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Imaging and recording subventricular zone progenitor cells in 
live tissue of postnatal mice
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The subventricular zone (SVZ) is one of two regions where neurogenesis persists in the postnatal 
brain. The SVZ, located along the lateral ventricle, is the largest neurogenic zone in the brain that 
contains multiple cell populations including astrocyte-like cells and neuroblasts. Neuroblasts 
migrate in chains to the olfactory bulb where they differentiate into interneurons. Here, we 
discuss the experimental approaches to record the electrophysiology of these cells and image 
their migration and calcium activity in acute slices. Although these techniques were in place 
for studying glial cells and neurons in mature networks, the SVZ raises new challenges due to 
the unique properties of SVZ cells, the cellular diversity, and the architecture of the region. We 
emphasize different methods, such as the use of transgenic mice and in vivo electroporation 
that permit identification of the different SVZ cell populations for patch clamp recording or 
imaging. Electroporation also permits genetic labeling of cells using fluorescent reporter mice 
and modification of the system using either RNA interference technology or floxed mice. In 
this review, we aim to provide conceptual and technical details of the approaches to perform 
electrophysiological and imaging studies of SVZ cells.
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Live imaging can also help study one neurogenic process, migra-
tion, directly. In the SVZ-RMS axis, neuroblasts can move several 
micrometers per minute. One can then genetically or pharmaco-
logically manipulate these cells and determine the precise speed by 
which they move. In short, live imaging approaches therefore help 
address novel ideas about neurogenesis.

Electrophysiological and imaging analyses of the behavior of 
SVZ cells have only been recently reported. Although the tech-
niques were in place for studying glial cells and neurons in mature 
networks, electrophysiology and live imaging in the SVZ met addi-
tional challenges due to the unique properties of the SVZ architec-
ture and its cells. Indeed, the cells in the SVZ are densely packed 
with almost no extracellular space, thus limiting access to individual 
cells. SVZ cells, in particular neuroblasts, are small (∼6 μm) and 
have a thin membrane and small cytoplasm and are therefore fragile 
compared to neurons. Due to the presence of diverse cell types 
touching each other in the SVZ, identifying cells has also been 
a major challenge for electrophysiology or live imaging. We first 
detail how the different cell types can be labeled, with an emphasis 
on our own approaches using transgenic mice and, more recently, 
in vivo electroporation. The electrophysiological recordings and 
their problems have been addressed in recent studies and will only 
be summarized here. The imaging techniques for studying neu-
roblast migration and calcium activity in diverse populations of 
SVZ cells are detailed with explanations provided for the choice of 
dyes and methods of dye labeling in transgenic mice or following 
genetic labeling (electroporation). Finally, we will emphasize in 
the conclusion that in vivo electroporation is a powerful method 
to genetically modify this system.

INTRODUCTION
Neurogenesis persists in two centers in the adult brain, the 
 neurogenic subventricular zone (SVZ) and the hippocampal den-
tate gyrus (Lledo et al., 2006; Zhao et al., 2008). In the SVZ, neural 
progenitor cells (also called neural stem cells), a subpopulation of 
astrocyte-like cells, produce transit-amplifying cells (TACs), which 
in turn generate neuroblasts (Doetsch et al., 1999). Neuroblasts 
migrate in chains ensheathed by astrocyte-like cells throughout the 
SVZ and along the rostral migratory stream (RMS) to the olfac-
tory bulb (OB) (Lois et al., 1996; Peretto et al., 1997). Once in the 
RMS of the OB, they turn to enter the existing OB circuitry and 
differentiate into interneurons (granule cells, periglomerular cells, 
and to some extent glutamatergic neurons) (Luskin, 1993; Lois and 
Alvarez-Buylla, 1994; Brill et al., 2009).

From cell birth to the time new neurons reach their target destina-
tion, neurogenesis takes ∼2 weeks minimum. Accordingly, traditional 
methods that visualize proliferation, migration, survival and differen-
tiation that take from hours to weeks and generally use fixed tissue. For 
example, administrations of BrdU and subsequent fixation can reveal 
proliferation occuring after 2 h, migration over a course of several 
days, and survival over weeks. Thus, why is studying neurogenesis in 
acute tissue, over a shorter time range, with electrophysiology and live 
imaging necessary? Live tissue approaches provide a greater under-
standing of the intercellular signaling relationship in the neurogenic 
zones. Whereas staining of receptors in fixed tissue can reveal regional 
and cellular location, electrophysiology and calcium imaging not only 
determine whether the receptor is functional, but to what extent. By 
manipulating these signaling processes, we can then examine their 
effect on neurogenesis. 
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LABELING OF SVZ CELL TYPES FOR DIVERSE APPLICATIONS
The SVZ contains at least six different cell types defined by their 
morphology, ultrastructure, and molecular markers (Smart, 1961; 
Altman, 1963, 1969; Blakemore, 1969; Privat and Leblond, 1972; 
Kishi, 1987; Sucher and Deitcher, 1995; Jankovski and Sotelo, 1996; 
Lois et al., 1996; Doetsch et al., 1997; Peretto et al., 1997; Mercier 
et al., 2002). The migrating neuroblasts (referred to as type A cells, 
Lois et al., 1996; class 1 cells, Jankovski and Sotelo, 1996; or neuronal 
precursors) migrate in chains to the OB along the RMS. A particular 
type of protoplasmic astrocyte (also called type B cells, Lois et al., 
1996; or class 2 cells, Jankovski and Sotelo, 1996) ensheath the 
chains of migrating neuroblasts. More spherical and highly prolif-
erative progenitors called TACs (or type C cells) form clusters next 
to the chains of migrating neuroblasts. The SVZ is largely separated 
from the ventricular cavity by a layer of ependymal cells (also called 
type E cells, Doetsch et al., 1997). The neuroblasts and astrocytes 
are the two main progenitor types located between the ependymal 
cell layer and the striatal parenchyma in the adult SVZ (Doetsch 
et al., 1997). Two additional cell types include microglial cells and 
NG2 cells (Aguirre et al., 2004; Goings et al., 2006; Platel et al., 
2009). Regarding cell lineage, a subpopulation of astrocytes behaves 
as neural progenitor cells (also called stem cells) (Doetsch et al., 
1999). They self-renew and generate TACs that in turn self-renew 
and generate neuroblasts (as well as glioblasts following injuries). 

These neuroblasts migrate to the OB where they differentiate into 
granule cells, periglomerular cells and to a smaller extent glutama-
tergic neurons (Lledo et al., 2006; Brill et al., 2009). The lineage and 
architecture of the SVZ are illustrated in Figures 1 and 2.

Several approaches can be used to label and identify cells in 
acute slices: transgenic mice, in vivo electroporation, and viral 
labeling. We will discuss all three with an emphasis on the first 
two options.

TRANSGENIC mICE TO LABEL SPECIFIC CELL TYPES AND ADDITIONAL 
APPLICATIONS
One method of labeling a specific cell population in live SVZ sections 
is through the use of transgenic mice in which fluorescent proteins 
are expressed under the control of cell-type specific promoters.

Immature cells
Several groups have generated transgenic mice using the nestin pro-
moter. Nestin was discovered as an intermediate filament expressed 
in immature cells, in particular radial glia during brain develop-
ment (Hockfield and McKay, 1985), and has been reported in adult 
SVZ cells (Wang et al., 2003a). These mice include nestin-GFP 
(2 lines), nestin-Cre, and inducible nestin-tTA and nestin-CreERT2 
mice (see Table 1 for references). GFP expression in the two lines 
of nestin-GFP mice display different patterns and is expressed in 

Figure 1 | SVZ cell lineage and antigenic properties. (A) Diagram illustrating 
the lineage and antigenic properties of the different SVZ progenitor cells. GFAP, 
glial fibrillary acidic protein; GLAST, glutamate-aspartate transporter; BLBP, brain 
lipid-binding protein; DCX, doublecortin; TuJ1, βIII-tubulin; TAC, transit-amplifying 
cells. Some, but not all, of the TACs express BLBP. (B) Photograph of GFAP 
immunostaining in a coronal section containing the SVZ. The arrows point to the 
SVZ. (C) Confocal image of GFAP (green) and DCX (red) co-immunostaining in the 

dorso-lateral SVZ. (D) Confocal image of GLAST (green) and DCX (red) co-
immunostaining in the lateral SVZ located along the lateral ventricle (e) Confocal 
image of DCX (red) immunostaining and TOPRO-3 (nuclear labeling) in the lateral 
SVZ. (F) Image of a live coronal slice containing the lateral SVZ. The lateral ventricle 
is on the right and the striatum on the left. Scale bars: 500 μm (B), 100 μm (C), 
60 μm (D) and (e), 40 μm (F). *Note that presumably all stem cells express these 
markers, but individual markers alone are not sufficient to identify stem cells.
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et al., 2007), mouse (m) GFAP-GFP (Kuzmanovic et al., 2003), 
GLAST-DsRed and GLT-1-GFP (Regan et al., 2007), BLBP-GFP 
(Schmid et al., 2006), and hGFAP-MrgA1:GFP mice (Fiacco et al., 
2007). These latter mice express a Gq-protein coupled receptor 
(called Mas-related gene A1, MrgA1) fused to GFP selectively in 
GFAP-expressing cells using the inducible tet-off system. Mice 
expressing the tetracycline transactivator (tTA) under the hGFAP 
promoter (hGFAP-tTA mice) were crossed to mice in which the 
MrgA1 receptor was transcribed off the tet (tetO) minimal pro-
moter (tetO-MrgA1). In the absence of doxycycline, astrocytes 
express MrgA1:GFP (Table 1; Figure 1).

Our lab examined three hGFAP-driven mouse lines that each 
have their own advantages and disadvantages with respect to the 
study of progenitor cells (Liu et al., 2006; Platel et al., 2009; Young 
et al., 2010). In both the hGFAP-GFP and -DsRed (generated by 
Dr. Messing’s, Zhuo et al., 1997, and Jensen’s group, Noraberg et al., 
2007, respectively), the fluorescence is localized to the cytoplasm 
allowing overlay with cytoplasmic and nuclear markers such as 
the mitotic marker bromodeoxyuridine (BrdU, Figure 4F). All 
SVZ astrocytes express GFP in hGFAP-GFP mice, in contrast to 
the hGFAP-DsRed mice, in which only a subset of SVZ astrocytes 
express DsRed for unknown reasons. In addition, the DsRed protein 
having a half-life of 4 days persists in TACs and neuroblasts that 
were recently generated from DsRed-positive astrocytes (Young 
et al., 2010). Although the fluorescence in neuroblasts is less intense 
than in astrocytes, this is a serious limitation for unambiguous iden-
tification of red-fluorescent cells as astrocytes. These two mouse 
lines are not optimal for calcium imaging due to the cytoplasmic 
presence of GFP in the former (same wavelength as the green cal-
cium indicator dye) and to the persistence of DsRed in neurob-
lasts in the latter. However, in hGFAP-MrgA1:GFP mice, GFP is 
expressed in the membrane allowing visualization of an outline 

several cell types (Nam et al., 2007; Kim et al., 2009). Nestin-Cre 
mice crossed with fluorescent reporter mice (e.g., Rosa26-Stop-YFP 
mice) results in YFP expression in a subset of SVZ cells includ-
ing astrocytes and neuroblasts (Machold et al., 2003). As a result, 
nestin-GFP and nestin-Cre mice are not helpful for identifying 
subpopulations of cells in the SVZ. These mice have been used 
for migration studies, but data analysis is difficult because of the 
need to determine cell identity post-recording (Kim et al., 2009). 
Inducible nestin-tTA and nestin-CreERT2 will label a subset of cells 
independent of their identity in the SVZ (Table 1; Figure 1).

SVZ/RMS astrocytes
The most common markers of mature and SVZ astrocytes include 
glial fibrillary acidic protein (GFAP, Figures 1B,C), glutamate-
 aspartate transporter GLAST (also known as excitatory amino 
acid transporter 2, EAAT2, Figure 1D), the other glial glutamate 
transporter GLT-1 (EAAT1), brain lipid-binding protein BLBP (Liu 
et al., 2006; Wang and Bordey, 2008; Platel et al., 2009). GLT-1 has 
only been used by our group, but GLAST has been used by us in sev-
eral articles (Bolteus and Bordey, 2004; Liu et al., 2006; Platel et al., 
2009, 2010) as well as at by several other groups (Braun et al., 2003; 
Sundholm-Peters et al., 2004; Pastrana et al., 2009). BLBP, which is a 
radial glia marker (Feng et al., 1994), persists in GFAP+ cells as well 
as in a subpopulation of TACs in the postnatal SVZ (Sundholm-
Peters et al., 2004; Balordi and Fishell, 2007; Liu et al., 2008). There 
is a subpopulation of S100B-expressing astrocytes in the SVZ, some 
of which express GFAP (Raponi et al., 2007; Platel et al., 2009), that 
are not discussed in this article. Transgenic mice expressing GFP 
under the human GFAP promoter (hGFAP) were the first of the 
hGFAP-driven lines generated to study mature astrocytes in live tis-
sue (Zhuo et al., 1997). Recently generated transgenic mice include: 
hGFAP-DsRed (Discosoma sp. red-fluorescent  protein) (Noraberg 

Figure 2 | SVZ electroporation and labeled cells. (A) Diagram illustrating: 
(1) the transformation of radial glia into SVZ astrocytes and ependymal cells, 
and parenchymal astrocytes during the first 2 weeks, (2) the cellular 
organization of the SVZ. Astrocyte-like cells (astro.) ensheath neuroblasts 
(neuro.). TACs and microglia (represented as small light cells) are scattered 
throughout the SVZ. Ependymal cells line the lateral ventricle (LV). (3) 
Co-electroporation of pCAG-driven fluorescent proteins results in protein 

expression into radial glia, and thus in SVZ astrocyte-like cells and ependymal 
cells, and the progeny of astrocyte-like cells, i.e., TAC and neuroblasts that 
appear orange due to both RFP and YFP co-localization. The diagram assumes a 
100% co-localization, which is experimentally 80–90%. (B) Confocal image 
illustrating the expression of yellow fluorescent protein (YFP) in radial glia 
following electroporation of a pCAG-Cre in Rosa26-YFP mice. Scale 
bar: 100 μm.
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Table 1 | Transgenic mice to study the different cell types in the SVZ.

SVZ cell types/Mice Astrocytes Transit-amplifying cells Neuroblasts

Useful in: Patch - Ca2+ -Migration Useful in: Patch - Ca2+ -Migration Useful in: Patch - Ca2+ -Migration

ImmAtuRE CELL REPoRtER

Nestin-gFP 

(Yamaguchi et al., 2000; Johansson et al., 

2002; Nam et al., 2007; Kim et al., 2009)

Cytoplasmic, a subset Cytoplasmic, a subset Cytoplasmic, a subset

N – N – difficult** N – N – difficult** N – N – difficult**

CSH-nestin-gFP 

(Mignone et al., 2004; Kim et al., 2009)

Cytoplasmic, all Cytoplasmic, all Cytoplasmic, all but faint

N – N – N** N – N – N** N – N – N**

Nestin-Cre 

(Betz et al., 1996; Isaka et al., 1999; 

Tronche et al., 1999) (Machold et al., 2003) 

to be crossed with Rosa reporter mice

Cytoplasmic, a subset Cytoplasmic, a subset Cytoplasmic, a subset

ND ND ND

Nestin-tTA

(Yu et al., 2005) to be crossed with 

TetOp-Cre and Rosa26 reporter mice

YFP expression in nestin+ cells upon 

doxyxycline exposure

Cytoplasmic, ND Cytoplasmic, ND

ND ND ND

Nestin-CreerT2 

(Carlen et al., 2006; Lagace et al., 2007) to 

be crossed with Rosa reporter mice

Cytoplasmic, a subset upon 

tamoxifen exposure

Cytoplasmic, a subset Cytoplasmic, a subset

ND ND ND

AStRoCYtE REPoRtER

hGFAP-gFP

(Zhuo et al., 1997; Platel et al., 2009), 

Jackson Labs

Cytoplasmic, all Some faint GFP No (i.e., no expression)

Y – N – Y N – N – N

mGFAP-gFP

(Kuzmanovic et al., 2003; Kim et al., 2009)

Cytoplasmic, all Some faint GFP No (i.e., no expression)

Y – N – Y No

hGFAP-Dsred

(Noraberg et al., 2007; Young et al., 2010)

Cytoplasmic, not all astrocytes Some Some faint DsRed

Y – Y* - Y N – N – N Y- Y* - N

GLASt-Dsred GLt-1-gFP

(Regan et al., 2007)

Cytoplasmic, all DsRed may transiently persist Presumably no

ND N – N – N**

BLBP-egFP BLBP-Dsred 

(Schmid et al., 2006)

Cytoplasmic, all DsRed may transiently persist No

ND ND but presumably no

mrgA1-gFP

(Fiacco et al., 2007; Platel et al., 2010)

Membrane, all ND No

N – Y – N (but may be used to study 

process motility)

hGFAP-CreerT2

(Ganat et al., 2006) to be crossed with 

Rosa26 reporter mice

Cytoplasmic, a subset:  

tamoxifen injection

Yes (subset from Cre-expressing 

astrocytes)

Yes (subset from  

Cre-expressing astrocytes)

ND ND ND

GLASt-CreerT2

(Mori et al., 2006) to be crossed with 

Rosa26 reporter mice

Cytoplasmic, a subset:  

tamoxifen injection

Yes (subset from  

Cre-expressing astrocytes)

Yes (subset from  

Cre-expressing astrocytes)

ND ND ND

NEuRoBLASt REPoRtER

DCX-gFP

Gensat (Nam et al., 2007; Platel et al., 

2008)

No No Cytoplasmic, all

Y – N – difficult

DCX-Dsred

(Wang et al., 2007) Jackson Labs

No No Cytoplasmic, all

Y – Y – difficult**

gAD65-gFP

(De Marchis et al., 2004; Nam et al., 2007)

No No Cytoplasmic, a subset

Y – N - Y

DCX-CreerT2 × rosa26

(NIH Blueprint)

No No Cytoplasmic, a subset:  

tamoxifen injection

ND

ND, not determined.
*Caveat since DsRed, although at low fluorescence intensity, persists in neuroblasts.
**The answer N = no, Y = yes, is based on published data and our recommendations.
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Stop-tdTomato, the number of neuroblasts turning red can likely 
be titrated depending on the quantity of injected tamoxifen. These 
mice will thus be helpful for calcium imaging, electrophysiology, 
and migration studies. It is important to briefly note that the induc-
ible mouse lines can be crossed with mice in which a gene of interest 
is flanked by LoxP sites; upon tamoxifen injection, Cre induction 
would result in excision of both the Stop sequence and the gene of 
interest. This approach leads to the selective genomic removal of a 
gene and thus the protein of interest in neuroblasts. The obvious 
limitation of this approach for genetic manipulations is the need 
of a transgenic mouse line for each gene of interest.

Transit-amplifying cells
At present, a transgenic mouse line that labels all and only TACs in 
adult tissue has not been generated. TACs express Mash 1 (Parras 
et al., 2004) and Mash1-GFP mice have been generated (Gensat). 
However, both TACs and neuroblasts express GFP (Kim et al., 
2009), making the study of TACs difficult due to the need for 
post-recording immunostaining. One reliable marker is perhaps 
EGF receptor (EGFR), as recently shown in both the neonatal and 
adult SVZ (Cesetti et al., 2009; Pastrana et al., 2009). These cells 
are relatively rare and constitute 5–10% of all SVZ cells depend-
ing on the rostral-caudal position along the SVZ (Doetsch et al., 
1997). In addition, there may be multiple markers as these cells 
progress down the lineage, but they have yet to be determined. 
Olig2-expressing progenitors have been shown to act as gliogenic 
progenitors in neonatal mice (Aguirre and Gallo, 2004; Marshall 
et al., 2005) and may be generated from EGFR-expressing cells or 
directly from GFAP-expressing progenitor cells (Platel et al., 2009) 
(Table 1; Figure 1).

Ependymal cells
While no groups have reported transgenic mice for ependymal 
cells, they are easy to identify with differential interference con-
trast (DIC) optics (see Figure 4F). Cilia are especially noticeable as 
hair-like protrusions from cuboidal cells lining the lateral ventricle, 
which beat rapidly in healthy acute slices (Genzen et al., 2009a,b). 
Ependymal cells also have noticeable lipid droplets (Table 1).

Microglia
Microglia selectively express Cx3cr1 receptors. Transgenic mice 
expressing Cx3Cr1-GFP in the locus of Cxcr1 receptors are viable 
and a useful tool for studying microglia in live tissue (Jung et al., 
2000) (Jackson labs).

NG2 cells
NG2 cells are better known as oligodendrocyte progenitor cells 
(Polito and Reynolds, 2005) and were so-named because of their 
expression of the NG2 proteoglycan [also known as chrondroi-
tin sulfate proteoglycan 4 (CSPG4)]. The Nishiyama lab created 
transgenic mice in which DsRed is expressed under the NG2 pro-
moter using BAC modification techniques (Zhu et al., 2008). In 
the neonatal SVZ, NG2 cells have been shown to act as TACs gen-
erating both neurons and oligodendrocytes (Aguirre et al., 2004), 
but only a glial fate has been reported in adult animals (Komitova 
et al., 2009). In the adult SVZ, a few SVZ cells with a classical OPC 
morphology (flat and bushy) are found by immunostaining for 

of SVZ astrocytes (see Figure 6D). This is advantageous for both 
immunostaining membrane proteins like GLAST and for calcium 
imaging. Indeed, this allows calcium imaging where dyes are in a 
similar emission spectrum as GFP (e.g., Fluo-4 AM), which would 
otherwise be obstructed with cytoplasmic localization of GFP. In 
addition, confirmation of the identity of GFP-fluorescent cells as 
astrocytes can be strengthened by carefully noting where mem-
brane-bound GFP resides and, after loading the calcium-sensitive 
dye, applying the MrgA1-specific peptide phe-leu-arg-phe amide 
(FLRFa) to note which cells are responding specifically to the pep-
tide. FLRFa is a selective agonist of MrgA1 that does not bind to 
endogenous receptors (Figures 6F–H).

Other BAC transgenic mouse lines have been generated through 
Gensat1 that display preferential astrocytic expression of GFP such 
as Aldh1l1-GFP. However, these different mice have not been evalu-
ated for GFP expression in the SVZ. Other lines include inducible 
transgenic CreERT2 mice. When crossed with fluorescent reporter 
mice (e.g., Rosa26-Stop-YFP or Rosa26-Stop-tdTomato mice), 
injection of tamoxifen induces translocation of Cre recombinase 
from the cytoplasm to the nucleus. This results in excision of the 
stop sequence and induces YFP or tdTomato expression selectively 
in cells expressing CreERT2. hGFAP-CreERT2 and GLAST-CreERT2 have 
been recently generated allowing lineage studies in the SVZ (Ganat 
et al., 2006; Mori et al., 2006). These mice are not optimal for 
selectively studying astrocytes since TACs and neuroblasts would 
also express YFP or tdTomato.

Neuroblasts
Several transgenic mouse lines have been generated, allowing selec-
tive identification of neuroblasts based on the following markers: 
doublecortin (DCX, Figures 1C–E), βIII-tubulin (TuJ1), and the 
glutamic acid decarboxylase 65 kDa (GAD-65). DCX-GFP and 
DCX-DsRed mice are now commercially available at Gensat and 
at Jackson Labs (Wang et al., 2007), respectively. DCX-GFP mice 
are ideal for immunostaining studies and have been used for migra-
tion studies (Nam et al., 2007; Platel et al., 2008). However, the 
presence of GFP in every neuroblast makes such migration studies 
difficult because it is difficult to distinguish individual neuroblasts. 
The DCX-DsRed mice are suited for performing calcium imaging 
in neuroblasts, though this has not yet been done in these mice. 
TuJ1-GFP mice have been generated but have not been examined 
in the postnatal SVZ (Attardo et al., 2008). GAD-65-GFP target 
subpopulations of neuroblasts allowing migration studies of at 
least a specific subpopulation of neuroblasts (De Marchis et al., 
2004; Nam et al., 2007). About 30% of the migrating cells express 
GAD65-GFP (De Marchis et al., 2004; Nam et al., 2007). It, how-
ever, remains unclear whether cells expressing one of the GADs 
will become GABAergic interneurons or lose GAD expression and 
become dopaminergic interneurons (Table 1; Figure 1).

Other CreERT2 mouse lines have been generated through the NIH 
Neuroscience Blueprint Cre driver network2 and will become avail-
able through Jackson Labs. One of these lines is the DCX-CreERT2 
that can be used to label neuroblasts upon tamoxifen injection once 
crossed with a Rosa26 reporter mice. In the DCX-CreERT2 × Rosa26-

1gensat.com
2credrivermice.org
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the neonatal period (Paterson et al., 1973; Merkle et al., 2004). 
These specialized astrocytes generate TACs and neuroblasts, which 
migrate to the OB in 7–14 days. As a result, at 2 weeks post-
electroporation with a plasmid containing GFP under a cytome-
galovirus (CMV) early enhancer/chicken β-actin (CAG) promoter, 
GFP-expressing cells include: ependymal cells, SVZ astrocytes, and 
neuroblasts in the SVZ, RMS, and OB (diagrams in Figures 2A 
and 3C). There are also mature astrocytes nearby in the striatum 
that express GFP because radial glia also transform into striatal 
astrocytes during the neonatal period (diagram in Figure 2A).

We examined GFP-expressing cells up to 2 months post-
 electroporation in the SVZ and OB. First, GFP-expressing neu-
rons persisted in the granule cell and periglomerular cell layer in 
the OB at 2 month post-electroporation. Granule cells displayed 
large dendritic arbors with spines in the external plexiform layer 
(Figure 3F). In the SVZ GFP-expressing cells were ependymal cells 
(based on morphology) and GLAST, BLPB or GFAP-expressing 
cells, i.e., astrocytes (data not shown). These data suggest that 
the CAG promoter remains active in cells up to 2 months post-
 electroporation. Using only a CMV promoter resulted in the loss of 
GFP-expressing cells in 1–2 weeks (data not shown). However, there 
is an important limitation of neonatal electroporation in wild-
type mice. At 3–4 weeks post-electroporation no GFP-expressing 
neuroblasts are visible in the SVZ and RMS en route to the OB 
(Figure 3). Considering the stability of the pCAG-GFP expression, 
one explanation is plasmid dilution over the course of successive cell 
divisions in TACs and neuroblasts. Indeed, the SVZ astrocytes are 
expected to rarely divide and thus maintain high copy number of 
the plasmid while their daughter cells, the TACs, are highly prolif-
erative leading to plasmid dilution following every division. Because 
TACs generate neuroblasts, the plasmid will also be diluted in neu-
roblasts over time. Collectively, in vivo electroporation in neonatal 
wild-type mice allows the study of SVZ astrocytes up to 2 months 
and perhaps longer after birth, the study of neuroblasts (patch, 
migration or calcium) only during the neonatal period, and the 
study of neuronal integration in a young network.

A first alternative to counteract the problem of plasmid dilu-
tion is to use Rosa26 reporter mice and electroporating a Cre 
recombinase (Cre)-containing plasmid (Figure 3). In such mice, 
Cre will induce genomic expression of YFP or tdTomato following 
excision of a Stop sequence. There is thus no plasmid dilution in 
TACs. As a result at 2 months post-electroporation, neuroblasts 
are still observed throughout the SVZ and the RMS. This approach 
allows permanent labeling of SVZ astrocytes, TACs and a subset of 
neuroblasts that can subsequently be recorded and monitored in 
live tissue. Crossing hGFAP-MrgA1-GFP mice with Rosa26-Stop-
tdTomato would allow selective visualization of astrocytes and 
neuroblasts for example. As mentioned later in this review, this 
approach also allows knocking out genes when using floxed mice 
(e.g., mice where a desired gene is flanked by LoxP sites). A second 
alternative is to perform electroporation in adult mice, as reported 
(Barnabe-Heider et al., 2008). This approach is technically more 
challenging and more damaging to the animals since it require use 
of a stereotactic frame.

It is important to mention one persisting limitation regard-
ing labeling of SVZ astrocytes with any of the above technique. 
Cells with astrocytic properties in the SVZ are known to be a 

NG2 (Platel et al., 2009). One limitation in using NG2 for OPC 
labeling is that pericytes, which are the smooth muscle cells of 
capillaries, also express NG2. This could lead to confusion while 
studying NG2-postive OPCs, despite the fact that their morphology 
is strikingly different.

VIRAL LABELING
Many viral vectors are now available that can be used for gene transfer 
into cells including SVZ cells (for review and references on viruses, 
Naldini, 1998; Washbourne and McAllister, 2002; Kane et al., 2010). 
Infection of SVZ cells with replication deficient retroviral labeling 
has been used to label cycling progenitor cells in the neonatal SVZ 
in the early 1990s (Levison and Goldman, 1993). This approach is 
still routinely used by many investigators to label a cohort of prolif-
erating neuroblasts at any given time. Other viruses used to study 
neurogenesis include lentivirus and adenovirus. Adenoviruses tend 
to infect glial cells, in particular radial glia and astrocytes, but will also 
infect neurons (Akli et al., 1993; Davidson et al., 1993; Le Gal et al., 
1993). Adenovirus have been deposited on the surface of the neonatal 
brain where it enters the endfeet of radial glial cells and is then retro-
gradely transported to the cell body (Merkle et al., 2007; Ventura and 
Goldman, 2007). One study also used a VSV-G (vesicular stomatitis 
virus G) pseudotyped lentivirus that is not retrogradely transported 
and was used to control for viral diffusion from the site of infection. 
Unlike retroviruses, which only label cells in the cell cycle, lentiviruses 
infect both cycling and non-cycling cells. This makes it advantageous 
for labeling the quiescent stem cell population. The use of lentivirus 
in the study of the SVZ is gaining in popularity (Rubinson et al., 
2003) (for review see Naldini, 1998). To label the different cell types, 
investigators have the option to use selective promoter-driven expres-
sion of GFP or RFP. For example, a α1-tubulin and nestin promoters 
driving GFP expression were previously used to visualize and then 
isolate neuroblasts and less committed neural progenitors in vitro (Roy 
et al., 2000). It will be important to carefully validate the expression 
pattern of the transgenic line, as expected.

POSTNATAL IN VIVo ELECTROPORATION
Electroporation in vivo provides a valuable technique for visu-
alizing, tracking, and genetically manipulating cells in the SVZ 
(Figures 2 and 3). The lateral ventricle is readily accessible through 
minimally invasive techniques during the neonatal period. This 
technique has been previously reported by several groups (Wang 
et al., 2005; Platel et al., 2007a,b, 2008, 2009, 2010; Barnabe-Heider 
et al., 2008; Boutin et al., 2008; Chesler et al., 2008).

In vivo electroporation of DNA plasmid is performed in post-
natal day (P) 0–5 mouse pups, which requires no surgical pro-
cedures (see additional details in Supplementary Material). The 
DNA plasmid (1–2 μg/μl) is injected with a beveled and pulled 
patch pipette in the lateral ventricle about 1 min prior to applying 
three 50 ms-pulses at 130 V and at 1 Hz using a pulse generator 
(ECM830 BTX). A large selection of plasmids at an affordable 
price is commercially available at addgene.com. For example, we 
used the following plasmids: pCAG-GFP (#11150), pCAG-DsRed 
(#1151), pCAG-Cre:GFP (#13776). Technically, electroporated 
cells are radial glial cells that populate the neonatal SVZ and 
send processes along the lateral ventricle (Figure 2). Radial glia 
transform into both ependymal cells and SVZ astrocytes during 
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ELECTROPHYSIOLOGY OF SVZ CELLS
ACUTE SLICES AND wHOLE mOUNTS
The preparation of acute slices containing the SVZ and/or RMS has 
been described in several papers (e.g., Wang et al., 2003a,b; Bolteus 
et al., 2005) (see additional details in Supplementary Material). 

 heterogeneous population: some of these cells will serve as active 
stem cells while others may act more like astrocytes in other parts 
of the brain. Additional markers of the true neural progenitor cells/
stem cells are still a matter of debate, limiting our ability to visualize 
neural progenitor cells in live tissue.

Figure 3 | illustration of plasmid dilution post-electroporation cell but 
persistent labeling in rosa mice. (A) Confocal reconstruction of a sagittal 
section from a 2-week-old R26-YFP mouse in which SVZ cells were 
electroporated at P0 with pCAG-Cre. (B) Diagram illustrating the SVC cell 
lineage and their plasmid dilution based on their cycling property. (C) 
Illustration of pCAG-RFP dilution over time occurring in neuroblasts and TACs 
but not in astrocyte-like cells. Neuroblasts and TACs become green only 

following pCAG-RFP dilution while astrocyte-like cells express RFP and YFP 
(orange). YFP is not diluted due to its genomic expression and as a result there 
will be an accumulation of YFP+ neurons in the OB over time. (D–F) Confocal 
images of the RMS at 9 days and 1 month ((D) and (e), respectively), and 
olfactory bulb (OB) at 4 weeks post-electroporation (F) with pCAG-Cre and 
pCAG-RFP in a Rosa26-Stop-YFP mouse. Scale bars: 200 μm (A), 50 μm (D) 
and (e).
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Here, we discuss the different choices for the plane of sections that 
are used to address different questions and offer access to different 
SVZ/RMS regions and cell types. Acute coronal sections provide a 
good dorsal/ventral view of a SVZ section. These sections tend to 
be good for immunohistochemical characterization, but because of 
the heterogeneity of the SVZ along the anterior/posterior axis, this 
can limit the interpretation of expression pattern to one section. 
For live sections, this preparation cuts perpendicularly through the 
migratory path of neuroblasts resulting in a disturbed migration, 
often resulting in poor SVZ health. In such sections the neuroblasts 
bulge out of the tissue while astrocytes remain deeper inside the 
slice (Wang et al., 2003a). Horizontal slices provide good anterior/
posterior view of the SVZ. It is technically advantageous for visual 
and physical access to ependymal cells (Genzen et al., 2009a,b). 
Sagittal sections appear to preserve the astrocyte/neuroblast con-
figuration along the anterior/posterior axes best out of the other 
acute preparations aside from a whole mount. Sagittal sections can 
vary in terms of the size and region of the SVZ, but can preserve 
the SVZ/RMS path all the way to the OB.

Whole mounts of the SVZ offer an alternative to the tra-
ditional slice preparations (Conover et al., 2000; Platel et al., 
2008) (see Supplementary Material). Whole mounts are ideal for 
preserving the entire integrity of the SVZ, therefore preserving 
signaling gradients and cell-cell interactions within the region. 
This preparation allows for visual access to SVZ regions all along 
the lateral ventricle. One disadvantage is that bath loading of 
dyes (e.g., calcium indicators) is nearly impossible in this region 
due to the intact ependymal layer that covers the SVZ and lines 
the lateral ventricle. As an empirical observation, the ependymal 
cells tend to take up the calcium indicator dye very well and 
become fluorescent, masking some of the fluorescence deeper 
inside the tissue when using a regular confocal microscope. One 
way around this problem is to use electroporation (see above) 
prior to whole mount preparation to label cells/introduce cal-
cium indicators in vivo.

ELECTROPHYSIOLOGICAL STUDIES OF SVZ CELLS
Electrophysiology can be used to reveal the repertoire of chan-
nels and receptors in SVZ cells, as it has been applied to mature 
neurons and astrocytes. Electrophysiological recordings have also 
provided an ionic signature of SVZ astrocytes and neuroblasts 
(Wang et al., 2003a; Liu et al., 2005, 2006) (Figure 4). However, 
due to the size of these cells, the low number of channels in neu-
roblasts, or the gap junction coupling in SVZ astrocytes, there are 
technical difficulties that one might face, which are discussed below. 
Protocols related to patch clamp recordings are provided in the 
Supplementary Material.

Neuroblast recordings
The first recordings of neuroblasts were done without knowing the 
cell identity in acute slices (Figure 4A). The authors suggested that 
the recorded Lucifer yellow-filled cells were neuroblasts based on 
their morphology and the fact that the rostral SVZ is composed 
of ∼70% neuroblasts (Doetsch et al., 1997; Wang et al., 2003a). 
Later, recorded cells with similar ionic signature were identified as 
neuroblasts by performing off-line immunostaining for TuJ1 after 

slice fixation (Bolteus and Bordey, 2004). For acquiring adequate 
neuroblast recordings and proper interpretation, four technical 
limitations need to be kept in mind.

First, due to their small soma size, whole-cell patch clamp 
recordings can quickly lead to cell death in less than 10 min. The cell 
content is dialized and the cells swell and die. Cell viability has been 
significantly improved using an ATP-regenerating (creatine-rich) 
internal solution or performing perforated patch clamp record-
ings using antibiotics (e.g., gramicidin or amphotericin-B) (Wang 
et al., 2003b). Perforated patch recordings permit access to the cell 
without significantly disturbing the internal milieu. Recordings 
easily last for more than 30 min up to 90 min. Still, it is difficult 
to apply perforated patch when recording neuroblasts more than 
30 μm (i.e., ∼4 cell layer deep) below the surface due to the inability 
to exert positive pressure to prevent pipette clogging.

Second, neuroblasts express very few channels, which is expected 
for such small immature cells with high membrane resistance (Wang 
et al., 2003a). A single NMDA receptor, which has a conductance 
of 45 pS (i.e., 2.5 pA current at a resting potential of −55 mV), 
would depolarize a 5 GΩ-neuroblasts by 12.5 mV. The downside 
of having so few channels is that they are difficult to detect with 
electrophysiology as they can be lost in the noise. It is thus required 
to minimize any electrical noise to detect channels as small as 0.5 pA 
for GluK5 kainate receptors (Platel et al., 2008).

A third technical issue relates to the accurate measurement of the 
cell resting potential that was extensively discussed in two previous 
studies (Wang et al., 2003a,b). The cell resting membrane poten-
tial reflects the difference in ionic composition between the inside 
and outside of the cell. The membrane potential is determined by 
channels that allow ions in and out. Typically, large cells or neurons 
contain many channels spread over a larger area. This allows ionic 
current to flow easily through the cell, meaning the cell has a low 
resistance. In contrast, neuroblasts are around 6 μm in diameter with 
very few channels. With fewer channels, the resistance of the cell is 
much higher than neurons. Neuroblasts have resistances in the giga-
ohm range, about five times higher than large neurons, which have 
resistances of hundreds of mega-ohms. When one performs patch 
clamp recordings, one approaches a cell with a glass pipette, applies 
negative pressure or aspirate, which then brings the membrane in 
contact with the pipette. This creates a “seal” between the pipette and 
membrane. Ideally, one would want to form a gigaseal (or a junc-
tion between the cell and pipette with a resistance in the giga-ohm 
range). However, this is still not an ideal junction; there is still a small 
space between the glass wall of the pipette and the membrane. This 
space generates an artificial channel that allows some ions (mostly 
sodium) through. By breaking through the membrane by aspirat-
ing sharply to achieve the whole-cell configuration (i.e., when the 
inside of the pipette is continuous with the cytoplasm of the cell), 
we have access to the electrical activity in the entire cell. However, 
the small artificial channel at the cell-pipette junction (i.e., generated 
by the seal) persists. In a larger neuron with more channels, having 
this additional small channel has no consequences and is hidden in 
the noise of the overall reading. However, in smaller cells like SVZ 
neuroblasts that have very few channels, any additional artificial 
“channels” prevent an accurate reading of the membrane potential 
by causing artifactual signals.
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pendent of the cell. We have observed no major differences in ion 
channel composition in neuroblasts recorded at near-physiological 
or room temperature.

Astrocyte recordings
Recordings of SVZ astrocytes have been successfully performed 
in wild-type mice, but success at recording the proper cell type 
is enhanced using hGFAP-GFP mice (Liu et al., 2005, 2006) 
(Figure 4B). In contrast to the high resistance of neuroblasts 
(around 1–5 GΩ, see explanation for cell resistance above), astro-
cytes have a low membrane resistance (mean of 30 MΩ, Liu et al., 
2006). Astrocytes have many channels open at rest that allow ions 
(in this case mostly potassium) to flow resulting in a low mem-
brane resistance. Low input resistances can lead to several tech-
nical problems for patch clamp recordings. The problem stems 

The positive aspect of a high input resistance is that the voltage 
clamp of these cells is nearly perfect; there is almost no space-clamp 
issue, which is inadequate clamp of the voltage of distal processes 
in large cells or in low input resistance cells.

Finally, a fourth technical issue relates to recording migrating 
cells as opposed to stationary cells. When recording near physiologi-
cal temperature, neuroblasts migrate at about 50–60 μm/h (seven 
to eight times the cell diameter). The immediate consequence of 
cell migration is to lose the “seal,” meaning to lose the recording. 
Another consequence is to record artifactual channels due to the 
imposed stretched or stress on the recorded cell. Indeed, a few 
minutes prior to “losing the seal,” we observe the presence of large 
channels (20–30 pA) with an increasing frequency. These chan-
nels are not observed at room temperature when the cells do not 
significantly migrate unless there is slice or pipette movement inde-

Figure 4 | electrophysiological properties of SVZ cells. (A–D) Each column 
corresponds to the properties of the following cell type: neuroblasts (A), 
astrocyte-like cells (B), ependymal cells (C), and the uncharacterized TAC (D). 
Live image of Lucifer yellow-filled cells during patch clamp recording are shown 
for each. (e) Biophysical properties including resting potential VR, zero-current VR, 

and input resistance RIN of the different cell types. (F) Confocal images obtained 
from transgenic mice DCX-GFP (coronal section) and hGFAP-GFP (sagittal 
section), and phase image from wild-type mice (horizontal section). Scale bars: 
10 μm (A, B), 20 μM (C), and in (F): 20 μm (DCX-GFP), 50 μm (hGFAP-GFP), 
20 μm (phase image).
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excitation by a 488 nm laser and emit approximately at 500–550 nm 
(Figures 6A,B); “red dyes” (e.g., Rhod-2, Figure 6C) are excited by 
a 543 nm laser and emit at 575–625 nm and are thus less toxic for 
long term imaging. However, red dyes exhibited a lower dynamic 
range than green dyes (i.e., lower fluorescence change for a similar 
calcium concentration change) or had a unreliable baseline loading 
in our system (data not shown). Among the green dyes excited by 
a 488 nm laser, we favor Fluo-4 AM compared to Oregon Green 
BAPTA-1 AM. Although Oregon Green has higher baseline fluo-
rescence than Fluo-4 AM (and cells are more obviously loaded), 
the latter has greater sensitivity to calcium concentration changes 
than Oregon Green. In other words, at a given level of calcium 
binding, a greater change in fluorescence is observed with Fluo-4 
AM compared to Oregon Green (Figure 6).

IDENTIFYING SPECIFIC CELL POPULATIONS DURING CALCIUm ImAGING
One challenge when studying the SVZ in live slices is cell type 
identification. As described above, transgenic mice and in vivo elec-
troporation facilitates the identification of cell types using cell-type 
specific markers. We have also discovered that different methods of 
calcium dye loading result in preferential loading of certain popula-
tions of SVZ cells as detailed below and illustrated in Figure 5.

Bath loading or surface loading of calcium dye for neuroblast labeling
Bath loading of Fluo-4 AM labels neuroblasts preferentially 
(Figures 5A,B). This can be corroborated by loading in trans-
genic mice that labels cell-specific markers (positive-staining in 
DCX-marked cells, negative loading in GFAP-marked cells, see 
below) noting the morphology of the cell, or observing migration 
of cells with calcium activity (since astrocytes do not migrate, Platel 
et al., 2009). Confocal image stacks of the Fluo-4 channel and DIC 
channel reveals that some cells, presumably astrocytes, are not well 
labeled or are only occasionally labeled. At the technical level, slices 
are incubated with the dye (4–10 μM) for 30–45 min at room tem-
perature with bubbled oxygen or at physiological temperature in a 
gas- and temperature-controlled incubator. Next, a de-esterification 
step occurs when slices are returned to a bubbled ACSF for at least 
30 min (Figures 5A,B).

A second method to preferentially label neuroblasts is to pres-
sure apply a higher concentration of the calcium dye on the slice 
surface (Figures 5B,C). This method has the advantage of labeling 
a slice faster since the loading period is significantly reduced from 
30–45 min to 2–3 min. A pressure pipette is prepared by filling with 
250 μM of Fluo-4 AM.

Both methods can be used for identifying receptor expression. 
However, because the slice integrity is not well preserved at the 
surface, this method is not ideal for recording spontaneous calcium 
activity because signaling molecules can be carried away by the 
bath perfusion system.

Pressure loading of calcium dye for astrocyte labeling
Pressure application deep in the slice preferentially labels astro-
cytes in the SVZ. The cell morphology characterized by proc-
esses projecting onto blood vessels or loading in hGFAP-driven 
transgenic mice strongly suggests astrocyte-specific labeling (see 
above and next paragraph). Although many neuroblasts are loaded, 
their baseline and spontaneous fluorescence changes are lower 

from the fact that the so-called series resistance, which results from 
the  summated resistances from the pipette, the internal solution, 
and the seal approximately equal to the membrane resistance 
(10–50 MΩ, please see some of the basics in the Axon guide3). As 
a result the experimenter cannot know whether they are measuring 
the series or the cell’s input resistance. In addition, any changes in 
the series resistance will affect the electrical reading from the cells. 
For example, pressure application may lead to changes in series 
resistance due to changes in the ionic composition around the cells 
and pipette, in turn leading to changes that could be erroneously 
interpreted as a response to a drug application.

To partially eliminate this problem we have pharmacologically 
blocked gap junction coupling, thus increasing membrane resist-
ance of SVZ astrocytes (from 30 to 300 MΩ, Liu et al., 2006). It is 
important to acknowledge that using a gap junction blocker such as 
meclofenamic acid is not without side effects as this drug has other 
actions (e.g. blockade of chloride channels). Other pharmacological 
agents such as carbenoxolone may be used, with the same caveats 
in mind. Nevertheless, we believe that using gap junction blockers 
increases confidence in recordings in being able to separate artifacts 
from real responses to drugs.

Ependyma recordings
Recordings of SVZ ependymal cells have been successfully per-
formed in wild-type mice although it may be possible to use S100B-
GFP mice for easier identification of recorded cells as ependymal 
cells (Figure 4C) Genzen et al. (2009a,b). Finally, there are no pub-
lished patch clamp data on transient amplifying cells (Figure 4D). 
Generating EGFR-GFP mice would allow recording such cells.

CALCIUm ACTIVITY IN SVZ CELLS
Electrophysiology allows us to characterize functional channels 
and receptors in detail in a single SVZ cell. Calcium imaging, how-
ever, allows us to monitor physiological activity in a population of 
SVZ cells and detect a set of metabotropic receptors. In addition, 
while neurons communicate through action potential, immature 
cells communicate through calcium activity and their behavior is 
calcium dependent. The frequency of calcium activity will define 
the migratory behavior or the state of proliferation (Komuro and 
Rakic, 1998; Darcy and Isaacson, 2009). Calcium increase can con-
trol the release of neurotransmitters as well as growth factors from 
SVZ neuroblasts and astrocytes (Liu et al., 2005; Platel et al., 2010). 
Calcium, and in particular the information encoded in its activity 
pattern, define the stages of a cell development and its means of 
communication with surrounding cells (Spitzer, 2006). Here, we 
discuss considerations of calcium dye selection, calcium dye loading 
protocols, temperature considerations, and other considerations. 
The protocols are provided as Supplementary Material.

CALCIUm DYE SELECTION
Several calcium indictor dyes are commercially available with dif-
ferent calcium binding properties and fluorescence upon calcium 
binding. The calcium dyes can be classified by their excitation/
emission spectra. Fluo-4 AM and Oregon Green BAPTA-1 AM 
are “green dyes” that are excited most efficiently in single-photon 

3moleculardevices.com/pages/instruments/axon_guide.html
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around 30–45 min. The waiting time during de-esterification also 
allows the slice to recover from possible mechanical distortion 
during loading (Figures 5C–F).

CALCIUm ImAGING IN TRANSGENIC mICE OR GENETICALLY-ENCODED 
CALCIUm SENSOR
The cell type selectivity of the different dye loading protocols 
described above are corroborated by and used in combination 
with transgenic mice (Figure 6). In acute slices, Fluo-4 AM dye 
has been a reliable and adequate sensor for monitoring calcium 
activity in astrocytes, ependymal cells and neuroblasts (Platel et al., 
2007b, 2008, 2010; Genzen et al., 2009a; Young et al., 2010). To 
image calcium activity in SVZ astrocytes, we prefer using hGFAP-
MrgA1:GFP transgenic mice. While the fluorescence emission of 
Fluo-4 AM overlaps with GFP, it is still possible to identify calcium 
activity in GFP-positive cells (i.e., astrocytes) for the following two 
reasons: (1) MrgA1 is a membrane-bound receptor so it is possible 

than in  astrocytes. This is presumably due to the fact that neu-
roblasts are tightly packed and further ensheathed by astrocytes 
and sufficient dye diffusion into the neuroblast clusters is more 
difficult. However, with a strong agonist application, cells other 
than astrocytes (presumably neuroblasts) show obvious calcium 
changes in the SVZ (Figure 6G). Technically, after identifying the 
area of interest and focus plane, the tip of a pressure pipette filled 
with 250 μM of Fluo-4 AM is placed 50–100 μm below the focus 
plane since the dye diffuses towards the surface. In addition, the 
pipette is placed approximately ∼100 μm away from the SVZ in the 
XY-plane to minimize mechanical distortion of the tissue during 
pressure application. To further minimize mechanical distortion of 
the tissue, we apply at a pressure of 1–3 PSI, just enough to observe 
that the solution is being ejected from the pipette. The duration 
of application is at least 2 min but can be repeated if the signal is 
low after one application. The signal intensity due to progressive 
de-esterification of the AM dye increases with time and peaks 

Figure 5 | Loading protocol of calcium indicator dyes. (A, C, e) Diagram illustrating the loading protocol of a calcium indicator dye: by bath also called bulk loading (A), by 
pressure application on top of the tissue (C) or inside the tissue (e). RT, room temperature; deg, degree. (B, D, F) After a 30- to 45-min de-esterification time-period at room 
temperature (RT), loading cells progressively become fluorescent upon proper excitation as shown on confocal images on the right. Scale bar: 50 μm (B, D, F).
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using DCX-DsRed mice. DsRed fluorescence does not overlap with 
Fluo-4 fluorescence allowing unambiguous identification of the 
imaged DsRed-fluroescent cells as neuroblasts. Another mouse 
line of interest is the Cre-electroporated Rosa26-Stop-tdTomato 
mice. One or 2 months post-electroporation, neuroblasts can be 
selectively imaged in the RMS where radial glia/astrocytes are not 
electroporated and thus do not express tdTomato.

A recent study reported the use of the genetic calcium sensor 
GCAMP2 (Chesler et al., 2008). GCamp2 is a circularly permutated 
EGFP/M13/calmodulin (CaM) fusion protein, the fluorescence of 
which is calcium-sensitive (for review see Mank and Griesbeck, 
2008). GCamp2 can be easily electroporated into SVZ cells during 
the neonatal period. However, due to dilution at 1–2 month post-
electroporation, only SVZ astrocytes, ependymal cells, and neu-
rons integrating into the OB will express GCamp2. Nevertheless, it 
should be feasible to study calcium activity in migrating neuroblasts 
for 1–3 weeks post-electroporation. A new version of the GCamp2 
sensor, GCamp3, with enhanced changed in fluorescence is avail-
able allowing higher sensitivity and higher baseline fluorescence 
(Tian et al., 2009). These sensors will become important when 
monitoring calcium activity in vivo.

ACqUISITION mETHOD: CCD CAmERA ACqUISITION VERSUS  
CONFOCAL mICROSCOPY
To detect emission of calcium-sensitive dye, we have used a charge-
coupled device (CCD) camera or confocal microscopy. Both have 
distinct limitations and benefits, mainly concerning spatial and 
temporal resolution. CCD cameras have at least two advantages 
over confocal microscopy. First, they can acquire images approxi-
mately 10–100 times faster than confocal scanning microscopes 
for the same field of view. Second, epifluorescence is less damag-
ing than confocal microscopy. The main advantage of confocal 
microscopy is spatial resolution. While having a smaller aperture 
can be considered a limitation if the desire is to image more cells 
in the Z-plane (depth), the trade-off is much greater spatial resolu-
tion in the XY-plane compared to CCD camera-based acquisition. 
This allows activity to be detected in single cells and their processes 
without emission contamination from cells above or below. This 
is particularly important for a region like the SVZ where cells are 
tightly packed together.

ANALYSIS OF CALCIUm ACTIVITY DATA
There are several programs available from companies that sell 
equipment for calcium imaging. We have used Dr. J. C. Platel’s 
 custom-written software, CalSignal, which allows automatic detec-
tion and tracking of the cells (Platel et al., 2007a). Data (fluorescence 
values) obtained using CalSignal are then exported into Clampfit 
(PClamp 10, Molecular Devices) to be treated as synaptic currents 
to obtain information about rise time, amplitude, area, and fre-
quency. In particular, we use the threshold detection function of 
Clampfit. A manual or automatic baseline adjustment can also be 
used to visualize all the traces in the same windows.

mIGRATION OF SVZ/RmS NEUROBLASTS
The study of cell migration faced two challenges: cell labeling and 
technical problems associated with drifts and data analysis. At 
first, intraventricular injections of dyes such as Cell Tracker Green 

Figure 6 | Calcium imaging with different dyes and in transgenic mice. 
(A–C) Confocal images displaying SVZ cells loaded with Fluo-4 AM (A), 
Oregon Green BAPTA-1 AM (OGB-1 AM) (B), Rhod-2 AM (C) with 
corresponding muscimol-induced calcium responses under each image. (D, e) 
Confocal images of SVZ cells before (D) and after (e) Fluo-4 AM loading in a 
sagittal section from a hGFAP-MrgA1:GFP mouse. (F–H) Zoomed images 
from the white box shown in (D) and (e), before (F) and during muscimol (g) 
or FLRFa (H) application. CC, corpus callosum; LV, lateral ventricle; Str, 
striatum. Scale bars: 30 μm (A–C), 30 μm (D, e), 15 μm (F–H).

to distinguish astrocytes by the membrane-lined green fluorescence 
prior to and even following Fluo-4 AM loading and (2) a selective 
agonist of the MrgA1 receptor (the phe-leu-arg-phe amide peptide, 
FLRFa) can be used to increase Ca2+ in GFP-fluorescent cells allow-
ing further identification of the FLRFa-responding cells as astro-
cytes at the end of each experiment. For neuroblasts, we recommend 
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several advantages: (1) tdTomato is excited with a 543 nm laser, 
which is less toxic for cells than a 488 nm laser. (2) Because only 
a subset of neuroblasts are red fluorescent and tdTomato is the 
brightest red protein, we can now use a CCD camera to track cell 
migration at much higher speeds and for longer period of time due 
to the reduction of toxicity. (3) This approach can be combined 
with calcium imaging using a green fluorescent calcium indicator 
(e.g., Fluo-4). (4) RNA interference, overexpression vector, or Cre 
recombinase in floxed mice can be expressed in cells allowing the 
experimenter to analyze the effect of genetic manipulation on 
cell migration.

At the technical level, migration movies were acquired at 
37°C with a Super 20× objective (NA 0.95, Olympus) allowing a 
large field of view. Using confocal microscopy, it is necessary to 
acquire several optical sections every 5–15 min (i.e., Z-stacks over 
50–100 μm, Figures 7A,B). Because there is often drift at higher 
temperatures, it is also necessary to realign the movie on-line in 
the Z-axis through manual focus adjustment. With the use of 
ImageJ plug-ins, image stacks can be realigned in the XY-plane 
(Stackreg, Thevenaz et al., 1998; Figure 7C) and the migratory 
behavior of YFP-fluorescent cells can be tracked and analyzed 
(MTrackJ written by Dr. E. Meijering, Biomedical Imaging Group 
Rotterdam, Figure 7D).

ADDITIONAL TECHNICAL CONSIDERATIONS
There are some considerations for recording or imaging related to 
the age of mice and the depth of recording. During the neonatal 
period, the SVZ display important structural and cellular changes. 
The neonatal period displays both neurogenesis and gliogenesis 
(Marshall et al., 2003). During the neonatal period, radial glia 
generate both neuroblasts and glioblasts. Gliogenesis (and in par-
ticular glioblast fate and migration) has been studied using viral 
labeling and time-lapse microscopy (Levison et al., 1993; Kakita and 
Goldman, 1999). Using electroporation of Rosa26 reporter mice or 
electroporation of a GFP-encoding plasmid will result in labeling 
of both glioblasts and neuroblasts. This is a limitation when one 
wants to selectively study the migration of one cell population. An 
alternative is to use either the different lines of transgenic mice or a 
plasmid encoding Cre or GFP under a neuronal or glial promoter. 
During the neonatal period, radial glia progressively transform into 
ependymal cells and astrocytes including SVZ astrocytes (Merkle 
et al., 2004). This results in important structural changes such as a 
progressive ensheathment of the chains of migrating neuroblasts 
by astrocytes, the formation of several chains instead of one main 
large chain, and a reduction of the size of the SVZ over time (Law 
et al., 1999; Peretto et al., 2005). The adult SVZ and RMS display an 
organized migration in chains while the neonatal tissue may be less 
organized. The presence of tight chains or clusters of neuroblasts is, 
however, less permissive to calcium dye penetration resulting in the 
need for developing additional loading protocols (see above).

Perhaps the greatest challenge when using young adult or 
adult tissue is to preserve the viability of the tissue, in particular 
the parenchymal tissue surrounding the SVZ. Great care such as 
using sucrose-based slicing solution to limit neuronal excitabil-
ity or cooler slicing conditions is necessary. Another challenge in 
using adult tissue is the mode of cell labeling when one cannot use 
transgenic reporter mouse lines. More specifically, injecting dye or 

(De Marchis et al., 2001) or dioleyl-tetramethylindocarbocyanine 
 methanesulfonate DiI (Doetsch and Alvarez-Buylla, 1996) have 
allowed experimenters to label SVZ cells and thus visualize neu-
roblasts along their route to the OB. DiI was also directly applied 
on organotypic slices to acutely label cells in the SVZ or RMS and 
followed their migration for several hours (Murase and Horwitz, 
2002). This method avoids using stereotactic injections of dye 
into the ventricle, but relies on rather difficult placement of the 
dye (personal observation). Another approach is to use trans-
genic mice to selectively visualize neuroblasts (see Table 1). We 
and others imaged neuroblast migration in acute slices and whole 
mounts using DCX-GFP mice among others (Nam et al., 2007; 
Platel et al., 2008; Kim et al., 2009) (see Imaging Cell Migration in 
the Supplementary Material). However, the density of neuroblasts 
is so high that individual cells are difficult to track. Using these 
mice required the use of confocal microscopy. Dr. Szele’s lab used 
GAD-65 mice allowing a subset of neuroblasts to be visualized 
(Nam et al., 2007). We favor using neonatal electroporation in 
Rosa26-Stop-tdTomato mice and electroporation of a pCAG-Cre 
vector (Platel et al., 2010) (Figure 7). As detailed above, a subset 
of neuroblasts are tdTomato- fluorescent allowing easy visualiza-
tion and tracking of individual cells (Figure 7). This approach has 

Figure 7 | Analysis of neuroblast migration in acute sagittal slices. (A, B) 
Schematic of a confocal Z-stacks spaced by 1–2 μm (A) are acquired every 
5–15 min (B). (C) Off-line, the reconstructed movies are corrected for X–Y drift 
using MultiStackReg ImageJ Plugin (NIH ImageJ). (D) Cell tracking and 
migration analysis is performed using MTrackJ ImageJ Plugin.
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electroporating in neonates is simple and does not require surgery 
or stereotactic instruments. Neonatal electroporation has been 
attractive for us because it allows labeling cells at postnatal day 1 
for analyzing their migration at different time points thereafter 
in Rosa26 reporter mice.

A technical challenge for both electrophysiology and imaging 
(calcium or migration) is to image deep inside the tissue where 
the integrity of the SVZ is better preserved. The top of the slice 
is often damaged due to the presence of dying cells oxygen radi-
cal formation. In addition, the surface is considerably disorgan-
ized and does not display chain migration. It is thus important 
to record or image cells at a minimum of three to four cell layers 
deep. To penetrate the SVZ tissue with a patch pipette we apply a 
small positive pressure at the tip of the pipette. We can visualize 
clusters of neuroblasts and avoid them while pushing the pipette 
through the tissue. Using fluorescent reporter mice or GFP-tagged 
cells allows us to image and record relatively deep (at least 50 μm 
below the surface).

An approach that we did not discuss above is using slice culture 
for addressing many questions related to cell migration, differen-
tiation, integration into a circuit, or even testing cell transplant 
efficiency. We will refer to a recent article by Tanvig et al. (2009) 
that presents some of the advantages of organotypic sagittal slices 
containing the entire SVZ-to-OB axis.

CONCLUSIONS
Over the past several years, several approaches to unambiguously 
identify every cell type in the SVZ have been developed. In particu-
lar, the generation of new lines of transgenic mice expressing GFP 
or RFP under selective cell-specific promoters has become helpful. 
In addition, using in vivo electroporation in neonatal  fluorescence 

reporter mice (e.g., Rosa26-Stop-tdTomato) will make studying cell 
migration and calcium activity accessible to many labs. Calcium 
activity can be easily monitored with either classical organic cal-
cium indicators or genetic calcium sensors along with confocal 
microscopy or CCD cameras. One important aspect of the in vivo 
electroporation is allowing us to genetically modify the system as 
was reported with viral vectors. Using floxed mice will allow inves-
tigators to remove the floxed gene in stem cells. In addition, vectors 
encoding short hairpin RNA (shRNA) or overexpression vectors 
can be easily introduced into SVZ cells. However, one important 
limitation of neonatal electroporation is the dilution of plasmid 
limiting RNAi expression in cells born during the neonatal period. 
We are hopeful that combining this technology with the use of 
vectors encoding transposons for example will permit genetic 
integration of the gene of interest in neural progenitor cells (Sato 
et al., 2007). Alternatively, electroporation can be used in adults 
as is shown for viral vector injection. In conclusion, we hope to 
have provided some insights on the diverse approaches to study 
the electrophysiology, migration, and calcium activity in SVZ cells 
under control conditions or following genetic manipulations.
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