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Neuroblasts born in the adult subventricular zone (SVZ) migrate long distances in the rostral 
migratory stream (RMS) to the olfactory bulbs where they integrate into circuitry as functional 
interneurons. As very little was known about the dynamic parameters of SVZ neuroblast 
migration, we used two-photon time-lapse microscopy to analyze migration in acute slices. This 
involved analyzing 3D stacks of images over time and uncovered several novel aspects of SVZ 
migration: chains remain stable, cells can be immotile for extensive periods, morphology does 
not necessarily correlate with motility, neuroblasts exhibit local exploratory motility, dorsoventral 
migration occurs throughout the striatal SVZ, and neuroblasts turn at distinctive angles. We 
investigated these novel findings in the SVZ and RMS from the population to the single cell level. 
In this review we also discuss some technical considerations when setting up a two-photon 
microscope imaging system. Throughout the review we identify several unsolved questions 
about SVZ neuroblast migration that might be addressed with current or emerging techniques.
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rather than along radial glia, it covers a longer distance and is not 
limited to postmitotic neurons (Luskin, 1993; Menezes et al., 1995; 
Kriegstein and Alvarez-Buylla, 2009). Neuroblast migration from 
the SVZ to the OB is thought to have features of both of these: 
tangential migration occurs from the SVZ through the RMS, then 
there is a switch to migrating radially outward into the OB layers 
even though this radially oriented migration does not depend on 
radial glia.

During the tangential migration through the RMS, migrating 
neuroblasts make cell–cell contacts through neuronophilic interac-
tions and organize themselves into long contiguous arrays of cells 
(Lois et al., 1996). The combination of individual arrays produces 
a large scale network of longitudinal “chain migration” that feeds 
into the RMS and is contiguous with the SVZ. In this homotypic 
migration cells use each other as a migratory substrate where one 
cell extends a process that the following cells can use to guide and 
direct their migration. It seems to follow that if all cells were moving 
simultaneously as the term chain migration implies, they would 
have no traction on each other. In fact, as elaborated below a sig-
nificant portion of neuroblasts in the chain are stationary at any 
given time (Wichterle et al., 1997; Nam et al., 2007), giving their 
neighbors substrates for adhesion. Direct cell–cell contact between 
neuroblasts is crucial for migration, of which the originally studied 
mediator the polysialylated form of neural cell adhesion molecule 
is expressed at high levels in the SVZ (PSA–NCAM; Szele et al., 
1994; Rousselot et al., 1995; Szele and Chesselet, 1996). PSA residues 
allow the migration of cells by binding to NCAM and reducing cell 
adhesion (Sadoul et al., 1983). Removal of PSA–NCAM either by 
enzymes (Ono et al., 1994) or genetic deletion (Tomasiewicz et al., 
1993; Cremer et al., 1994) severely disrupts neuronal migration to 
the OB (Chazal et al., 2000; Hu, 2000).

SVZ neuroblaStS migrate through the roStral 
migratory Stream to the olfactory bulbS
The subventricular zone (SVZ) lining the lateral ventricles is one of 
the two largest neurogenic areas within the adult mouse brain. The 
predominant model of the SVZ delineates three neurogenic cell-
types: glial fibrillary acidic protein (GFAP+) stem cells, epidermal 
growth factor receptor (EGFr+) transit amplifying cells, and dou-
blecortin (Dcx+) neuroblasts. Slowly dividing stem cells generate 
more rapidly dividing transit amplifying progenitor cells which 
in turn give rise to postmitotic migratory neuroblasts (Doetsch 
et al., 1999). Every day tens of thousands of these immature neu-
rons migrate anteriorly along the rostral migratory stream (RMS) 
to their final destination in the olfactory bulb (OB; Morshead 
and van der Kooy, 1992; Luskin, 1993; Lois and Alvarez-Buylla, 
1994; Carleton et al., 2003). SVZ neuroblasts move at a distance 
of 5–8 mm through the RMS making it the longest migratory 
pathway in the developing or adult brain. They can take 2–6 days 
to traverse this length and as will be discussed below it is thus far 
not possible to follow an individual cell during its entire trajec-
tory. Upon arrival in the OB, these immature neurons migrate 
into the granular and periglomerular layers and differentiate into 
a variety of interneurons that integrate into the existing neuronal 
circuitry (Doetsch and Alvarez-Buylla, 1996; Belluzzi et al., 2003; 
Carleton et al., 2003).

Throughout development immature neurons tend to migrate 
in two distinct ways. Radial migration depends upon radial glia 
acting as a guiding structure. This is typified by excitatory neuron 
movement from the ventricular zone out to the upper layers of the 
cerebral cortex. The second type is tangential migration which is 
in some ways opposite to the classical radial migration of imma-
ture neurons. Tangential migration is defined by movement across 
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volume (typically on the order of 1 μm3) and the long excitation 
wavelengths that facilitate deep tissue imaging, reduced photob-
leaching of the fluorophore, and reduced phototoxicity of cells. In 
short, two-photon microscopy enables long-term imaging of fluo-
rescently labeled neurons deep within tissues and is ideal for fast 
moving cells.

One of the major obstacles to performing two-photon micro-
scopy is cost. The main difference in cost between confocal and 
two-photon microscopy is the laser. Whereas confocal lasers are 
relatively inexpensive, ranging from $5 to $50 K for suitable visible 
lasers, two-photon lasers are more complex and thus more expen-
sive. Two-photon microscopy requires pulsed infrared lasers with 
a minimum output power of roughly 500 mW for adequate tissue 
penetration. Such lasers cost $100 K or more especially if you want 
higher output power (up to 3 W).

Another obstacle is that custom built two-photon systems are 
not as turn-key as commercially available confocal microscopes. In 
particular, changing objectives is straight-forward using confocal 
microscopy, whereas it requires some technical expertise to change 
objectives in two-photon microscopy, i.e., if you want to maintain 
excitation and collection efficiencies. While not an insurmountable 
obstacle, this generally requires some knowledge of optics, lasers, 
and beam alignment. For a more detailed description of our two-
photon system, please consult (Nam et al., 2007).

technical conSiderationS when Setting up a two-
photon microScopic imaging SyStem

1 General microscope setup. There are several commercial sup-
pliers of two-photon microscopes, but they are quite expen-
sive due mostly to development costs. If you have the expertise, 
then building a custom microscope is not difficult and less 
costly. Either way, you will need an upright microscope and 
water-dipping objectives to image tissue slices. The type of 
microscope is less important and more dependent upon your 
personal preferences and experience. All commercial suppliers 
make water-dipping objectives.

2 Objective choice. The most important factor in deciding which 
water-dipping objective to use is deciding how large a surface 
area you would like to measure and the level of resolution 
required. This is determined by the magnification of the lens 
and the numerical aperture, respectively. We use 20× and 40× 
lenses with high N.A. (0.95 and 0.8, respectively). The high 
N.A. maximized our excitation and collection efficiencies. A 
large diameter back aperture was also preferred as this enabled 
greater laser beam throughput and greater laser power at the 
sample which facilitated deeper imaging.

3 Laser choice. You need a tunable, pulsed Ti-Sapphire laser with 
output ranging from at least 800–900 nm (most fluorophores 
are excited within this range). The pulse repetition rate should 
be at least 75 MHz to maximize the energy per pulse and incre-
ase the probability that a fluorophore will absorb two-photons 
nearly simultaneously (in less than 10-15 s). Such short pul-
ses also minimize heating of the water in the tissue and sur-
rounding areas that occur at these wavelengths. The latter can 
become a problem when the laser power at the sample exceeds 
50 mW.

The neuroblasts in the chains migrate rostrally though the SVZ 
and the RMS to the OB ensheathed by a network of astrocytic proc-
esses that form “glial tubes.” Ensheathment by the glial tubes does 
not occur until the third postnatal week before which there is a more 
homogenous network of glial processes (Peretto et al., 1997, 2005). 
The exact function of glial tubes is currently unknown as chain 
migration can occur in the absence of glia (Wichterle et al., 1997). 
High levels of GFAP and vimentin are expressed by these astrocytes 
which also secret large amounts of extracellular matrix (ECM) pro-
teins such as tenascin and chondroitin sulfate proteoglycan (Gates 
et al., 1995; Jankovski and Sotelo, 1996; Thomas et al., 1996). ECM 
cell surface integrin receptors are present on neuroblasts which 
interact with laminin to guide migration (Murase and Horwitz, 
2002; Emsley and Hagg, 2003), in particular b1 integrin promotes 
the formation of chains (Belvindrah et al., 2007). RMS astrocytes 
have been proposed to serve both as a physical barrier, preventing 
dispersion into surrounding parenchyma and as a guidance system 
for tangential neuroblast migration (Jankovski and Sotelo, 1996; 
Thomas et al., 1996; Peretto et al., 1997; Kaneko et al., 2010).

The study of SVZ neuroblast migration is important for three 
major reasons. First it is a convenient system within which to study 
patterns of cell migration and the molecular mechanisms that regu-
late them. It eliminates difficult exo utero surgeries, comprises an 
anatomically defined migratory pathway and shares features of 
healthy embryonic as well as pathological adult migration (i.e., can-
cer metastasis). Features of typical embryonic migration that SVZ 
cells share include lamellipodia, nucleokinesis, and chemotaxis. Cell 
proliferation during migration occurs in SVZ neuroblasts and dur-
ing interneuron migration to the cerebral cortex. On the other hand 
SVZ migration has some unusual features only exhibited by a small 
number of other migratory events. For example chain migration is 
unusual but is also seen in neural crest cells. Another reason to study 
SVZ migration is that SVZ cells may become therapeutically rel-
evant and thus understanding the factors that normally keep them 
in the RMS in healthy brains or that beckon them toward brain 
injuries is essential. Finally, migration is a fundamental component 
of postnatal and adult SVZ neurogenesis. Its proper regulation is 
as important as cell cycle kinetics, differentiation, and survival in 
maintaining basal rates of neurogenesis.

two-photon time-lapSe microScopy: dynamic 
StudieS of SVZ migration
Many studies have used static histologic sections to infer migration 
routes and behavior of migrating cells. This is clearly not ideal and 
more direct analyses are favored since one snapshot of a migrat-
ing cell can not reveal its dynamic behavior. Other work has relied 
on confocal microscopy to generate single optical sections over 
time. For example, studies on SVZ neuroblast migration from the 
Goldman lab revealed many interesting aspects of SVZ migration, 
see history of SVZ imaging below and references (Kakita and 
Goldman, 1999; Kakita, 2001; Suzuki and Goldman, 2003).

Two-photon microscopy offers an alternative approach to confo-
cal microscopy with several inherent advantages. The technique was 
first reported by Denk et al. (1990) and has become the preferred 
method for imaging the dynamic properties of living tissue (Denk 
and Svoboda, 1997; Zipfel et al., 2003; Svoboda and Yasuda, 2006). 
The two key advantages of this approach are the small excitation 
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angled such that they follow the natural course of the SVZ/RMS. 
To capture most of the RMS in one slice, we cut the rostral por-
tion of the slice slightly more medially than the caudal. Slicing 
this way also keeps the OB attached, theoretically maintaining 
OB chemoattractants. While we find acute slices one of the best 
methods to preserve tissue integrity without wide spread apop-
tosis they are short-lived preparations that we have only used 
experimentally for up to 24 h. Even when the slice preparation 
and two-photon microscope are optimal, the experimenter has 
to continuously monitor the automated image capture for slice 
drift, computer freezes, etc.

For longer experiments organotypic slice culture may prove a bet-
ter alternative. However, this method should be approached with 
some caution if it is to be used to address questions about how 
certain molecules may influence migration patterns. Bonfanti and 
colleagues have shown that culturing of SVZ containing coronal 
sections results in significant disruption of slice cytoarchitecture 
and cell death over the first several days (Armentano et al., 2011). 
As a consequence of this loss of 3D structure, neuroblasts disag-
gregate at the top and bottom of the slice. Long-term culture is 
also accompanied by astrocytosis and microgliosis. De Marchis 
et al. (2001) noted the presence of macrophage-like cells in 3 day 
old organotypic slices (20%) that was associated with fragility of 
the slice. As SVZ/RMS cells can express chemokine and cytokine 
receptors activation of these inflammatory cells may affect migra-
tion (Kokovay et al., 2010).

image acquiSition and image analySiS
The first issue is that the slice must always be immersed in solu-
tion to prevent damage to the tissue. Second, while making time-
lapse movies, the focus may change due to downward drift in the 
z dimension that can occur due to the weight of the C ring used to 
hold it in place (Figure 1A). Third, drift of the slice may occur in the 
direction of the perfusion flow. Both drift issues can be prevented or 
significantly decreased by properly anchoring the slice with a C ring 
(Figure 1A) and by leaving the slice in the perfusion chamber for 1 h 
before acquiring movies so that the slice has time to adhere to the 
top of the platform. Most z drift occurs during this 1 h time period 
which also allows acclimatization of the slice to the aCSF and the 
temperature. We routinely look for drift during the preincubation 
period by rapidly using a 5× objective lens to visualize GFP+ cells 

4 Scanners, detector, filters. Since two-photon microscopy is essen-
tially a confocal microscope with a different laser, the need for 
scanners, detectors, and filters is identical. Since the excitation 
volume is restricted in two-photon microscopy (due to the low 
probability of a two-photon absorption event), one does not 
need to restrict the emission through a pinhole as in confocal 
microscopy. All of the excitation that reaches the detector can 
be assumed to arise from the excitation volume. Thus, deeper 
tissue imaging is possible even though the emitted photons are 
scattered within the tissue on their way to the detector.

5 Acquisition speed. The speed of acquisition is limited by the 
amount of fluorophore, its excitation properties (dye cross-sec-
tion), laser power at the sample, and the efficiency of detection. 
In our experience, GFP-labeled SVZ cells can be easily visualized 
using a dwell time of 4 μs per pixel (the time the laser remains 
in that location), 800 nm excitation, 5–10 mW, and internal 
PMT detectors. At this scanning speed, we routinely collect 
40–60 Z-planes every 3 min for 4 h and even up to 20 h with 
no evidence of photobleaching or phototoxicity. Excitation and 
collection efficiency could be improved with longer wavelength 
excitation (900 nm) and use of external detectors.

6 Tissue preparation and plane of sectioning. Acute tissue slices can 
be a very important tool for examining structural and physiolo-
gical properties of cells both in imaging and electrophysiological 
studies. They have several advantages as they are relatively easy to 
prepare and largely maintain the cytoarchitecture of the tissue. 
Briefly, the brain is dissected from the skull and chilled in oxyge-
nated artificial cerebrospinal fluid (aCSF). Chilling of the tissue 
is important as it improves the ease of sectioning and reduces 
stress to the tissue. Sections of 300 μm in thickness are then cut 
at low speed using a vibratome, followed by incubation in 37°C 
oxygenated aCSF for at least 1 h then back to room tempera-
ture until imaging commences. For multiphoton imaging, and 
indeed confocal imaging, there are two main planes of section 
for acute slices that are commonly used: coronal and sagittal. 
The plane of sectioning for imaging is not always obvious and 
there are many factors to be considered. Coronal slicing allows 
limited view of the RMS but may be better for imaging migra-
tion out of the SVZ. Cutting tissue coronally results in severing 
of rostral migration, which may scramble neuroblast migration 
or cause them to migrate out of the slice. Sagittal slices allow 
visualization of large portions of the RMS especially if they are 

Figure 1 | Depiction of a gFP+ slice in the imaging chamber. (A) The slice rests on a perfusable platform and is held in place by the weight of a C ring. (B) Low 
magnification image of a nestin-GFP slice showing labeled cells migrating from the SVZ above the lateral ventrical (LV) through the RMS (boxed area) into the 
olfactory bulb (OB). Adapted from Kim et al. (2009).
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a brief hiStory of SVZ neuroblaSt time-lapSe 
imaging
Studies by Joseph Altman in the 1960s using tritiated thymi-
dine clearly delineated separate proliferative and migratory 
cells in the SVZ and RMS (Altman, 1962, 1969). It was not 
until the 1990s that live imaging of SVZ neuroblast migration 
was achieved. Kakita and Goldman labeled early postnatal rat 
SVZ cells with GFP encoding retroviruses and used confocal 
time-lapse microscopy to image their migration in the SVZ and 
into adjacent nuclei (Kakita and Goldman, 1999; Kakita, 2001). 
The majority of these cells were glial progenitors and interest-
ingly they took many dramatic turns, similar to those we have 
subsequently observed in mouse neuroblasts (Martinez-Molina 
et al., 2010). The turns could result from de novo growth of proc-
esses or from bending of pre-existing processes (Kakita, 2001). 
Furthermore, the authors noted significant dorsoventral move-
ments within the wall of the lateral ventricle, a behavior we have 
also documented and which suggests that significant intermixing 
of SVZ lineages could take place. Subsequent studies from the 
Goldman lab used similar techniques and directly visualized 
rostral migration of SVZ neuroblasts to the OB, contrasting 
that route with migration of SVZ glioblasts to the corpus callo-
sum, cerebral cortex, and striatum (Suzuki and Goldman, 2003). 
Remarkably many neuroblasts could reverse their direction by 
180°, even though the large majority eventually migrate from 
the SVZ to the OB. In that study, the authors also noted obvi-
ous boundaries to migration of neuroblasts into the adjacent 
structures that glial precursors readily moved into (Suzuki and 
Goldman, 2003). To this day it is unclear what the molecular 
basis of such different behaviors may be.

(Figure 1B). Temperature control is an important parameter since 
fluctuations in the temperature can cause expansion and contrac-
tion of the tissue and thus unnecessary loss of focus. Several stage 
and objective warmers are available, but we have primarily used 
a Bioptechs chamber (Figure 1A). This chamber utilizes current 
resistance in a thin metallic film across the bottom to generate heat 
that is easily regulated. Oxygenated aCSF is then rapidly (1 ml/
min) perfused over and under the slice which is held in place with 
a simple C ring fashioned from tungsten wire and cross-hatched 
with nylon fibers. Once the slice is in place we search for optimal 
fields with a 5× lens and then switch to 40× and confirm that suf-
ficient signal to noise ratios can be attained.

We have used Olympus Confocal software (Fluoview) to cap-
ture images (Figure 2A). Fluoview is rather easy to use and allows 
control over the number of optical slices, the distance between 
slices, the digital zoom and initial Kallman filtering. Once the time-
lapse is completed files are imported into Volocity (Improvision) 
software and are rendered into 3D images (Figure 2B). Although 
Volocity can run into $10–30K depending on the suite of mod-
ules one chooses, we have found it ideal for subsequent filtering 
(Figure 2C) and especially for tracking and quantifying cells in 
3D. Although the program requires a high-performance computer 
with large memory capacity, the computer should still only amount 
to 10–20% of cost of the image analysis system. We have found it 
extremely useful to routinely convert movies from Volocity into 
Quicktime files for archiving, rapid examination of parameters 
and for presentations (Figure 2D). To image the tracks taken by 
migrating cells we frequently export data to Graphis (Kylebank 
Software) which is convenient for visualizing the pathways from 
multiple angles (Figure 2E).

Figure 2 | Flow chart of image analysis. (A) Raw z-stacks are captured with 
Fluoview software over time. Three actual stacks collected at 3 min scan 
intervals. We typically collect 50 Z optical sections whereas only five are 

illustrated for simplicity. (B) Images are imported into Volocity and rendered into 
3D. (C) Images filtered in Volocity. (D) Quicktime movies are generated. (e) Cell 
positions are tracked in Volocity and exported to Graphis for illustration.
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Later dynamic imaging studies of neuroblasts by Puche and col-
leagues involved injecting a fluorescent dye called cell tracker green 
(CTG) into the lateral ventricles (De Marchis et al., 2001, 2004a). This 
dye is able to diffuse though the wall of the ventricle and label migra-
tory cells within the SVZ, irrespective of their location in the SVZ. 
As the CTG does not passively spread into the RMS any cells labeled 
cells found in the RMS after several days can only have migrated there 
from the SVZ (Kim et al., 2009). CTG is enzymatically modified upon 
entry is rendered impermeable to the plasma membrane and thus 
becomes trapped in the cell. CTG fills the cytoplasm of cells allowing 
visualization of morphology such as leading and trailing processes 
and their dynamic changes during migration. Using this method, 
De Marchis et al. (2001) showed it is possible to track SVZ neurob-
lasts along the RMS to the OB using confocal microscopy. They also 
identified a second ventrocaudal migratory stream originating at the 
elbow between the vertical and horizontal limbs of the RMS that is 
present during the first postnatal week (De Marchis et al., 2004a). 
While the CTG technique has several obvious strengths it also has 
some inherent problems. In order to study specific SVZ populations 
cell subtypes need to be identified after dynamic imaging with post 
hoc immunohistochemistry as the dye does not label specific cells. 
Another important consideration is that CTG is not water soluble 
and requires dimethyl sulfoxide (DMSO) as a carrier. Although few 
signs of toxicity have been reported (De Marchis et al., 2001), it 
cannot be ruled out that DMSO induces changes within the SVZ 
molecular niche. In our laboratory limiting the concentration of 
CTG and the volume of DMSO injected were both essential to avoid 
periventricular degeneration (Kim et al., 2009).

One of the central difficulties in studying the SVZ is distinguish-
ing the multiple cell types found in it and in the RMS (Figure 3A). 
Recently several lines of transgenic mice have become available in 
which fluorescent proteins are expressed under the control of cell-
type specific promoters (Figure 3B), for an excellent review see Lacar 

et al. (2010). These mouse lines have opened up the ability to ask 
specific questions about migration and motility of distinct SVZ/
RMS cell populations. Two main lines are available for neuroblasts: 
Dcx-eGFP mice and Gad65-eGFP mice (Figure 3B; Nam et al., 2007). 
Dcx is expressed by SVZ neuroblasts and is a microtubule-associated 
protein necessary for their migration (Koizumi et al., 2006; Ocbina 
et al., 2006). The Dcx-GFP mouse by Gensat (Gong et al., 2003) 
clearly shows chains and for the first time allowed  visualization of 
migration within the entire array of cells (Nam et al., 2007). However, 
since SVZ cell density is very high it is difficult to discern individual 
cells. Gad65, the 65-kDa isoform of glutamic acid decarboxylase 
(Gad) is expressed by a subset of neuroblasts as they migrate through 
the SVZ and RMS (De Marchis et al., 2004b; Hamilton et al., 2008). In 
Gad65-eGFP mice this subset of Dcx+ and PSA–NCAM+ neuroblasts 
probably represents the more mature cells. By labeling individual cells 
within arrays this facilitates morphological and quantitative analyses.

Several nestin-eGFP lines have been generated that label simi-
lar precursor cell populations (Figure 3B; Yamaguchi et al., 2000; 
Kawaguchi et al., 2001; Mignone et al., 2004; Walker et al., 2011). 
Nestin is an intermediate filament protein widely used to identify 
neural stem and progenitor cells (Lendahl et al., 1990; Thomas 
et al., 1996; Doetsch et al., 1997). These nestin-GFP lines label vari-
ous subsets of all SVZ and RMS cells. We have used a particularly 
bright nestin-eGFP mouse that clearly labels individual neurob-
lasts (Figure 3B; Nam et al., 2007; Walker et al., 2011). This can be 
advantageous insofar as individual fluorescent cells can be clearly 
visualized making it easy to track them in 3D, frame by frame. 
Another very useful line is from the Enikolopov laboratory at Cold 
Spring Harbor, we have it termed “CSH-Nestin-GFP” (Mignone 
et al., 2004). In these mice, GFAP+ stem-like cells and transit ampli-
fying cells in the SVZ are labeled with bright GFP and neuroblasts 
with dim GFP (Figure 3B) allowing them to be distinguished in 
the same slice (Kim et al., 2009).

Figure 3 | Schematic of the SVZ, rMS, and cell subtypes labeled in 
different transgenic lines. (A) Low magnification view of a sagittal section 
showing location of the SVZ, RMS, and OB. SVZ cell subpopulations are 
depicted by different shapes and colors. Boxed areas show cytoarchitectural 

organization of the SVZ (left, coronal plane) and RMS (right, sagittal plane). 
(B) Examples of mouse lines used to label SVZ subpopulations. Green indicates 
SVZ cell subtypes labeled as well as the relative intensity of GFP fluorescence. 
(Modified from Nam et al., 2007 and Kim et al., 2009).
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Ependymal ciliary beating has been proposed to set up the flow 
of CSF around the ventricles and thereby establish caudal to rostral 
chemotactic gradients of factors secreted by the choroid plexus that 
can direct SVZ migration (Sawamoto et al., 2006). Loss of this flow 
in Tg737orpk mice with defective cilia results in neuroblast chain 
disorientation and a loss of their longitudinal arrangement. In the 
slice preparations used for two-photon imaging this seems unlikely 
to explain migration guidance as constant perfusion of aCSF would 
dissipate any gradient. Also, the direction of aCSF flow from experi-
ment to experiment had no obvious effect on migration direction. 
It is more likely that gradients of factors such as Slit2 (Sawamoto 
et al., 2006) are important during developmental stages when mor-
phogenic gradients have to be established across shorter distances, 
but are not vital for rostral migration throughout adulthood.

While migration in the dorsal SVZ occurs largely in the rostral 
direction, evidence suggests that the orientation of migration may 
be different in other regions of the SVZ. Previous studies have 
shown that in the ventral portions of the SVZ Dcx+ arrays are orien-
tated dorsoventrally (Yang et al., 2004; Nam et al., 2007) and ventral 
migration may occur into the anterior striatal SVZ (Sawamoto 
et al., 2006). Using two-photon time-lapse to visualize dorsoventral 
migration, we showed that it occurs throughout the entire striatal 
SVZ and not only in the anterior subregion (Nam et al., 2007). The 
ventral SVZ is characterized by radial glia like cells whose processes 
fan out into the ventral forebrain regions (Sundholm-Peters et al., 
2004). In neonatal, and to a lesser extent adult mice, Dcx+ cells 
may use these radial processes to emigrate dorsoventrally to the 
ventral forebrain and produce neurons in the olfactory tubercles, 
islands of Calleja and nucleus accumbens (De Marchis et al., 2004a; 
Sundholm-Peters et al., 2004; Yang et al., 2004). Our finding of 
this widespread dorsoventral migration raises several interesting 
questions regarding differences between dorsal and ventral SVZ 
cells. Do dorsal and ventral cells intermix or are they two distinct 
populations? Are there differences in the molecular mechanisms 
that create the varying array orientation and motility directions? 
Future imaging studies may reveal different migration mechanisms 
in SVZ subregions.

morphology and motility of SVZ neuroblaStS
A large amount of what is known about the SVZ has been inferred 
from histological studies including several ideas about neuroblast 
migration. Many studies performing static studies have identified 
migrating cells by using a common “migratory morphology” repre-
sented by unipolar or bipolar cells that display a leading process and 
trailing edge (De Marchis et al., 2001). Leading process orientation 
is often used as a sole indicator of directionality of cell migration 
(Szele and Cepko, 1996; Sawamoto et al., 2006). It has long been 
assumed that there is a strict relationship between this morphol-
ogy and motility without direct evidence to prove this is the case. 
A major impetus for conducting time-lapse imaging studies was to 
directly study this relationship between morphology and motility.

Time-lapse confocal studies examining the migration of CTG 
labeled cells (De Marchis et al., 2001; Bovetti et al., 2007a) dem-
onstrate that many migratory neurons exhibit a long leading proc-
ess with a short trailing process. As described above, these studies 
have difficulties in resolving the processes as intensity and exposure 
time have to be kept short to prevent phototoxicity. The use of 

ViSualiZing chain migration
The SVZ/RMS pathway contains a diverse and unique molecular 
environment with the presence of soluble, ECM and adhesion mol-
ecules (Thomas et al., 1996; Conover et al., 2000; Hedin-Pereira 
et al., 2000). Currently we have little understanding of how these 
molecules coordinate to regulate chemoattraction,  chemorepulsion, 
motogenesis, speed, detachment from chains and cell adhesion. The 
RMS has no clear anatomical guidance structure so how do these 
cells orientate and navigate through this complex environment? 
One of the main goals of using two-photon imaging is to under-
stand the fundamental rules and factors involved in governing these 
subcomponents of cell motility.

The first studies using dynamic imaging to demonstrate homo-
typic or chain migration cultured SVZ explants and produced 
time-lapse movies of the outgrowth of chains (Wichterle et al., 
1997). Interestingly, this study demonstrated that chains formed 
and neuroblasts migrated without the ensheathing glial tubes seen 
in the RMS, suggesting astrocytic tubes may not be necessary for 
chain formation and RMS migration. Neuroblasts leap-frogged 
over each other while a certain percentage were stationary, similar 
to what our 2-P time-lapse studies subsequently showed in slices 
(Nam et al., 2007). Although cell culture and tissue explants are 
important tools for studying the mechanisms of cell migration 
and differentiation, these models involve significant alterations to 
the normal anatomical and functional relationships of the cellular 
elements in the SVZ, RMS, and OB. Conclusions drawn from these 
may not represent the in vivo situation.

By using time-lapse two-photon imaging it is possible to study 
these chains at the population level and image these arrays for up 
to 24 h. Using the Dcx-GFP mouse which labels all neuroblasts 
(Figure 3B), movies can be taken that allow the arrays to be visu-
alized in their entirety. Imaging reveals that the arrays have the 
appearance of cells streaming along clearly delineated, well defined 
pathways in which the direction of migration closely matches the 
orientation of the array. In vitro studies suggest that these chains 
are not stable but change shape by dissipating and reforming 
(Wichterle et al., 1997). However, our ex vivo studies suggest that 
this does not seem to be the case as the chains remain very stable 
over hours of imaging and cells very rarely err from the SVZ/RMS 
pathway into the surrounding tissue. This may be due to contact-
mediated inhibition with neurons and oligodendrocytes in the 
striatum and corpus callosum that induce lamellipodial collapse.

The large numbers of cells born in the SVZ migrate rostrally 
through the RMS to the OB. As expected, imaging shows that neurob-
last arrays are oriented rostrocaudally immediately under the corpus 
callosum, in the dorsal SVZ, and the majority of rostral migration 
probably occurs in this subregion (Nam et al., 2007). It is currently 
unknown what sets up this rostral direction of migration but it has 
been suggested it may be diffusible chemoattractants secreted by the 
OB (Liu and Rao, 2003; Ng et al., 2005) and chemorepellents from 
the caudal septum (Hu and Rutishauser, 1996) working in combina-
tion. Other studies however have shown that these long distance cues 
may not be required as rostral migration continues in the absence 
of the OB (Jankovski and Sotelo, 1996; Kirschenbaum et al., 1999). 
We have also observed that removal of the OB before imaging does 
not change the migration or motility of neuroblasts within the RMS 
(Szele Laboratory, unpublished observations).
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as described above. Using this method we were able to show that 
by examining complex 3D movements, speed can be calculated 
with more accuracy (Nam et al., 2007; Kim et al., 2009). Generally 
average speeds measured using two-photon were faster than those 
reported using confocal due to the larger distance measured as 
traveled. Interestingly, Gad65-GFP cells migrated at a faster speed 
(71 μm/h) than nestin-eGFP+ cells (52 μm/h). Gad65+ neuroblasts 
are thought to be relatively differentiated in comparison to nestin+ 
cells (De Marchis et al., 2001). This raised an intriguing possibility 
that older neuroblasts may be distinguished from younger ones by 
using speed as a phenotypic characterization.

Studies using confocal imaging of organotypic slices allowed the 
first dynamic imaging of neuroblast migration in situ in the RMS 
and show that cells migrate in a saltatory manner representative of 
nucleokinesis (Kakita and Goldman, 1999; Suzuki and Goldman, 
2003). This movement is characterized by elongation of the leading 
process followed by translocation of the nucleus (Nadarajah et al., 
2003; Tsai and Gleeson, 2005) resulting in alternating periods of 
higher and lower migration rates when based on cell body move-
ment. There is large variation in measured average migration speeds 
for different confocal studies (De Marchis et al., 2001; Bovetti et al., 
2007b; Platel et al., 2008). Some of this may be due to different ages 
of the animals with some focusing on neonates and other using adult 
animals. Alternatively speeds may be affected by temperature, a cor-
relation that we have not examined since we always work at physi-
ological temperatures. Many changes occur in the SVZ during the 
first postnatal week with retraction of radial glial processes as they 
differentiate into SVZ astrocytes and ependymal cells (Merkle et al., 
2004). Bovetti et al. (2007b) report that cells migrate quicker at P21 
than at P5 and that younger mice lack defined glial tubes (Peretto 
et al., 1997, 2005) and chains and migrate more as individual cells.

SVZ neuroblaStS diSplay complex motility patternS
The detailed information that can be gathered using two-photon 
methods means that fundamental but previously undetected motil-
ity behaviors can be detected and studied. One approach to this is 
to use a “migratory index” which is a simple indication of motility 
complexity that is independent of speed (MI = net distance/total 
distance). By grouping cells based on migratory index we found 
the RMS is comprised of at least three distinct subpopulations of 
cells: migratory, exploratory, and intermediate (Nam et al., 2007). 
The migratory cells have fairly direct, straight migration pathways 
with little deviation. In contrast exploratory cells move in a local 
exploratory fashion.

It is possible that exploratory behavior may be an epiphenom-
enon within the ex vivo environment caused by the disruption of 
molecular gradients. We think this is unlikely, and that exploratory 
motility is not due to unhealthy slices or unusual mouse strains 
because it is consistently observed in all slices and in different trans-
genic lines. In addition, multipolar migration in the embryonic 
cortex (Tabata and Nakajima, 2003) closely resembles explora-
tory behavior. However that work was also performed in cultured 
slices, which may cause loss of local diffusion factors and thereby 
induce these behaviors. If exploratory motility does also occur in 
vivo what is its function? One possibility is it serves as a prelude to 
injury induced emigration from the SVZ/RMS into surrounding 
tissues (Goings et al., 2004; Sundholm-Peters et al., 2005; Dizon 

 confocal for studying migration is limited as images can only be 
taken on average every 10–15 min over a limited period of time (De 
Marchis et al., 2001; Bovetti et al., 2007a) and pathways of migration 
between these imaging frames may not be observed. Furthermore, 
by  examining CTG+ cells that have migrated from the SVZ into 
the RMS imaging is biased toward cells that have migrated long 
distances and may not accurately represent local migration.

We took z-stacks every 3 min with two-photon time-lapse pro-
viding much greater temporal resolution than confocal time-lapse. 
3 min intervals were necessary to raster in the XY dimension across 
512 × 512 pixels (0.125 mm2) in 50 optical sections (Z dimen-
sion; Nam et al., 2007). However in preparations that label large 
number of cells smaller volumes and shorter time intervals between 
3D frames should be very possible. Using two-photon imaging of 
nestin-eGFP mice we unexpectedly found that many cells that had 
typical migratory morphology were in fact stationary in the RMS 
(19%), with an even larger percentage stationary in the SVZ (40%) 
(Nam et al., 2007; Kim et al., 2009). Imaging over several hours 
showed that these stationary cells could have stable cell bodies but 
dynamic processes that changed in length, orientation, or disap-
peared completely. Alternatively, the processes remained stable but 
the cell bodies exhibit subtle morphological changes. It is possible 
that these cells represent SVZ GFAP+ astrocytes and the dynamic 
processes interacted directly with the motile cells. While many cells 
with “migratory morphology” were indeed motile more surpris-
ing was the presence of motile cells that had no processes or were 
multipolar. This was particularly important as close to half of the 
cells in the RMS were motile (Nam et al., 2007) and would have 
been classed as stationary using histological methods.

Speed of SVZ neuroblaSt migration
A fundamental feature of migration is the average speed at which 
cells travel, as speed must be well regulated throughout the RMS to 
synchronize cell production in the SVZ with integration in the OB. 
Any changes in this speed can have dramatic effects, as is shown when 
PSA is removed from NCAM reducing migration speeds so cells 
accumulate in the RMS and the size of the OB diminishes (Chazal 
et al., 2000). The earliest studies on neuroblast migratory speed used 
retroviral lineage tracers in rats and calculated speed by measuring 
the distance between a cell’s point of origin and its final destination 
after a certain time (Luskin and Boone, 1994). These studies calcu-
lated average speed to be around 20–30 μm/h. These are inherently 
inaccurate measurements, as they make the assumption that cells 
move in a straight line and at constant velocity. Measurements of 
neuroblast migration from SVZ explants show a much higher speed 
of migration, around 122 μm/h (Wichterle et al., 1997). This is most 
probably due to the lack of complex cytoarchitecture that cells have 
to migrate through in situ. Also, there are no glial tubes in the in vitro 
system, suggesting that astrocytes may slow migration speed.

Migrating cells within the RMS use 3D and often very complex 
pathways which cannot be fully appreciated using standard confo-
cal methodology. Analysis of confocal and early two-photon mov-
ies (Koizumi et al., 2006) was achieved by collapsing the z-stack 
to produce a 2D image, meaning that the path taken by the cell 
appears much shorter and may have lead to underestimations 
of speeds. By using two-photon imaging, cell migration can be 
tracked in 3D by recording the X, Y, and Z coordinates over time 
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the same cell can not only switch between exploratory and migratory 
behaviors but can also change direction in multiple patterns. This 
suggests that certain behaviors are not specific to different lineages. 
As behaviors are not cell specific does one type of behavior predict 
or preclude another? What remains to be answered are the specific 
sequences and molecular mechanisms that govern neuroblast turning.

Given that neuroblast chains are largely established through neu-
ronophilic interactions neural progenitor cells may influence each 
other’s motility to maintain chain migration. Within the interior 
of chains, neuroblasts form contacts with each other, while on the 
exterior, cells encounter astrocytes forming the glial tube in addi-
tion to other neuroblasts. It is currently unknown whether in vivo 
cells are able to switch chain position and shift between the interior 
and exterior. Further analysis of cell migration patterns may reveal 
whether individual turning behaviors are associated with the cell’s 
position in the interior versus exterior of the chain. For example, 
neuroblasts that stop movement in the interior of the chains may be 
carried along with the other cells, while on the exterior neuroblasts 
may be able to form stable contacts with glial tubes that anchor 
them in a stationary position. Contact with astrocytes may then 
induce turning or direction reversal through contact inhibition 
as seen in other systems. In vitro experiments have shown that 
SVZ neuroblasts repel astrocytes via Slit/Robo signaling in dissoci-
ated cells (Kaneko et al., 2010). However, in SVZ explants which 
lack ensheathing glial tubes a cell moving in a chain may become 
stationary, and by changing the orientation of its leading process 
begin to move in the opposite direction (Wichterle et al., 1997). 
Furthermore, the addition of striatal, septal, or OB explants along-
side SVZ explants does not influence the direction of migration 
(Jankovski et al., 1998). Together this would suggest that extrinsic 
directional cues may not be required for cell turning patterns but 
that turning is regulated by mechanisms that are intrinsic to the 
neuronal progenitors.

neuroblaSt diViSion and tranSit amplifying 
progenitor migration
An essential feature of SVZ biology which has been largely neglected 
in most dynamic migration studies is the interaction between pro-
liferation and cell motility. During tangential migration through 
the RMS, cells continue to divide and initiate neuronal maturation 
(Menezes et al., 1995; Coskun et al., 2007). Retroviral studies dem-
onstrate that cells dividing in the RMS have a much longer cell cycle 
time than those dividing in the SVZ (Smith and Luskin, 1998). It 
will be interesting to study whether daughter cells pause during or 
after division or whether daughter cells migrate immediately. It is 
also unknown if sibling cells share the same migratory behaviors.

Recent evidence suggested that some SVZ progenitor cells may 
be motile (Aguirre et al., 2004, 2005). If multipotent stem cells 
or rapidly dividing progenitor cells have migratory potential they 
may be able to migrate to injury sites. Since they are not as fate-
restricted as neuroblasts, they may be more reparative. We found 
motile nestin-GFP+ cells that did not express Dcx, suggesting stem 
cells or progenitor SVZ cells could be motile (Nam et al., 2007) 
since Dcx is thought to be expressed only in SVZ neuroblasts. In 
addition, cells with SVZ progenitor cell characteristics emigrated 
to the striatum in a model of injury supplemented with growth 
factor infusion (de Chevigny et al., 2008).

et al., 2006) as our observations suggest that exploratory behavior 
increases after cortical injury (Szele laboratory, unpublished obser-
vations). Exploratory behavior may provide a means of sampling 
the environment to receive molecular cues. Further studies are 
required to see if migratory and exploratory cells express differ-
ent cell surface signaling molecules, allowing intrinsic regulation 
of motility in a given microenvironment. It is important to point 
out that neuroblasts could switch behaviors from exploratory to 
migratory. Although we have yet to perform a thorough analysis of 
these switches thus far it seems that they are random.

Using two-photon time-lapse our laboratory has also found that 
EGFr signaling may be another mechanism controlling neuroblast 
motility. Neuroblasts that expressed low levels of EGFr tended to 
move in exploratory patterns. Neuroblasts show an inverse cor-
relation between EGFr and Dcx/PSA–NCAM/bIII-tubulin expres-
sion, suggesting that EGFr is gradually lost as neuroblasts mature. 
Epidermal growth factor (EGF) regulates cell division in the SVZ 
in vivo (Reynolds and Weiss, 1992; Kuhn et al., 1997; Gritti et al., 
1999) and is important for neurosphere generation in vitro. In the 
presence of transforming growth factor alpha (TGFa), an EGFr-
selective agonist the percentage of motile cells decreased by approxi-
mately 40% (Kim et al., 2009). A very important consequence of this 
finding is with regards to the use of organotypic slices to measure 
aspects of motility as EGF is sometimes included as a constituent 
of culture media (Zhang et al., 2009).

SVZ neuroblaStS exhibit Stereotypic behaViorS
Previous reports in rats had documented cells migrating counter-
current to each other within the chains, with some cells migrat-
ing caudally (Kakita and Goldman, 1999; Suzuki and Goldman, 
2003). In both Gad65-GFP and nestin-GFP mice around 25% 
of cells turned and migrated caudally. Interestingly there was no 
difference in average speeds of cells that migrated caudally com-
pared to cells that migrated only rostrally (Nam et al., 2007). These 
changes in direction were accompanied by complex and dynamic 
movements of the leading process and lamellipodium. Kakita and 
Goldman (1999) described how glia progenitors changed direction 
by branching and curving of the leading process or growth of a new 
process at the opposite pole of the cell body. Using two-photon 
time-lapse we show that neuroblasts could change direction by 
either polarity reversal or sequential bending of the leading process 
as previously described or by a newly observed method of branch-
ing of the leading process (Martinez-Molina et al., 2010).

During forward migration cells also exhibited complex methods 
of turning even in the absence of direction changes. Most cells devi-
ated from straight paths through bending of the leading process 
close to the cell body (47% of turns), we termed this P-bending. We 
also observed bending of the distal leading process (30% of turns) 
or branching of the leading process (23% of turns). Remarkably, 
the angle of bending (128°) and of branching (101°) was very con-
sistent from cell to cell, which may imply that similar molecular 
mechanisms control these movements regardless of the direction 
of movement or type of turn (Martinez-Molina et al., 2010).

The SVZ is a mosaic of cells of different lineages which raises the 
possibility they exhibit different patterns of motility (Merkle et al., 
2007; Young et al., 2007). Interestingly, individual neuroblasts do not 
seem to be restricted to a specific type of turning behavior. Indeed, 
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acknowledgmentS
We would like to thank members of the Szele lab and M. Majumdar 
for reading and suggestions on the manuscript. Francis G. Szele 
supported by NIH RO1 NS-42253. Rachel James supported by a 
Wellcome Trust studentship.

To directly address whether SVZ stem or progenitor cells could 
be migratory we performed two-photon imaging using the CSH-
nestin-GFP mouse. To further distinguish between the stem and 
progenitor cells two-photon movies were made with the mGFAP-
GFP mouse which labels a subset of SVZ astrocytes (Figure 3B; 
Kuzmanovic et al., 2003; Kim et al., 2009). After examination of over 
800 CSH-Nestin-GFPbright and 65 mGFAP-GFP+ cells none moved 
suggesting that GFAP+ astrocyte-like stem cells are normally static 
within the SVZ (Kim et al., 2009).

To examine the progenitor population we imaged the Nestin-
GFP mouse and immediately after imaging the tissue was fixed 
and followed by post hoc double immunohisotchemistry for Dcx 
and Mash1. Mash1 is a transcription factor characteristic of SVZ 
transit amplifying progenitors which can be easily co-localized with 
GFP post hoc. The confocal image of the immunohistochemistry 
was matched with the last frame of the two-photon movie and 
Mash1+/GFP+ cells that were identified as being Dcx-negative iden-
tified. By following the movies backward the motility of these cells 
could be tracked. We never saw any motile Mash1+ cells implying 
that Mash1+ progenitor cells do not migrate from the SVZ into 
the RMS. Currently there are no transgenic lines that are specific 
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