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Abstract
To establish functional neuronal circuits, newborn neurons generally migrate from the ventricular germinal zones to their 
final positions during embryonic periods. However, most excitatory neurons of the hippocampal dentate gyrus are born 
postnatally in the hilus, far from the lateral ventricle. Newly generated granule neurons must then migrate to the surround-
ing granule cell layer (GCL), which suggests that newborn granule cells may migrate by unique cellular mechanisms. In 
the present study, we describe the migratory behaviors of postnatally generated granule neurons using combined retroviral 
labeling and time-lapse imaging analysis. Our results show that whereas half of the newly generated neurons undergo radial 
migration, the remainder engages in more complex migratory patterns with veering and turning movements accompanied 
by process formation and cell polarity alterations. These data reveal a previously unappreciated diversity of mechanisms by 
which granule neurons distribute throughout the GCL to contribute to hippocampal circuitry.
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Introduction

Proper neuronal migration is critical for the establishment 
of functional neuronal circuits during brain development. 
Because neurons are generally produced either in the ven-
tricular zone (VZ) or the subventricular zone (SVZ) sur-
rounding the ventricle, they must sometimes travel consider-
able distances to reach their final destinations in the mantle 

layer. The cellular and molecular mechanisms governing the 
migration of newborn neurons to appropriate locations are 
active areas of research with clear implications for human 
health (Kerjan and Gleeson 2007; Reiner and Sapir 2013; 
Stouffer et al. 2016). It is known, for example, that disrup-
tions to neuronal migration in the developing human cer-
ebral cortex can lead to severe neurodevelopmental disorders 
including lissencephaly (Kerjan and Gleeson 2007; Reiner 
and Sapir 2013; Stouffer et al. 2016).

The dentate gyrus (DG) forms the medial part of the hip-
pocampus, a highly conserved center of memory and learn-
ing in mammals (Abrous and Wojtowicz 2015; Josselyn 
et al. 2015; Moser et al. 2017; Nakazawa et al. 2004). There 
are mainly three germinal zones for development of the hip-
pocampal granule cells (Supplementary Fig. 1) (Altman and 
Bayer 1990a, b; Hevner 2016; Li and Pleasure 2014; Namba 
et al. 2005; Seki et al. 2014). The primary germinal zone 
(until E20) is the VZ and SVZ of the pallial neuroepithelium 
(Altman and Bayer 1990a; Nicola et al. 2015; Seki et al. 
2014). The progenitor cells in the VZ and SVZ generate 
excitatory neurons that finally populate less than 20% of 
the granule cell layer (GCL) in the DG and majority of the 
pyramidal cell layer in Ammon’s horn, the two principal 
subdivisions of the adult hippocampus (Bayer 1980).
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The secondary germinal zone, so called the dentate 
migratory stream, consists of the progenitor cells migrating 
away from the VZ and SVZ toward the emerging dentate 
gyrus while maintaining proliferative activity (Supplemen-
tary Fig. 1) (Altman and Bayer 1990a; Nicola et al. 2015; 
Seki et al. 2014). During the perinatal period (embryonic 
day 20 (E20)—postnatal day 3 (P3) in rat), the progenitor 
cells in the dentate migratory stream develop approximately 
40% of GCL (Bayer 1980).

Thereafter the progenitor cells migrate and form the ter-
tiary germinal zone in the hilus until P3 to P5 (Supplemen-
tary Fig. 1) (Altman and Bayer 1990a, b; Namba et al. 2005; 
Nowakowski and Rakic 1981; Rakic and Nowakowski 1981; 
Schlessinger et al. 1975; Seki et al. 2014). The rest of GCL 
(approximately 40%) are generated from the progenitor cells 
in the hilus during P3 to P10.

As the development of GCL proceeds, the tertiary germi-
nal zone in the hilus gradually shrinks until P19 and finally 
forms the subgranular zone (SGZ), the adult neurogenic 
niche (Supplementary Fig. 1). The progenitor cells in the 
adult SGZ continuously generate neurons throughout life 
and are thought to be involved in the hippocampal function 
(Altman and Das 1965; Eriksson et al. 1998; Kempermann 
2019; Kuhn et al. 1996; Seki and Arai 1993, 1995; Toda 
and Gage 2018).

Neonatal neurogenesis in the hilus is crucial for the for-
mation of hippocampal circuitry. For example, peak neuro-
genesis of granule cells coincides with the initial formation 
of connections between granule cells and the CA3 pyramidal 
cells in Ammon’s horn (Amaral and Dent 1981; Blaabjerg 
and Zimmer 2007). Despite the importance of postnatal hilar 
neurogenesis (Bayer and Altman 1975), the mechanisms by 
which postnatally generated granule neurons reach their 
proper locations in the GCL remain incompletely under-
stood. Previous immunohistochemical studies suggest that 
a majority of the immature granule neurons in the neonatal 
rodent hilus migrate radially (Nakahira and Yuasa 2005; 
Sievers et al. 1992). These observations are corroborated by 
a time-lapse imaging analysis of the migrating neurons in the 
neonatal rat hilus (Koyama et al. 2012). However, two other 
studies showed the existence of the non-radial (tangential) 
migration in the neonatal rodent hilus by time-lapse imaging 
(Seki et al. 2007; Wang et al. 2018).

In this study, we focused on the immature granule neurons 
within the hilus at P8, which are the progeny of the progeni-
tor cells of the tertiary germinal zone, and their migratory 
behaviors in transit to the GCL. Consistent with previous 
studies in the developing neocortex and other structures, we 
found that half of the migrating cells exhibited conventional 
radial migration. However, we also observed abundant popu-
lations of migrating granule cells that traveled through com-
plex, tangential routes and which made frequent directional 
changes through alterations to their cellular polarities. We 

suggest that these tangential migratory patterns may serve to 
distribute granule neurons evenly throughout the U-shaped 
structure of the dentate gyrus.

Materials and methods

Animals

All animal experiments were approved by the institutional 
animal care and use committee at Juntendo University and 
Tokyo Medical University. All Wister rats used in this study 
were purchased from CLEA Japan. For immunohistochemi-
cal analysis, total 9 (P8) and 3 (P19) rats were used. For 
time-lapse imaging analysis, total 10 rats were used.

Retroviral injections

To visualize migrating neurons, we used the GCDNsap-
EGFP retrovirus vector (Suzuki et al. 2002). Postnatal day 
5 (P5) rats were anaesthetized on ice and stereotactically 
injected with 0.5 μl of retrovirus vector into the DG of the 
hippocampus (anteroposterior, 1.2 mm from bregma; lateral, 
2.1 mm; ventral, 2 mm), as described previously (Namba 
et al. 2005). At 3 (P8) or 14 (P19) days following the retro-
viral injection, rats were perfused with fixative or processed 
for the time-lapse imaging analysis as described below.

Immunohistochemistry

P8 and P19 Wistar rats were deeply anaesthetized with 
sodium pentobarbital, and perfused intracardially with 
0.01 M phosphate-buffed saline (PBS), pH 7.4, followed by 
4% paraformaldehyde (for GABA staining, glutaraldehyde 
was added to obtain the final concentration at 0.1%) in 0.1 M 
phosphate buffer (PB), pH 7.4, at room temperature. The 
brains were postfixed in the same fixative overnight at 4 °C. 
The fixed brains were washed with PBS and immersed in 
10% and then 20% sucrose in PBS overnight at 4 °C. The 
hippocampal formation was then dissected from the remain-
ing brain structure, embedded in OTC compound, and 
placed at − 80 °C for a long-term storage. The samples were 
thawed, washed with PBS, and embedded in 5% agarose in 
PBS. The hippocampi were sectioned in a plane perpendicu-
lar to the septo-temporal axis of the hippocampal formation 
by a vibratome into sections 50-μm thick, as described pre-
viously (Namba et al. 2005). Hippocampal formations from 
the region within approximately ± 1 mm from the injection 
site were sectioned. This region represents the middle of the 
dorsal hippocampus. There was no obvious tissue damage 
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after freeze-and-thaw of the hippocampi compared to the 
hippocampi without frozen.

Hippocampal sections were incubated overnight with pri-
mary antibody mixtures containing 1% BSA and 1% nor-
mal donkey serum at 4 °C. We used the following primary 
antibodies: rabbit anti-calretinin (1:2000, 7669/4, Swant, 
Switzerland), rabbit anti-GABA (1:2000, A2052, Sigma 
MO), mouse anti-GFP (1:400, G6539, sigma), rabbit anti-
GFP (1:1000, gift from Dr. Tamamaki at Kumamoto Univer-
sity), rat anti-GFP (1:500, 04404-26, Nacalai Tesque, Japan), 
human anti-Hu (1:2000, a neuronal marker, gift from Dr. 
Okano at The Jikei University School of Medicine), rabbit 
anti-Iba-1 (1:500, a microglia marker, 234-003, Synaptic 
Systems, Germany), rabbit anti-Prox1 (1:1000, a granule 
cell marker, AB5475, Chemicon, CA), rabbit anti-S100β 
(1:5000, an astrocyte marker, 37, Swant) and mouse anti-
S100β (1:2000, S2532, Sigma). The sections were washed 
with PBS and incubated with the secondary antibodies as 
follows: donkey anti-mouse IgG-Cy2 and -Cy5 (1:200, 
715-225-151 and 715-175-151, respectively, Jackson, PA), 
donkey anti-human IgG-Cy3 (1:200, 709-165-149, Jackson) 
and donkey anti-rabbit IgG-Cy2 and -Cy5 (1:200, 711-225-
152 and 711-175-152, respectively, Jackson). After washing 
with PBS, the samples were mounted on glass slides and 
the entire DG was imaged using a confocal laser-scanning 
microscope (LSM510 META; Zeiss, Germany) with 20×, 
40× and 100× objectives without digital zooming. Ten to 
sixty z-stacks of optical sections (4.2 μm for 20×-objective, 
1.8 μm for 40×-objective and 0.7 μm for 100×-objective in 
thickness) were obtained at 2.1 μm increments in the z-axis 
for the 20×-objective, 0.9 μm for the 40×-objective and 
0.4 μm for the 100×-objective analysis.

Quantification of GFP‑labeled cells

To quantify the percentage of GFP+ cells that are GABA+ , 
Hu+ , Prox1+ and/or S100β+ , 42–192 cells per experiments 
were counted.

To quantify the morphotypes of GFP+ Hu+ or 
GFP+Hu+Prox1+ cells in the hilus, we analyzed the images 
taken by the confocal laser-scanning microscope with ZEN 
(Zeiss) software. We excluded clustered GFP+ cells as well 
as single GFP+ cells with faint GFP expression from the 
quantification because the determination of morphotypes 
of these cells was difficult. For this quantification, approxi-
mately 10–20 cells per sections were counted.

To analyze the orientation of GFP+Hu+ cells, we meas-
ured the angle between the direction to the nearest GCL and 
the leading process by Fiji. Because the middle of the dorsal 
hippocampus was sectioned in a plane perpendicular to the 
septo-temporal axis, we could analyze the orientation in a 
2D plane.

Slice culture and time‑lapse imaging

Slice culture preparation and time-lapse imaging were per-
formed as described previously (Namba et al. 2011b). Three 
days after retroviral injection (P8), rats were deeply anaes-
thetized with diethyl ether. Hippocampal formations from 
the region within approximately ± 1 mm from the injection 
site were sectioned at 350 μm thickness in a plane perpen-
dicular to the septo-temporal axis of the hippocampal for-
mation and transferred onto a collagen-coated glass bottom 
dish (35 mm in diameter, WillCo Wells, The Netherlands). 
Slices with damage caused by the injection were excluded 
from the analysis. The slices were kept in a mixture of 50% 
MEM (Invitrogen), 25% heat inactivated horse serum (Inv-
itrogen), and 25% Hank’s balanced salt solution (Invitro-
gen) supplemented with penicillin–streptomycin–glutamine 
(Invitrogen) and glucose at a final concentration of 6.5 mg/
mL. Time-lapse imaging was performed 20–24 h using 
an inverted confocal laser-scanning microscope (LSM510 
META) with minimal laser excitation (typically 1% of an 
Argon 488 laser) to avoid photodamage and photobleaching. 
To track the movements of the GFP-labeled cells, Z-stacks 
of 20–30 optical sections (1.8 μm in thickness per optical 
section) were collected every 2 h using a 20× objective. 
During the interval of imaging, the slices were kept in a 
water-jacketed incubator at 37 °C and 5% CO2 as described 
previously (Noctor et al. 2001). Z-stack images at each time 
point were created and analyzed using LSM image Browser 
(Zeiss), ZEN (Zeiss) and Photoshop (Adobe Systems, CA). 
The distance of cell migration was analyzed by Fiji.

Statistical analysis

Data were analyzed with Excel (Microsoft, WA), Statcel3 
(OMS, Japan) and MYSTAT (Systat Software, CA). Statisti-
cal tests: for two groups of observations that do not follow 
a normal distribution, the Mann–Whitney U-test was used. 
For the normality test, the Shapiro–Wilk normality test was 
used. All values are given as mean ± SEM. The values in 
Fig. 6 are given as mean.

Results

Morphology and migration directionality of newly 
generated neurons in vivo

The direction of movement of migrating cells can be pre-
dicted by the morphology and orientation of their neuronal 
processes in the embryonic neocortex (Kawauchi 2015; 
Nadarajah et al. 2003; Namba et al. 2015; Reiner and Sapir 
2013). We, therefore, examined the localization, morphology 
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Fig. 1   Distribution and mor-
photypes of GFP+ neurons in 
the postnatal DG. Retrovirus 
carrying GFP was injected into 
DG to label the progenitor cells 
and their progenies at P5 and 
analyzed at P8. a GFP (green) 
and Hu (magenta) double 
immunofluorescence in the rat 
DG at P8. Dashed lines indicate 
the boundaries between GCL, 
SGZ, hilus and CA3. Scale bar, 
50 μm. b Quantification of the 
percentage of GFP+Hu+ cells 
that are localized in the GCL 
(blue) and hilus (pink) at P8. 
Error bar indicates S.E.M. c 
GFP (green), Hu (magenta) and 
S100β (cyan) triple immuno-
fluorescence of cells located in 
the P8 rat hilus. The percent-
age of each morphotypes in 
the GFP+Hu+ hilus cells are 
shown on the bottom of each 
sub-panels. Scale bars, 10 μm. 
Arrowheads indicate the 
GFP+ cytoplasm positive for 
Hu. Total 151 GFP+Hu+ cells 
from three rats (3–6 sections 
per animal) were analyzed. d 
Distribution of uni-directional 
bipolar GFP+Hu+ cells in 
the rat hilus at P8. Arrows 
represent the localization of 
the GFP+Hu+ cells and also 
indicate the orientation of 
processes. e The angle between 
the direction of the nearest GCL 
(dashed line, left) and the lead-
ing process of uni-directional 
bipolar GFP+Hu+ cells (red, 
left). The angle is categorized 
into four groups; 0°–45°, 
45°–90°, 90°–135°, 135°–180° 
(right). Area of sectors indicate 
the relative value of the percent-
age. Total 43 GFP+Hu+ cells 
from three rats (3–6 sections per 
animal) were analyzed
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Fig. 2   Time-lapse images of radial migration of a GFP+ cell (arrows) 
that migrated in the range between 45° and − 45° from the ini-
tial direction (0°). Retrovirus carrying GFP was injected into at P5. 
Time-lapse imaging was started at P8. Images were taken every 2 h. a 

Panels show still images of GFP+ cells. b Trajectory of the cell (left) 
and the position of cell soma (right) over time. Black line in the right 
panel shows the trajectory of soma. Each time-point is color-coded in 
the bottom of the panel. Scale bars, 50 μm
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and directionality of retrovirally labeled cells in fixed hip-
pocampal tissue. Retroviral vector carrying GFP was stere-
otaxically injected into the rat DG at P5. Brain sections were 
processed for immunohistochemical analysis at either 3 days 
(P8) or 14 days (P19) after the injection. This method pref-
erentially labeled the progenitor cells and their progenies in 
the DG as described previously (Namba et al. 2005).

At P8, more than 60% of the GFP-labeled (GFP+) cells in 
the hilus, SGZ and GCL expressed the neuronal marker Hu 
(64.3% ± 0.43), but not the astroglial cell marker S100β, sug-
gesting that these cells were immature neurons. The remain-
ing 40% of GFP+ cells were positive for S100β or negative 
for both markers, suggesting that these cells were either pro-
genitors or non-neuronal cells such as astrocytes (Namba 
et al. 2005). Approximately half of the GFP+Hu+ cells were 
localized in the hilus (Fig. 1a, b, 48.1% ± 2.4) and the other 
half of cells were located either in GCL or SGZ (Fig. 1a, b, 
31.7% ± 1.3 or 20.2% ± 1.7, respectively). The GFP + cells 
located in the molecular layer (ML) were positive for S100β 
(Supplementary Fig. 2a), indicating that these cells are 
astrocytes.

At P19, more than 95% of GFP+Hu+ cells in the DG 
were located in the GCL (Fig. 1b) and possessed typical 
morphological features of granule cells such as a single 
primary apical dendrite with branches and a single mossy 
fiber axon (Supplementary Fig. 3) (Namba et al. 2005). The 
differences in the localization of GFP+Hu+ cells observed 
across P8 and P19 suggest that the GFP+Hu+ cells in the 
hilus at P8 are immature neurons that differentiate to become 
granule cells by P19 (Fig. 1b). Notably, the newly gener-
ated granule cells labeled by GFP (Supplementary Fig. 3) 
or BrdU (Namba et al. 2005) at P5 were distributed evenly 
in the GCL at P19, suggesting that these neurons contribute 
to establish the GCL with uniform depth. In the following 
analysis, we focused on the GFP+Hu+ neurons in the hilus 
at P8 because these cells are likely to be migrating immature 
granule cells.

This assumption is further corroborated by the following 
findings; (i) most of the GFP+Hu+ neurons in the hilus at P8 
also expressed a granule cell marker Prox1 (89.7% ± 4, total 
81 cells were counted, (Supplementary Fig. 2b)), but (ii) 
none of them expressed interneuron markers GABA (Sup-
plementary Fig. 2c) nor calretinin (Supplementary Fig. 2d; 
note that calretinin is expressed also in immature granule 
cells in mouse but only in the subset of interneurons in rat 
(Murakawa and Kosaka 1999)). (iii) None of microglial cells 
identified by Iba-1 expressed Hu in the hilus at P8 (Supple-
mentary Fig. 1e).

Embryonic neocortical neurons tend to extend a relatively 
thick leading process in the direction of movement (toward 
the cortical plate) and then translocate the nuclei into the 
leading process. The neurons repeat this cycle during migra-
tion (Kawauchi 2015; Nadarajah et al. 2003; Namba et al. 
2015; Reiner and Sapir 2013). Therefore, leading process 
orientation may allow us to predict the direction of initial 
cell movement in the DG. We categorized the morphology 
and the directionality of GFP+Hu+ cells (excluding cells 
formed a cluster and/or with faint GFP signal) in the hilus 
into three types: (1) uni-directional bipolar cells, which 
possess both a relatively thick leading process and a thin 
trailing process (Fig. 1c, 59.4% ± 1.7), (2) bi-directional 
cells, bipolar cells with two processes of similar thickness 
(Fig. 1c, 16.0% ± 0.7), and (3) multipolar cells with mul-
tiple short processes (Fig. 1c, 24.5% ± 2.3) (as previously 
described in the neonatal DG (Namba et al. 2005) that have 
similar features observed in the developmental neocortex 
(Jossin and Cooper 2011; Namba et al. 2014; Tabata and 
Nakajima 2003)). These results were corroborated by the 
analysis focused on the Prox1-expressing GFP+Hu+ cells 
(Supplementary Fig. 2b).

We next examined whether the leading processes of 
uni-directional bipolar cells oriented toward the GCL, the 
final destination of migrating immature granule neurons. 
We plotted GFP+Hu+ uni-directional bipolar cells in the 
hilus according to their location and the orientation of their 
leading processes (Fig. 1d). The uni-directional bipolar 
cells were distributed throughout the hilus. The majority of 
GFP+Hu+ cells in the hilus were found to orient the leading 
process at an angle of a range from 45° to 135° to the short-
est path to the GCL (Fig. 1d, e). This result indicates that 
most uni-directional cells did not orient towards the closest 
part of the GCL, suggesting that the direction of their initial 
movement is not toward the GCL. Although previous stud-
ies have suggested that most or all immature granule neurons 
migrate radially toward the GCL (Nakahira and Yuasa 2005; 
Rickmann et al. 1987), our cell orientation measurements 
raise the possibility that tangential migration also contrib-
utes to the generation of the U-shaped GCL.

Fig. 3   Time-lapse images of veering and turning the movement of a 
GFP+ cell that showed new neurite formation from the soma during 
the migration. Retrovirus carrying GFP was injected into DG at P5. 
Time-lapse imaging was started at P8. Images were taken every 2 h. a 
Still images of GFP+ cells that changed their direction during migra-
tion. Higher magnification image of the boxed area in the leftmost top 
panel (0 h) are shown in the second left image. Scale bar, 10 μm. b, 
c Outline of the cell indicated by arrows in (a). b Trajectory of the 
cell (left) and position of cell soma (right) over time. Black line in 
the right panel shows the trajectory of soma. Each time-point is color-
coded in the bottom of the panel. Scale bar, 10  μm. c Morphologi-
cal changes of the cell over time. Asterisk indicates the initial lead-
ing processes. Double asterisk indicates the new leading processes. 
Small arrows indicate the neurite extension and retraction. Red boxes 
indicate the time point in which the cell established new front–rear 
polarity

◂
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Radial and non‑radial migrations of newly 
generated neurons

Because the cell orientation measurements only predict the 
initial direction of the neuronal migration but cannot predict 
the migratory behavior afterwards, the migratory behavior 
of newborn granule cells needs to be observed directly by 
organotypic slice culture together with time-lapse imaging 
(Namba et al. 2007, 2011b). We previously demonstrated 
that there are no significant differences in the final localiza-
tion of postnatally generated granule neurons between cul-
tured and in vivo conditions (Namba et al. 2007), suggest-
ing that neuronal migration in culture largely recapitulates 
normal neuronal migration from the hilus to the GCL. We 
stereotaxically injected retroviral vector into the rat DG at P5 
and prepared hippocampal slice cultures 3 days later (at P8), 
when a sufficiently robust GFP signal was present. Confo-
cal images were then collected in 2 h intervals to generate a 
time-lapse of neuronal migration.

We focused on the uni- and bi-directional cells because 
these cellular morphotypes represent the majority of 
migrating neurons as described above. All uni-directional 
bipolar cells initially moved toward the direction of the 
leading process, confirming that the assumption of the 
leading process orientation measurement is correct. Nota-
bly, time-lapse imaging revealed that multipolar cells in 
the hilus transformed into bipolar cells Supplementary 
Fig. 4), as previously described for migrating neocorti-
cal neurons (Barnes and Polleux 2009; Namba et  al. 
2015; Tahirovic and Bradke 2009).We did not analyze the 
GFP+ mitotic cells to exclude progenitor cells from the 
present analysis (Supplementary Fig. 5). Because the cell 
cycle length of the progenitor cells in the postnatal dentate 
gyrus was calculated as approximately 15–16 h (Nowa-
kowski et al. 1989; Varodayan et al. 2009), the GFP+ cells 
without showing a cell division at least in 20 h of imaging 
were most likely postmitotic cells.

48.75% of imaged cells migrated directly toward the GCL 
without directional changes, that is, they migrated radially 
(Figs. 2a, b, 6a). These cells migrated in the range between 

45° and − 45° from their initial directions at the start of 
imaging (0°) (Fig.  6b). In contrast, the remaining cells 
turned 2.9 times on average within the first 24 h of imag-
ing (Figs. 3, 4, 5). These cells turned greater than 45° from 
their starting directions (0°) (Fig. 6c), suggesting that cells 
in this population migrate laterally or even reverse direction 
entirely. We observed that the leading processes of non-
radially migrating cells often retracted, elongated de novo, 
or formed collateral branches (Figs. 3, 4, 5), indicating that 
their leading processes are less stable compared with those 
of cells with strict radial migration (Fig. 2). The average 
migration distance of cell soma per hour was slightly dif-
ferent between cells without directional changes and cells 
with directional changes (6.5 μm ± 0.7 and 5.4 μm ± 0.8, 
respectively; n = 20 cells in each group).

We next analyzed the morphological changes of 
GFP+ cells undergoing directional reorientation. Migrating 
neurons can change direction by three modes based upon 
the subcellular regions where process formation or process 
transformation occur (Fig. 6d). The first mode is through the 
formation of a new neurite from the soma (at 4 h, Fig. 3a, c) 
(mode #1, turning). The de novo neurite becomes a leading 
process and a new trailing process arises from the opposite 
site; the initial leading process can be retracted either before 
or after the new leading process develops.

The second mode of directional change is through the 
transformation of the trailing process into the leading pro-
cess (at 8 h, Fig. 4a, c) (mode #2, 180° turning). The trail-
ing process becomes thicker as the leading process thins. 
The thickness of both processes is almost equal halfway 
through the process of reorientation. The bi-directional cells 
described above might, therefore, represent a transient state 
of mode #2. The third mode involves collateral formation 
from the initial leading process (at 2 h, Fig. 5a, c) (mode 
#3, veering). In this case, the collateral becomes thick and 
finally develops into a main leading process (at 12 h, Fig. 5a, 
c).

Finally, we determined the relative frequencies of these 
three modes of reorientation for newborn granule cells 
migrating to the GCL (Fig. 6e). The most frequent way to 
change direction is through mode #1 (36.8%). The occur-
rences of modes #2 and #3 are approximately equal (18.4% 
and 15.8%, respectively). The remaining 28.9% of imaged 
cells underwent sequential directional changes through com-
binations of modes #1, #2 and #3. Our results demonstrate 
that newly generated neurons of the neonatal DG migrate 
not only by the conventional radial mode but also by at least 
three non-radial modes that disperse immature neurons 
along the developing GCL.

Fig. 4   Time-lapse images of turning the movement of a GFP+ cell 
that showed 180° turning during the migration. Retrovirus carrying 
GFP was injected into DG at P5. Time-lapse imaging was started at 
P8. Images were taken every 2  h. a Still images of GFP+ cells that 
changed their direction during migration. Scale bar, 50 μm. b, c Out-
line of the cell indicated by arrows in (a). b Trajectory of the cell 
(left) and position of cell soma (right) over time. Black line in the 
right panel shows the trajectory of soma. Each time-point is color-
coded in the bottom of the panel. Scale bar, 50  μm. c Morphologi-
cal changes of the cell over time. Asterisk indicates the initial lead-
ing processes. Double asterisk indicates the new leading processes. 
Small arrows indicate the neurite extension and retraction. Red box 
indicates the time point in which the cell established new front–rear 
polarity
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Discussion

In the postnatal hilus, new neurons are continuously gener-
ated and migrate to the GCL where they contribute to hip-
pocampal circuitry. The present immunohistochemical and 
time-lapse imaging analyses demonstrate that the postnatally 
generated neurons in the hilus exhibit both radial and non-
radial migrations, in roughly equal proportions, and during 
non-radial migration they change the direction of migration 
with turning and veering movements. During early postnatal 
development, the dentate GCL acquires a U-shaped mor-
phology with a densely packed cell layer of uniform depth. 
Our data raise the interesting possibility that intricate tan-
gential migration modes serve to distribute granule neurons 
evenly throughout the GCL and contribute to its mature 
U-shaped architecture.

Radial migration

Our time-lapse imaging experiments revealed that half of 
new neurons migrate radially to the GCL without turning 
or veering (Fig. 6). Radial migration of immature neurons 
has been well-studied in the embryonic neocortex, where 
pyramidal neurons born in the VZ and SVZ migrate to the 
cortical plate along radial glial cell processes (Barnes and 
Polleux 2009; Namba et al. 2015; Tahirovic and Bradke 
2009). The radial migrations described in the embryonic 
rodent neocortex (see below about the ferret neocortex) and 
in the postnatal rodent hilus share some features. In both 
cases, migrating bipolar neurons are spindle-shaped cells 
with a thick leading process extending in the direction of 
migration as well as a thin trailing process. Moreover, in 
both regions, subset of bipolar neurons migrates toward the 
pial surface of the brain (or towards the hippocampal fissure) 
in a relatively straight path.

Consistent with our data, one previous study demon-
strated that newborn granule cells labeled by in utero elec-
troporation of a GFP expression vector migrated radially 
towards the GCL along radial glial fibers (Nakahira and 

Yuasa 2005). Additionally, another group recently reported 
that the radial migration is observed in the subset of trans-
genically labeled granule neurons in hippocampus slice 
culture obtained from proopiomelanocortin (POMC)-EGFP 
transgenic mice (Wang et al. 2018). In this transgenic mouse, 
a majority of immature POMC-EGFP+ neurons appear to 
be located in the GCL and proximal to the GCL, but not 
deeply within the hilus (Wang et al. 2018). In contrast, our 
retrovirus-labeling experiments labeled progenitor cells in 
the entire hilus relatively evenly and revealed a novel popu-
lation of tangentially migrating neurons in addition to the 
previously described radial migrations.

Non‑radial tortuous migration

In the present study, we found that half of the uni-directional 
bipolar cells did not orient directly toward the nearest part 
of the GCL. These data suggest that many newborn granule 
neurons do not minimize their distance of travel to the GCL 
but instead migrate tangentially through the hilus before 
reaching a more distant location. Additionally, newly gen-
erated neurons in the postnatal hilus adopted at least two 
additional morphologies: bi-directional cells and multipolar 
cells. We suggest that the bi-directional cells represent a 
transient state of 180° turning at which the thickening trail-
ing process and thinning leading process are of approxi-
mately equal diameter (Fig. 4) (Gertz and Kriegstein 2015; 
Nadarajah et al. 2002). The multipolar cells were observed to 
migrate short distances, unlike bipolar cells (Hatanaka and 
Yamauchi 2013; Namba et al. 2014; Sakakibara et al. 2014; 
Tabata and Nakajima 2003).

Further supporting our immunohistochemical analysis, 
time-lapse imaging of uni- and bi-directional cells dem-
onstrated several distinct modes of non-radial migration 
accompanied by veering and turning. Furthermore, analy-
sis of leading processes of migrating newborn neurons 
revealed their continuous branching and leading-to-trailing 
transformation, changes that are reported to be involved in 
non-radial migrations (Gertz and Kriegstein 2015; Nadara-
jah et al. 2002; Valiente and Martini 2009). These findings, 
together with the previous findings in the subgranular region 
(Seki et al. 2007; Wang et al. 2018), lead us to hypothesize 
that the non-radial migration might contribute to the lateral 
dispersion of granule neurons, and thus constructing the 
U-shaped GCL.

This hypothesis is supported by previous reports show-
ing that the non-radial migration disperse newly generated 
neurons in the developing neocortex (Gertz and Kriegstein 
2015; Martinez-Martinez et al. 2018; Tanaka et al. 2009). 
For example, inhibitory interneurons derived from the gan-
glionic eminences migrate tangentially in the intermediate 
zone and, after reaching the developing neocortex, exhibit 
multidirectional movements in the marginal zone (Tanaka 

Fig. 5   Time-lapse images of a GFP+ cell that showed a collateral 
formation from the leading process during the migration. Retrovi-
rus carrying GFP was injected into DG at P5. Time-lapse imaging 
was started at P8. Images were taken every 2  h. a Still images of 
GFP+ cells that changed their direction during migration. The out-
line of cell indicated by arrows is shown in (b) and (c). Scale bar, 
50 μm. b, c Outline of the cell indicated by arrows in (a). (b) Trajec-
tory of the cell (left) and the position of cell soma (right) over time. 
Black line in the right panel shows the trajectory of soma. Each time-
point is color-coded in the bottom of the panel. Scale bar, 50 μm. c 
Morphological changes of the cell over time. Asterisk indicates the 
initial leading processes. Double asterisk indicates the new leading 
processes. Small arrows indicate the neurite extension and retraction. 
Red box indicates the time point in which the cell established new 
front–rear polarity
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et al. 2009). This multidirectional migration is thought to 
spread interneurons evenly across neocortical areas and 
layers.

Other examples of non-radial migration are found in the 
developing ferret neocortex, which unlike the mouse neocor-
tex is gyrencephalic (Gertz and Kriegstein 2015; Martinez-
Martinez et al. 2018). Immature neocortical pyramidal neu-
rons begin to migrate tortuously with turning and veering 
following the onset of gyrification, suggesting a relationship 
between tortuous migration of neurons and the formation of 
neocortical folds. Because neuronal clones are more widely 
dispersed in the gyrencephalic ferret neocortex than in the 
lissencephalic rodent neocortex (Kornack and Rakic 1995; 
Reid et al. 1997; Ware et al. 1999), tortuous migration is 
thought to be involved in the lateral dispersion of neurons 
and the formation of the sectoral-shaped neocortical col-
umns (Gertz and Kriegstein 2015; Martinez-Martinez et al. 
2018). Therefore, by analogy with the formation of a folded 
neocortical sheet, tortuous migration in the postnatal DG 
may be beneficial to the lateral dispersion of neurons.

Why hippocampal granule cells migrate tortuously is an 
issue to be addressed. One possibility is that the lateral dis-
persion of neurons may allow migrating neurons to find a 
space to be integrated. The other possibility is that migrat-
ing neurons may be searching external cues (e.g., the radial 
process of the basal radial glia-like cells (Supplementary 
Fig. 5); see below) to be established the axon-dendrite polar-
ity and/or to determine their direction.

Process formation and cell polarity

Our time-lapse observations revealed that turning is accom-
panied by process formation that is thought to be closely 
associated with changes to cell polarity (Barnes and Polleux 
2009; Namba et al. 2015; Tahirovic and Bradke 2009). There 
are two principal types of cell polarity in neurons. Front-rear 
polarity is required for a proper neuronal migration during 
development, whereas axon–dendrite polarity governs the 

identity of mature neuronal processes. Generally, migrat-
ing neurons extend a leading process and a trailing process. 
Because neurons extend the leading process in the direction 
of movement, the leading process and the trailing process 
are defined as front and rear, respectively. The leading pro-
cess and the trailing process of mouse embryonic neocorti-
cal neurons eventually give rise to the dendrites and axon, 
respectively. Thus, the eventual axon–dendrite polarity of 
differentiated neurons is established early in development 
with the onset of front–rear polarity and neuronal migration 
(Hatanaka and Yamauchi 2013; Namba et al. 2014; Sakak-
ibara et al. 2014).

In the present study, we described postnatal hippocam-
pal granule neurons migrate with retraction and de novo 
extension of the leading process (mode #1 and/or mode #2 
Fig. 6e). The repeated process formation suggests that these 
neurons have a relatively plastic front–rear polarity, but have 
not yet committed to a final axon–dendrite polarity. There-
fore, in contrast to the mouse embryonic neocortical neu-
rons, at least 40% of rat hippocampal granule neurons may 
undergo polarization sequentially, first front–rear and then 
axon–dendrite (calculated from Fig. 6a and Fig. 6e; 84.2% of 
the total migrating neurons with veering or turning).

Future directions

As postnatal development proceeds, the neurogenic area 
of the hilus diminishes and becomes confined to the sub 
granular zone (SGZ) (Altman and Bayer 1990a; Matsue 
et al. 2018; Namba et al. 2005; Nicola et al. 2015; Seki et al. 
2014). In the adult SGZ, neuronal progenitors proliferate 
and then form clusters of progenitors and immature neurons. 
New neurons then likely distribute to surrounding regions 
by tangential migration (Seki et al. 2007), suggesting that 
non-radial migration is important for uniform distribution 
of newly generated neurons in both the postnatal and adult 
GCL.

The mechanisms that dictate whether newborn granule 
neurons undergo radial or tangential migration need to 
be addressed. One possibility is that immature neurons 
derived from different subtype of progenitor cells (e.g., 
intermediate progenitor cells that lack the radial pro-
cess (Namba et al. 2011b) vs. basal/outer radial glia-like 
cells that possess a radial process (LaMonica et al. 2012; 
Namba and Huttner 2017; Namba et  al. 2005, 2011b; 
Rickmann et al. 1987; Sievers et al. 1992)) exhibit differ-
ent migratory behavior. The probability of the contact to 
the radial process might be higher in the neurons derived 
from the basal/outer radial glia-like cells than the neurons 
generated from the intermediate progenitor cells, thus the 
neurons can utilize the radial process for their migration. 

Fig. 6   Quantification of GFP+ cell migration observed by a time-
lapse imaging. a Quantification of the percentage of GFP+ migrating 
cells with (red) or without (blue) veering or turning. Total 80 cells 
from four independent experiments (7–12 slices per experiment) were 
analyzed. b, c Trace of the GFP+ cell trajectories without (b) and 
with (c) veering or turning. Zero degree represents the initial direc-
tion of cells. Arrows with different colors indicate the trajectories of 
each GFP+ cells. d Schematic diagram of neurite formation. Mode 
#1: collateral formation from cell soma; mode #2: 180° turning; mode 
#3: collateral formation from the initial leading process. Asterisks 
indicate the initial leading processes. Double asterisks indicate the 
new leading processes. Small black arrows indicate the neurite exten-
sion and retraction. Big gray arrows indicate the direction of migra-
tion. e Quantification of the percentage of GFP+ migrating neurons 
that exhibit different modes of veering and/or turning as described in 
(d). Total 38 cells from 4 independent experiments (7–12 slices per 
experiment) were analyzed
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The relationship between the progenitor cell subtypes and 
migratory behavior of neurons needs further studies.

The other possibility is that the migratory behaviors are 
controlled by some combination of mechanisms intrinsic 
to migrating granule neurons, environmental cues encoun-
tered during migration. The intrinsic polarity proteins and 
extrinsic microenvironmental factors such as extracellular 
matrix and cell–cell interaction are known to be involved 
in neuronal polarization and migration in the neocortex 
(reviewed in (Barnes and Polleux 2009; Cooper 2014; 
Funahashi et al. 2014; Namba et al. 2015)). Neurotrans-
mitters have been shown to regulate neuronal migration in 
the DG (Koyama et al. 2012; Namba et al. 2011a). Nota-
bly, fibril seizures induced by hyperthermic conditions are 
reported to change the direction of granule cell migration 
through upregulation of GABAA receptors in postnatal rats 
(Koyama et al. 2012).

Our present study provides a new model for understand-
ing the intrinsic and extrinsic regulatory mechanisms 
underlying the proper distribution of new neurons by non-
radial migratory behavior.
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