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Abstract
Interneurons in the olfactory bulb (OB) are generated from neuronal precursor cells migrating from anterior subventricular 
zone (SVZa) not only in the developing embryo but also throughout the postnatal life of mammals. In the present study, we 
established an in vivo electroporation assay to label SVZa cells of rat both at embryonic and postnatal ages, and traced SVZa 
progenitors and followed their migration pathway and differentiation. We found that labeled cells displayed high motility. 
Interestingly, the postnatal cells migrated faster than the embryonic cells after applying this assay at different ages of brain 
development. Furthermore, based on brain slice culture and time-lapse imaging, we analyzed the detail migratory properties 
of these labeled precursor neurons. Finally, tissue transplantation experiments revealed that cells already migrated in sub-
ependymal zone of OB were transplanted back into rostral migratory stream (RMS), and these cells could still migrate out 
tangentially along RMS to OB. Taken together, these findings provide an in vivo labeling assay to follow and trace migrating 
cells in the RMS, their maturation and integration into OB neuron network, and unrecognized phenomena that postnatal 
SVZa progenitor cells with higher motility than embryonic cells, and their migration was affected by extrinsic environments.
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Introduction

Neuronal migration is crucial for brain development, 
and its migratory defects are leading to neurological dis-
ease such as epilepsy and mental retardation (Ayala et al. 
2007). Neuroblast migration from anterior sub-ventricular 
zone (SVZa) to olfactory bulb (OB) through rostral migra-
tory stream (RMS) has been defined as tangential “chain 
migration” similar to chain migration of neural crest cells 
during development (Kulesa and Fraser 2000). In human 
infancy, neuroblast migration along RMS is prominent, and 
is believed to play an important role in this crucial stage of 
brain development (Sanai et al. 2011). In adulthood, human 
SVZ-derived neuroblasts migrate towards striatum, and this 
process is impaired in some human diseases such as Hun-
tington’s disease patients (Ernst et al. 2014). This continuous 
supply of new neurons in the OB is implicated in plasticity 
and memory regulation (Sakamoto et al. 2014).

In mammals, interneuron production in the olfac-
tory bulb (OB) begins as early as embryonic day E14 in 
mice (Wichterle et al. 2001) and is persistently generated 
throughout the life (Lledo et al. 2008). New OB interneurons 
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originate from SVZa, a restricted germinal region of SVZ 
surrounding the anterior part of lateral ventricles (Alvarez-
Buylla and Lim 2004; Luskin 1993). The unique neural 
progenitor cells there, referred to as SVZa cells, or type 
A cells, form chains ensheathed by astrocytes and migrate 
tangentially to form the RMS leading into middle of OB. 
After migration tangentially through RMS, neuroblast cells 
migrate radially into granule and periglomerular layers of 
OB, in which they differentiate and mature into various sub-
types of local inhibitory interneurons that integrate into the 
existing circuitry (Pencea et al. 2001; Fasolo et al. 2002; 
Coskun and Luskin 2002). The long-standing observation 
showed that the chain orientation was stable and determin-
istic (Luskin 1993; Luskin et al. 1997), but the brain slices 
observation of  EGFP+ mice showed that the migrating cells 
displayed complex local motility (Martinez-Molina et al. 
2011). Although several methods such as dye or Brdu injec-
tion or in vivo electroporation (Boutin et al. 2008; Dixon 
et al. 2017; Sonego et al. 2015; Bakhshetyan and Saghat-
elyan 2015) have been developed to label these neuroblasts 
and some molecules have been identified to regulate migra-
tion of neuroblasts (Kaneko et al. 2017; Sonego et al. 2015; 
Omori et al. 2015; Lalli 2014; Persson et al. 2013; Lindberg 
et al. 2012), it remains unclear that the difference of migra-
tory properties of neuroblasts generated at between embry-
onical and postnatal ages and how intrinsic or extrinsic fac-
tors regulate neuroblast migration in OB.

In present study, we established an in vivo electroporation 
assay to label RMS of rat both at embryonic and postnatal 
ages. Based on this assay and time-lapse imaging assay, we 
could label and identify the migratory behavior of a popula-
tion of SVZa progenitors to follow their migration pathway 
and later differentiation in the OB. We found the labeled 
cells displayed high motility and postnatal generated cells 
migrate faster than the embryonic generated ones. Our stud-
ies will provide a powerful tool and some insights to under-
stand the migratory properties and molecular mechanisms 
of neuroblasts in RMS at embryonical and postnatal ages.

Materials and Methods

Animals

Sprague–Dawley (SD) rats were provided by Wenzhou 
Medical University Animal Core Facility. The authors stated 
that all experimental methods involving rats were carried 
out in accordance with relevant guidelines and regulations 
of the Animal Bioethics Committee of Wenzhou Medical 
University, and all experimental protocols involving rats 
were approved by Animal Bioethics Committee of Wenzhou 
Medical University.

In Vivo Electroporation

For embryonic manipulation, in utero electroporation was 
used to introduce EGFP (with CAG promoter) plasmid into 
SVZ as described previously (Chen et al. 2008). Briefly, 
SD rats at 16 d of gestation (E16) were deeply anesthetized 
with 10% chloral hydrate (3.5 ml/kg of body weight) intra-
peritoneally. After uteruses were exposed, 1 μl of EGFP 
plasmid (3 μg/μl) mixed with 1 μl Fast Green (1 μg/μl; 
Sigma) was injected by trans-uterus pressure microinjec-
tion into the anterior part of lateral ventricle of embryos. 
Fast Green dyes diffused in the ventricle and labeled ven-
tricle, and formed “half-moon”-like structure in the brain 
surface. Next, the embryos were placed between tweezer-
type electrodes anterior-posteriorly, which has disk elec-
trodes of 5 mm in diameter at the tip. The electric pulses 
were generated by an Electro Squire Porator T830 (BTX) 
and applied to anterior part of brain at five repeats of 60 V 
for 50 ms, with an interval of 100 ms (as shown in Fig. 1). 
Then the uterine horns were placed back into the abdomi-
nal cavity to allow embryos to continue normal develop-
ment. The survival percentage of mother rats was about 
93%.

For postnatal manipulation, SD rats at postnatal 1 d 
were anesthetized on ice, and EGFP plasmid with Fast 
Green was injected by trans-uterus pressure microinjec-
tion into the anterior part of lateral ventricle. The head of 
postnatal rat was placed between tweezer-type electrodes 
anterior-posteriorly. The electric pulses were generated at 
five repeats of 60 V for 50 ms, with an interval of 100 ms. 
Skin was suture-closed. Pups (more than 93%) were then 
reanimated and returned to their mother to continue nor-
mal development.

Immunostaining

After transcardial perfusion at appropriate ages, rat brains 
were collected and fixed in 4% paraformaldehyde (PFA). 
After washing in PBS for 1 h, the samples were equili-
brated in 30% sucrose (Sigma) in PBS. For fluorescence 
immunostaining, fixed brains were cryopreserved in OCT 
compound (Sakura) and frozen in liquid carbon dioxide. 
Sagittal or coronal cryostat sections of 20–30 μm were 
cut on a freezing microtome (Leica) and immediately pro-
cessed for immunostaining by a three-step free-floating 
protocol (at 4 °C). In brief, after washing with PBS, sagit-
tal or coronal cryostat sections were permeabilized with 
0.3% Triton X-100 in 0.1 M PBS for 30 min, followed by 
incubation in blocking buffer (5% normal goat serum in 
PBS, pH 7.4) for 1 h, and incubated overnight at 4 °C with 
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primary antibodies diluted in the blocking buffer. Sections 
were washed three times with PBS and incubated for 1 h 
at room temperature with an appropriate fluorescence-
conjugated secondary antibody (1:1000, Molecular probe, 
Eugene, OR), and incubated with 4′, 6′- diamidino-2- phe-
nylindole (DAPI, Sigma, 1:5000) for 45 min, and then 
visualized by Neurolucida (Microbright field) or confocal 
microscope (FV1000, Olympus). The primary antibodies 
and their appropriate concentration used in this experiment 
were as follows: anti-GFP (1:1000, polyclonal, Molecular 
probe); anti-Tuj1 (1:2000, polyclonal, Sigma); anti-GFAP 
(1:500, polyclonal, DAKO); anti-GAD65/67 (1:500, pol-
yclonal, Sigma); anti-MAP2 (1:1000, polyclonal, Milli-
pore); anti-NG2 (1:500, polyclonal, Millipore); anti-NeuN 
(1:500, monoclonal, Millipore); anti-PSA-NCAM (1:200, 
monoclonal, Millipore); anti-nestin (1:500, monoclonal, 
Millipore).

Slice Culture

Slice culture was prepared from P3 to P7 rats and maintained 
in culture as described previously (Chen et al. 2008). Briefly, 
brains were dissected out in ice-cold Hanks’ balanced salt 
solution (HBSS), embedded in 4% low-melting point aga-
rose in HBSS, and sectioned (sagittal) on a vibratome at 
300 μm thickness. Slices were cultured on a transparent 
porous membrane (0.4 μm pore size; Millipore) in a six-
well culture plate containing 1 ml medium (DMEM plus 
10% horse serum; Gibco), and were cultured in a 37 °C, 5% 
 CO2 incubator.

Time‑Lapse Imaging

Brains were transfected with EGFP at P0–P1 and sectioned 
(sagittal) on a vibratome at 300 μm thickness at P3 in ice-
cold HBSS as described above. Slices were transferred to 

Fig. 1  Migration pattern of 
SVZa progenitor cells to the 
OB. a–c Illustration of in utero 
electroporation strategy to study 
RMS. Big green dots a–b indi-
cated the injected EGFP plas-
mids. Blue shapes b indicated 
electrode position. Small green 
dots c indicated progenitor cells 
transfected with GFP migrated 
from SVZa to OB. d Sagit-
tal rat forebrain slice immu-
nostained for GFP at different 
stages after electroporation of 
a GFP-expressing plasmid in 
E16 SVZa cells. SVZ-derived 
migrating neuroblasts were vis-
ible along the RMS and some of 
them reached the OB. Selected 
regions were shown at higher 
magnification. e Quantification 
of GFP-positive cells distri-
bution in RMS pathways at 
different developmental stages 
(n = 10). SVZ: subventricular 
zone; RMS: rostral migratory 
stream; SEZ: subependymal 
zone; GCL: granule cell layer; 
EPL: external plexiform layer; 
GL: glomerular layer; OB: 
olfactory bulb; ONL: olfac-
tory nerve layer; WM: white 
matter; MCL: mitral cell layer. 
Scale bars, 200 µm. Data were 
mean ± sem
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the surface of a transparent porous membrane (0.4 μm pore 
size; Millipore) in a 35-mm culture dish containing 1 ml 
of medium (DMEM plus 10% horse serum; Gibco). The 
culture dish was then sealed with parafilm and transferred 
to a heat stage (37 °C) on the confocal microscope (FV1000, 
Olympus). Frames were obtained every 5 min, during 3–4 h 
without interruption.

Cell Measurements and Quantification

The numbers of transfected cells in the slices were meas-
ured from all sections containing EGFP-labeled cells using 
Neurolucida (Microbright field). EGFP-labeled cells on 
brain sections were counted across different zones at dif-
ferent developmental stages, and distribution of transfected 
cells was analyzed using the software image-Pro plus 5.1. 
At least 10 Sects. (1 section per rat) were counted for each 
experiment.

Statistical Analysis

Data were analyzed with SPSS software 17.0 and Excel soft-
ware (2016). Statistical analysis was performed using Stu-
dent’s t test. Statistical significance was defined as p < 0.05.

Results

Migration Pattern of SVZa Progenitor Cells to the OB

To study the migration pattern of SVZa cells, progenitor 
cells at the anterior wall of SVZ enveloping lateral ventri-
cles of rat brain at embryonic day 16 (E16) were transfected 
with a plasmid encoding enhanced green fluorescent protein 
(EGFP) by in utero electroporation (Fig. 1a, b). The loca-
tions of EGFP-marked cells were examined after transfec-
tion. We found these transfected cells (EGFP positive) began 
to migrate and form a restricted stream of cells extending 
from SVZa to OB, as shown in Fig. 1c, d. The route of these 
EGFP-marked cells coincides with the path which is darkly 
staining region by DAPI, which suggest RMS with highly 
dense cells (Fig. 1d).

At E20, most EGFP-positive cells stayed at the SVZa, 
maybe undergoing further division. However, as early as at 
P2, 40% EGFP-positive cells began to migrate out of SVZa 
and formed the original RMS pathway. Some cells with high 
motility even reached the middle of OB (Fig. 1d, e). At P2, 
almost 90% of transfected cells were restricted in the RMS 
pathway. Almost 70% cells entered subependymal zone 
(SEZ) to begin to migrate perpendicularly (Fig. 1d, e).

At P5, even more  EGFP+ cells had migrated into OB, 
and 40% cells migrated into granule cell layer (GCL), and 
some cells even reached the mitral cell layer (MCL), the 

external plexiform layer (EPL), and the glomerular layer 
(GL). Some cells arrived at the border of SEZ, attended a 
longer leading process, and formed a right angle turn out 
of SEZ, perpendicularly to the margin of OB, exhibiting a 
radial pattern (Fig. 1d, e). These suggest that the cells began 
to change their migration pattern from tangential to radial 
once they arrived at SEZ of OB, by changing the direction 
of leading process.

At P8, RMS route from SVZa to SEZ started to become 
smaller, and almost 90%  EGFP+ cells detached from the 
chain and began their radial migration in the OB, and more 
cells entered GCL, MCL, EPL, and GL. At P14,  EGFP+ 
cells were widely dispersed in the OB, toward radially into 
superficial layer of OB. More  EGFP+ cells migrated into 
more superficial layers, and mainly concentrated at the GCL 
and GL, where the two major classes of OB interneurons 
reside (Fig. 2a, c).

Taken together, these in vivo results suggest that in utero 
electroporation could clearly label RMS at different develop-
mental stages, and SVZa produces a unique source of cells 
destined to migrate through RMS into OB.

Morphology of SVZa Derived Cells in the OB

To observe the morphology of labeled cells, we used coronal 
and sagittal sections of OB. According to the layers dis-
tinguished by DAPI staining (Fig. 2b), EGFP-positive cells 
began to differentiate when they arrived their final position 
(Fig. 2b) and extended highly branched dendrites. As shown 
in Fig. 2a, 1’, 2b, 2’ (white arrow) the cell in the GCL had 
a characteristic morphology of granule cell: a small round 
soma and a long dendrite (with multiple branches at the 
tip) extending into the external plexiform layer. These cells 
distributed in different depths of GCL. Another typical 
morphology of neuron is periglomerular cell, as shown in 
Fig. 2a, 1’, 2b, 2’ (white arrowheads), which located at the 
border of the glomeruli, and had extensively branched den-
drites within a single glomerulus.

Identity and Destiny of Labeled Cells In Vivo

To identify whether  EGFP+ cells were RMS cells, immu-
nostaining was performed. At P4, 9 days after electropo-
ration of a GFP-expressing plasmid in E16 SVZa cells 
(E16-P4), the long longitudinal route from SVZa to SEZ 
in the OB was examined. As shown in Fig. 3a, b, e, most of 
these EGFP-positive cells were co-stained with Tuj-1, an 
immature neuronal marker, but not co-stained with GFAP, a 
marker of astrocytes. Most of EGFP-positive cells was also 
co-stained by anti-polysialylated neural cell adhesion mol-
ecule (PSA-NCAM) (Fig. 3a, c, e), which recognizes PSA 
portion of the high-molecular-weight neural cell adhesion 
molecule expressed in immature neurons (Oderfeld-Nowak 
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et al. 2009), partially with NG2 (Neuron/glia antigen 2) 
(Fig. 3a, c, e) and few with NeuN (mature neuronal marker) 
(Fig. 3a, c, e). In the GCL, EGFP-positive cells, expressed 
calbindin and  GAD65/67 (Fig.  3d, e) suggest that these 
marked cells should be interneurons. These results suggest 
that labeled SVZa by in vivo electroporation could clearly 
trace RMS cells.

Progenitor Cells Generated at Postnatal Stages 
Migrate Faster than Embryonic Stages

Previous studies have shown that the major interneurons in 
the OB are derived from neuronal precursor cells from the 
lateral ganglionic eminences (LGE) in the embryonic stage 
(Wichterle et al. 2001) and continuously form the SVZa in 

the postnatal stage (Luskin 1993; Lois et al. 1996). However, 
it is still unknown whether there are differences between 
at embryonic stages and postnatal stages in the motility of 
neuronal precursor cells. Here we used in utero electropora-
tion to directly transfect EGFP plasmid into the anterior wall 
of the lateral ventricle at Embryonic 16 (E16) or P0. At P5, 
after 10 days injection at E16, most of the EGFP-positive 
cells migrated into the layers of OB (Fig. 4a, c). However, 
at P10, also after 10 days injection at P0, significantly higher 
percentage of EGFP-positive cells scattered into deeper lay-
ers of OB such as MCL, EPL, and GL; and significantly 
lower percentage distributed in the SVZ, RMS, and SEZ of 
OB (Fig. 4b, c, supplemental data Table 1). These indicated 
that the progenitor cell generated at postnatal stages might 
migrate faster than that generated at the embryonic stage.

Fig. 2  Differentiation of SVZa derived cells in the OB. a Sagittal rat 
forebrain slice immunostained for GFP 19 days after electroporation 
of a GFP-expressing plasmid in E16 SVZa cells (E16-P14). b Hori-
zontal rat OB slice immunostained for GFP 19 days after electropo-
ration of a GFP-expressing plasmid in E16 SVZa cells (E16-P14). 
White arrow indicated the typical neurons in the GCL, and white 

arrowheads indicated the typical neuron in periglomerular layer. c 
Quantification of GFP-positive cell distribution in OB as shown in b 
(n  =  10). SEZ: subependymal zone; GCL: granule cell layer; EPL: 
external plexiform layer; GL: glomerular layer; OB: olfactory bulb; 
MCL: mitral cell layer. Scale bars, 100 µm. Data were mean ± sem
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Migratory Properties of Neuroblasts in RMS

The tangential chain migration has been described as longi-
tudinal clusters of neuroblasts that interact with each other. 
However, the exact migration rate and pattern were still 
unclear. To observe the migratory properties of neuroblasts 
in RMS, we performed time-lapse imaging experiments 
in slice cultures. Sagittal slices of P3 rat were used, after 
in vivo electroporation at P0. The injected pups were kept 
for 2 days to allow for EGFP expression. The EGFP signals 
were strong enough to visualize the long-distance translocat-
ing neurons from SVZ to the OB. Images were recorded in a 
time-lapse mode (3 h, 1 picture every 5 min).

Two migration modes were observed: one was the 
‘branching cell movement’ (Fig. 5a, 1), where neuroblast 
exhibited typical migrating cell morphology with a small 
round cell body, one long leading process and a short trailing 
process at the onset. The cell first showed multipolar form 

with branches, and branches were highly mobile looking for 
way. Then soma moved rapidly up to the branch point and 
retracted the processes. Another mode of migration was the 
‘soma translocation’ migration (Fig. 5a, 2, 3 arrowhead), 
where neuroblasts had a straightly oriented leading pro-
cess which was unbranched during the course of migration 
while maintaining a relatively constant length. Most of cells 
migrated forward from SVZ to OB; however, a few of cells 
migrated backward (Fig. 5a, 3 arrowhead). Analysis of their 
migration rate revealed that there was no significant differ-
ence between forward cells and backward cells (Fig. 5f).

The high motility in the formation and retraction of lead-
ing processes suggests that these migrating cells are actively 
exploring the environment for directional cues. And the tran-
sient stability of the leading process suggests that the direc-
tion of movement was predetermined temporarily. Although 
the migrating cells changed direction constantly or paused 
or even turned around, they strictly migrate forward in the 

Fig. 3  Identity of labeled cells in vivo. a Illustration of selected fore-
brain region for immunostaining at P4 rat, 9  days after electropora-
tion of a GFP-expressing plasmid in E16 SVZa cells (E16-P4). b 
Double immunostaining of GFP (green) and Tuj1 (red) or GFP 
(green) and GFAP (red) in selected region 1 as shown in a. c Double 
immunostaining of GFP (green) and NeuN (red), or GFP (green) and 

NCAM (red), or GFP (green) and NG2 (red) in selected region 2 as 
shown in a. d Double immunostaining of GFP (green) and Calbindin 
(red), or GFP (green) and GAD (red) in selected region 3 as shown 
in a. e Quantification of percentages of various markers and GFP-
positive cells in total GFP-positive cells (n  =  10 slides). Data were 
mean ± sem. Scale bars, 50 µm (Color figure online)
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RMS overall. Actually, these typical cells with higher motil-
ity in the RMS moved rapidly (soma, 2.145 μm/min; leading 
process, 2.671 μm/min, Fig. 5b–e). The velocity and direc-
tion of leading process changed a lot and always changed 
ahead of the soma movement (Fig. 5). Some cells such as 

cell 4 migrated fast, and during observed time, this cell 
migrated out of the observed view, and then left a break 
line in graph (Fig. 5b–e). Analysis of their migration rate 
revealed that RMS cells migrated faster than SEZ cells 
(Fig. 5g). These results suggest that EGFP-labeled cells by 

Fig. 4  Progenitor cells generated at postnatal ages migrated faster 
than those at embryonic ages. a Sagittal rat forebrain slice immu-
nostained for GFP 10 days after electroporation of a GFP-expressing 
plasmid in E16 SVZa cells (E16-P5). b Sagittal rat forebrain slice 
immunostained for GFP 10  days after electroporation of a GFP-
expressing plasmid in P0 SVZa cells (P0–P10). The selected regions 
(1, 2) were shown at higher magnification (1′, 2′). c Quantification 

of percentages of GFP-positive cells distribution in OB after elec-
troporation of a GFP-expressing plasmid in E16 SVZa cells (E16-P5, 
n = 14) and in P0 SVZa cells (P0–P10, n = 6). Scale bars, 100 µm. 
Data were mean ± SD. Statistical analysis was performed using Stu-
dent’s t test,**P < 0.01, *P < 0.05, compared with each layer cells in 
OB after electroporation of a GFP-expressing plasmid in E16 SVZa 
cells (E16-P5), respectively

Table 1  Percentages of GFP-positive cells distribution in OB labeled at embryonic and postnatal ages

Data were mean ± SD. Statistical analysis was performed using student’s t test,**p < 0.01, *p < 0.05, compared with each layer cells (SVZ, 
RMS, SEZ, GCL, MCL, EPL, and GL) in OB after electroporation of a GFP-expressing plasmid in E16 SVZa cells (E16-P5), respectively

SVZ (%) RMS (%) SEZ (%) GCL (%) MCL (%) EPL (%) GL (%)

E16-P5 (n = 6) 6.68 ± 1.77 15.51 ± 5.29 24.32 ± 4.99 41.32 ± 6.39 3.05 ± 1.77 3.77 ± 1.85 5.34 ± 2.98
P0–P10 (n = 14) 4.12 ± 1.55** 7.29 ± 1.68** 15.91 ± 2.66** 44.57 ± 2.67 9.69 ± 1.52** 10.07 ± 2.08** 8.37 ± 1.32*
p 0.0065 0.0017 0.0011 0.2500 2.630 × 10−7 2.640 × 10−6 0.0294
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in vivo electroporation were suitable to time-lapse imaging 
study, and these cells displayed higher motility.

Migration of Neuronal Progenitor Cells From SVZa 
to OB was Affected by Extrinsic Environments

To examine whether migration of neuronal progenitor cells 
from SVZa to OB was affected by intrinsic or extrinsic 

environments, tissue transplanted experiments were per-
formed. EGFP-labeled SVZa tissues from P3 rat were trans-
planted into P0 OB brain slice, and 3 days after brain slice 
culture, these labeled cells could migrate diffusely into OB 
(Fig. 6a, b). Meanwhile, EGFP-labeled OB tissues from P3 
mice were transplanted into P0 SVZa brain slice. Surpris-
ingly, after 5 days brain slice culture, these labeled cells still 
could migrate into OB (Fig. 6a, c). These results suggest that 

Fig. 5  Migratory properties 
of GFP-labeled cells in RMS 
pathways. a Time-lapse imaging 
of GFP-labeled cells in RMS 
pathways. After in vivo elec-
troporation at P0, P3 sagittal 
rat forebrain slice was cultured. 
The selected regions (1, 2, and 
3) were shown at higher mag-
nification based on time-lapse 
imaging in vivo. White arrow-
heads indicated the direction of 
cell migration. b–c Quantitative 
analysis showed the migration 
distance b and speed c of soma 
of typical cells. d–e Quan-
titative analysis showed the 
migration distance d and speed 
e of leading process of typical 
cells (n = 4). White arrowheads 
indicated typical cells. f–g 
Quantitative analysis of average 
migration rate of cells as shown 
in a. Scale bars, 50 µm. Data 
were mean ± sem. Statistical 
analysis was performed using 
Student’s t test,**p < 0.01, com-
pared with RMS cells
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migration of neuronal progenitor cells from SVZa to OB was 
affected by extrinsic environments.

Discussion

The rostral migratory stream has been identified for decades; 
however, the detailed profile of this route and the molecular 
mechanisms remain unclear. In the present study, we devel-
oped in vivo electroporation to label the progenitor cells 
migrating through the RMS successfully, and pictured out 
the temporal-spatial migration and differentiation pattern of 
SVZa progenitor cells into the OB. In addition, with the 
transplant assay, we found migration in RMS was mainly 
affected by extrinsic environments.

The in vivo electroporation system was initially devised 
for use in chick embryos (Itasaki et al. 1999; Muramatsu 

et al. 1997). Then many groups used developed in utero 
electroporation system, delivering plasmid into cortical neu-
ron in developing embryos (Fukuchi-Shimogori and Grove 
2001; Tabata and Nakajima 2001; Takahashi et al. 2002; 
Chen et al. 2008). Several previous studies have shown 
that in vivo electroporation also can label RMS of rodent 
olfactory system (Boutin et al. 2008; Chesler et al. 2008; 
Figueres-Onate and Lopez-Mascaraque 2016). Here we also 
developed this in vivo electroporation system which allows 
plasmid DNA to be introduced into neural progenitor cells 
at both the embryonic or postnatal stages, and studied the 
migratory properties of RMS of olfactory system based on 
this assay. Our studies showed that the strong EGFP fluores-
cence is sufficient to observe the morphology details of the 
labeled cells without immunohistochemistry, and enables the 
entire processes and route of the migration to be visualized 
in real time. This assay is efficient for the gain or loss of 

Fig. 6  Migration of neuronal progenitor cells from SVZa to OB 
was affected by extrinsic environments. a Illustration of transplanta-
tion experiments. GFP-labeled tissues were taken as hosts, and non-
transfected tissues were taken as receivers. b Typical images showed 

migration pattern of GFP-labeled SVZa tissues 3  days after trans-
planted into P0 OB. c Typical images showed migration pattern of 
GFP-labeled OB tissues 5 days after transplanted into P0 SVZa. Scale 
bars, 200 µm



1076 Cellular and Molecular Neurobiology (2018) 38:1067–1079

1 3

function of gene manipulations on the mammalians, com-
pared to BrdU administration and dye injection experiments. 
The role of any gene involved in these processes can be eas-
ily evaluated by overexpression of these proteins or their 
mutants, or knock-down of their genes by RNA interference 
(Belvindrah et al. 2011; Sonego et al. 2015; 2013a). In addi-
tion, it is capable of regulate gene expression in the certain 
cell population which could not only avoid early embryonic 
lethality by conventional transgenic techniques, and also 
the cross influence by other cells such as glia cells. Thus, 
based on time-lapse imaging and brain slice culture system, 
this assay may be applied in future in the following fields 
as a powerful tool to study the migratory properties and 
molecular mechanisms of neuroblasts of RMS: 1) analyze 
the migratory properties of embryonically labeled precursor 
cells in comparison with postnatally labeled ones in more 
detail; 2) explore the potential functions of interest genes 
in neuroblast migration based on electroporation of shRNA 
or over-expressing plasmids or Cre recombinase-expressing 
plasmids in conditional knockout mice employing LoxP sys-
tem; and 3) investigate the detail roles of different signal-
ing molecules in neuroblast migration by pharmacological 
manipulation of acute brain slice cultures.

It was assumed that the adult SVZ is derived from the lat-
eral ganglionic eminence (LGE) of the embryonic telenceph-
alon. The LGE progenitors grafted into the LGE or adult 
SVZ produce neuroblasts that migrate to the OB (Wichterle 
et al. 2001). Here our studies showed that plasmid injected 
into the anterior part of lateral ventricle which is just above 
the vertical limb of the RMS, and received a voltage pulse 
anterior-posteriorly, could effectively be introduced into the 
progenitors that migrate into the RMS. If the plasmid was 
introduced into the later ventricle at E16 but received a volt-
age pulse ventral-dorsally, the labeled cells would migrate 
into cortical cortex (Borrell et al. 2005; LoTurco et al. 2009). 
That means the origin of the embryonic OB neurons is spe-
cifically localized and could be traced.

Previous studies have showed that the peak of OB 
interneuron production occurs in the first postnatal week 
in mice (Alvarez-Buylla and Lim 2004). Interneurons born 
during the early period appear more likely to differentiate 
and survive long term in the OB than interneurons generated 
later (Lemasson et al. 2005; Magavi et al. 2005; Plachez and 
Puche 2012; Parrish-Aungst et al. 2007). However, the exist-
ing results are restricted at early neonatal stages like P3 to 
P7, but our studies traced the development of interneurons 
generated as early as E16, using the in utero electroporation 
technique. These labeled neurons could be traced for long 
time (more than 3 weeks), and reached into different layers 
of OB. Consistent with previous studies(Boutin et al. 2008; 
Sonego et al. 2015; 2013b), these neurons could finally 
become into mature neurons such as granule neurons and 
periglomerular neurons (Fig. 2). These results suggest that 

this assay can successfully trace neurons of RMS. Addition-
ally, the progenitor cells generated at postnatal stage (P0) 
migrate into more exterior layers in the OB than those gener-
ated at the embryonic stage (E16). Our data showed that the 
cells generated at P0 migrate faster than the cells generated 
at E16, according to the percentage of cells in the different 
layers of OB (including SEZ, GCL, MCL, EPL, and GL); 
even the migration routes from SVZ to OB is shorter at the 
embryonic stages than the postnatal stages. In addition, the 
P0 generated cells penetrated into the outer layers of the OB 
such as MCL, EPL, and GL, but not SEZ. It is possible that 
once the cell changed into radial migration mode after enter 
the OB, the later generated cells tended to penetrated into the 
upper layers, just like the inside-out pattern in radial migra-
tion of cortical neurons (Hatanaka et al. 2004). This sug-
gests that interneurons generated at different development 
stages might be involved into different OB circuits, and this 
is important for odor discrimination. The interneuron migra-
tion and lamination into OB is not strictly age-depended as 
cortical neuron in the cortical cortex, since the E16-derived 
cells also could penetrate into the GL layer, but with a 
smaller proportion. The robust migration of neural progeni-
tors in the embryonic and early postnatal stages suggests the 
importance of maintain a high level of functional synaptic 
plasticity at this crucial stage of neural development.

It has been observed in vitro that the RMS cells migrate 
on the surface of the adjacent RMS cells, which serve as 
a migratory scaffolding (Lois et al. 1996; Rousselot et al. 
1995). However, we also observed the chain formation in our 
in vivo system. The migrating cells are the interconnected 
with each other, but not rely on other cell types. The migrat-
ing cell has a long leading process, with a large growth cone. 
We also found that the neuroblasts in RMS migrate very rap-
idly along one another at the rate of 2.145 μm/min and the 
leading processes move even faster at the rate of 2.671 μm/
min, which is consistent with the velocity found in the cul-
ture systems, which is 2.033 μm/min (Wichterle et al. 1997), 
and significantly faster than at the rate of 0.33–0.5 μm/min 
in vivo studies by X-Gal staining (Luskin and Boone 1994) 
or dye tracing (Lois and Alvarez-Buylla 1994), or slice cul-
tures by dye tracing (Bovetti et al. 2007). These rates are 
dramatically faster (2–8 times) than those reported of other 
tangential migrations, e.g., precursors of cortical interneu-
rons derived from medial ganglionic eminence (0.967 μm/
min) (Polleux et al. 2002) or granule cell precursors in the 
cerebellum (0.25 μm/min) (Komuro et al. 2001). These dif-
ferent results may be due to different study systems (such 
as time-lapse imaging based on slice culture VS in vivo 
tracing).

Some migrating neural cells migrate as ‘soma translo-
cation’ mode, which is a characteristic biphasic pattern of 
movement. This soma translocation contains typical nucle-
okinesis, where the leading process elongate towards and 
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then followed by nuclear translocation. Nucleokinesis is 
frequently preceded by transient thickening of the proxi-
mal leading processes (Schaar and McConnell 2005), and 
this was clearly observed in our time-lapse studies (Fig. 5). 
Another interesting migration type is the ‘branching cell 
movement’ mode. The cells could change from bipolar into 
multipolar freely and the leading process could branch and 
turn in a high dynamic. This mode is important since the 
migrating neurons are influenced by the microenvironment 
in which they reside or have migrated through. However, we 
never observed cells spontaneously turned 90° to emigrate 
radially from the SVZ. This indicates that some structural 
and/or chemical boundary between the SVZ and adjacent 
structures could restrict neuronal progenitor migration; 
maybe it was the contribution of astrocyte ‘tunnel’ array 
around the certain route with a strong GFAP-positive signal 
(Fig. 3).

It was assumed that neuroblasts have an intrinsic capacity 
to migrate (Lledo et al. 2008) even when they are isolated 
from their native environment, since the chain migration can 
be recapitulated in vitro by embedding RMS explants in a 
three-dimensional Matrigel matrix (Lindberg et al. 2012). 
Moreover, previous study has shown that progenitor cells 
isolated from the LGE or SVZ at different stages (embryonic 
day 15 and postnatal days 2 and 30) engraft into the SVZ of 
neonatal or adult mice, migrate to the OB, and differentiate 
into local interneurons, including granule and periglomeru-
lar cells as well as other types of interneurons (De Marchis 
et al. 2007). Similarly, we transplanted the cells migrating 
in the RMS limb forward into SEZ; the cells could migrate 
radially into different layers of the OB, but not migrate tan-
gentially like the cells in the RMS (Fig. 6). Interestingly, 
the cells (that already migrated in SEZ of OB) were trans-
planted  back into RMS, the cells could still migrate out 
tangentially along the RMS to OB as the cells generated 
from SVZa (Fig. 6). These results suggest that migration of 
neuronal progenitor cells from SVZa to OB was also affected 
by extrinsic environments. Further studies will be carried out 
to confirm this phenotype and examine related molecular 
mechanisms in future.

In conclusion, with the appropriate injection site and 
direction of electric pulse, we developed an in vivo elec-
troporation technic, which could label a certain type of neu-
roblasts in SVZa efficiently at both embryonic and neonatal 
stages. These labeled SVZa progenitors migrated into the 
OB through rostral migratory stream including tangential 
and radial migration. Additionally, the migration route and 
mode of RMS was mainly regulated also by extrinsic envi-
ronments. Interestingly, the postnatal generated cells migrate 
faster than the embryonic ones. Our studies will provide a 
powerful tool and some insights to understand the migratory 
properties and molecular mechanisms of neuroblasts in RMS 
at embryonical and postnatal ages.
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