radial fibers
and then prepared brain slices for time-lapse imaging. The
tdTomato-positive fibers were nestin-positive within 2 d of the
electroporation (data not shown), indicating that the radial fi-
bers had been labeled by tdTomato. When time-lapse imaging of
the Lyn-GFP-labeled cells and the tdTomato-labeled radial fi-
bers were merged (Fig. 7E,F; Movie 1), the Lyn-GFP-labeled
cells were observed to make multiple contacts with different
tdTomato-labeled radial fibers (Fig. 7E�, arrows). The major pro-
cesses of most of the migrating cells made contacts with radial
fibers at several different points in time (Fig. 7E,F, yellow ar-
rows), but moved to other radial fibers (Fig. 7E,F, cyan arrows)
during the observation period. These results revealed that leading
processes of the migrating cells came into contact with more than

one radial fiber and changed their scaffolds from the original
radial fibers to other radial fibers during their migration. Because
the migrating cells in the hippocampus reminded us of “rock
climbers” that, instead of using their hands to pull up their bodies
were using their leading processes to pull up their cell bodies, we
propose to call this mode of migration the “climbing” mode.

Discussion
In this study, we tracked the migrating cells generated in the
hippocampal VZ (Fig. 8). The migrating cells in the hippocampus
have highly branched leading processes, in contrast to the simple
major process of the migrating cells in the neocortical CP. More-
over, although the leading processes of the migrating hippocam-
pal cells made extensive contact with the radial fibers, their cell
bodies did not seem to make close contact with the radial fibers, a
finding that was consistent with the results of a previous study
showing that migrating hippocampal cells in the outermost part
of the monkey IZ lose their apparent apposition to radial fibers
(Nowakowski and Rakic, 1979). Close contact of hippocampal
leading processes with radial fibers and their relatively free cell
bodies may explain the zigzag trajectory of the hippocampal cells
(Fig. 6B) and their wandering between the different radial fibers
(Fig. 7E,F; Movie 1).

We call the above-described mode of migration in the hippocam-
pus the “climbing” mode. The “climbing” mode may be necessary to
squeeze between the crowded cell bodies of predecessors in the hip-
pocampal SP. Translocation movements by the cell bodies of the
hippocampal cells toward the branch point of the leading processes
occurred several times, whereas the neocortical cells move only once
in a process called terminal translocation. The high cell density of the
hippocampal SP resembles the densely packed primitive cortical
zone in the neocortex through which the migrating cells pass by the

Figure 8. A schematic representation of the migratory behavior of neocortical and hippocampal cells. Two populations of cells in the neocortex, an SEP and an REP, migrate from the VZ during
late development. REP cells are mainly basal progenitors, and they include glial progenitors. SEP cells transform into multipolar cells without further cell division and accumulate just above the VZ
in what is called the MAZ. Both SEP cells and REP cells have multipolar morphology, transform into spindle-shaped bipolar cells, enter the CP, and migrate by the “locomotion” mode. They reach the
top of the cortical plate by the “terminal translocation” mode. Both SEP cells and REP cells were observed in the hippocampus, but the REP was smaller than the SEP. SEP cells accumulate in the
hippocampal MAZ, where they transform into spindle-shaped cells with multiple processes. As they migrated through the SP, they retained several processes that were in contact with radial fibers.
Their cell bodies did not have extensive contact with radial fibers. The cell bodies of the migrating cells translocated several times and changed their scaffolds from the original radial fibers to other
radial fibers until they reached the top of SP. Because their appearance reminds us of “rock climbers” that, instead of using their hands to pull up their bodies, were using their leading processes to
pull up their cell bodies; we called this mode of migration the “climbing” mode. SR, Stratum radiatum.

Movie 1. Time-lapse imaging of migrating cells and the radial fibers labeled with Lyn-GFP
and tdTomato, respectively, by sequential in utero electroporation. Images were captured every
30 min. The movie corresponds to Figure 7F.
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terminal translocation mode (Sekine et al., 2011, 2012). However,
because the average thickness of the SP is �100 �m (Fig. 1), as
opposed to an average thickness of the primitive cortical zone of
40–50 �m (Sekine et al., 2011), the hippocampal SP may be too
thick for migrating cells to pass through in a single movement. Thus,
the hippocampal cells might make repeated terminal-translocation-
like movements to pass through the SP.

Some studies have shown that hippocampal pyramidal neu-
rons take a longer time to reach their final destination, even
though the distance between the ventricular surface and the top
of the neocortical CP is many times greater than the distance
from the hippocampal ventricular surface and the top of the SP in
CA1 (Nowakowski and Rakic, 1981; Altman and Bayer, 1990;
Nakahira and Yuasa, 2005; Tomita et al., 2011). Nowakowski and
Rakic (1981) mentioned that difference in migration rate might
depend on the mechanism of cell translocation and/or the timing
of signals that initiate cell movement. Both are indeed shown in
our current study because our results demonstrated that the hip-
pocampal neurons accumulated in the MAZ for several days and
then migrated through the pyramidal layer by a unique mode of
migration. Altman and Bayer (1990) suspected that the “alveolar
channels” that constitute the extracellular matrix required to
guide hippocampal fibers, especially the axons of pyramidal neu-
rons, might be responsible for the longer sojourn of pyramidal
cells. We hypothesized that the axon bundles in the SO affect the
migration and morphology of the multipolar cells, and in sup-
port of our hypothesis, we observed that the multipolar cells
became tangentially oriented when they encountered NF-
positive axon bundles (Fig. 3M) and that they included axons
extended from the earlier-generated neurons in the SP (Fig. 3N).
It may take several days for the multipolar cells to acquire some
mechanisms to pass through the overlying fiber bundles.

We also investigated whether a neocortical REP-like popula-
tion, including the basal progenitors, is present in the developing
hippocampus. We observed proliferative activity by the GFP-
labeled cells in the SO in the CA1 region of the hippocampus, but
there were few proliferative SO cells, indicating that, unlike the
neocortex, the CA1 region of the hippocampus does not contain
many basal progenitors. Although the contribution of basal pro-
genitors to hippocampal neurogenesis seems to be rather limited,
it should be noted that an archicortex, such as the hippocampus,
contains some basal progenitors, considering that the existence
and increase of basal progenitors are thought to be important for
the evolution of neocortex (Kriegstein et al., 2006; Hansen et al.,
2010). Future elucidation of the precise molecular mechanisms
that underlie neuronal migration in the hippocampus and com-
parison with the neocortex may provide the insight into changes
in the development of the cerebral cortex during the course of
evolution.
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