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Blood Vessels Form a Scaffold for Neuroblast Migration in
the Adult Olfactory Bulb
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New cells are continuously added to the rodent olfactory bulb (OB), throughout development and in adults. These cells migrate tangen-
tially from the subventricular zone along the rostral migratory stream to the OB, where they migrate radically from the center to periphery
of the OB. Although different modalities of radial migration have been described in other brain regions, the mechanisms governing radial
migration in the OB are still mostly unknown. Here, we identify a new modality of migration in which neuronal precursors migrate along
blood vessels toward their destination. Our results show that half of the radially migrating cells associate with the vasculature in the
granule cell layer of the OB, and in vivo time-lapse imaging demonstrates that they use blood vessels as a scaffold for their migration
through an interaction with the extracellular matrix and perivascular astrocyte end feet. The present data provide evidence that a new
modality of migration, vasophilic migration, is occurring in the adult brain and reveals a novel role of brain vasculature.

Key words: radial migration; vascular; endothelial cell; time lapse; neuronal progenitor; stem cell

Introduction
The migration of immature neurons from germinal zones to spe-
cific positions is a critical step in the development of the brain.
Different mechanisms of neuronal migration have been de-
scribed in the developmental and adult CNS. During the devel-
opment of different brain structures such as the cortex, cerebel-
lum, and hippocampus, neurons use radial glia processes as
scaffold to their destination (Gasser and Hatten, 1990a,b; Wich-
terle et al., 1997). This glia-dependent radial migration, also
called gliophilic migration, is prominent in the embryonic and
early postnatal CNS. However, other types of migration indepen-
dent of radial glia have been described. Neurophilic migration
describes the movement of cells using the axons of already differ-
entiated neurons to reach their final location. Homophilic migra-
tion involves the movement of neuroblasts using each other as a
substrate forming long chains of cells, which was first described in
the rostral migratory stream (RMS) of adult rodent, where cells
originating from the subventricular zone migrate tangentially
along the RMS to reach the olfactory bulb (OB) (Lois et al., 1996).
In the OB, the cells detach from chains and disperse radially in the
OB. Little is known about the mechanisms governing radial dis-
persion of neuroblasts in the adult OB.

Radial glia are present in the developing olfactory bulb and are
likely to be important for early radial migration. However, mi-

gration of immature neurons in the OB is not limited to develop-
ment, but continues in adults, when radial glia have disappeared.
Previous studies reported the tight association of migrating neu-
roblasts with blood vessels in the early postnatal and adult RMS,
which was hypothesized to be involved in cell survival (Peretto et
al., 2005;Yang et al., 2005). We hypothesized that adult neuro-
blasts may use blood vessels as a scaffold in the absence of radial
glia. In this study, we observed that, after reaching the OB, a large
number of neuronal precursors associated with the blood vessels
and migrated radially into the OB after these vessels. This novel
migratory mechanism, the vasophilic neuronal migration, is in-
volved in neuronal movement into the OB.

Materials and Methods
Dye labeling. Stereotaxic injections of Cell Tracker green CMFDA (CTG;
Invitrogen, Eugene, OR), fluorogold (FG; Invitrogen), or cholera toxin
�-subunit (CTb; Sigma, St. Louis, MO) were performed after our previ-
ously described protocols (De Marchis et al., 2001) on CD1-strain post-
natal day 21 (P21) mice (Charles River Laboratories, Wilmington, MA).
All of the experimental procedures were performed in accordance with
protocols approved by our institutional animal care and use committees.
Animals were anesthetized by intraperitoneal injection of sodium pen-
tobarbital (4 –5 mg/100 mg body weight in 0.9% saline solution) and
70 –90 nl of CTG or 100 nl of FG/CTb injected at stereotaxic coordinates
of bregma �0.5 mm, lateral �1.0 mm, and 2 mm deep, corresponding to
the anterior subventricular zone (SVZa).

Vessel–neuroblast analysis. Three days after CTG injection, P24 mice
were anesthetized and perfused transcardially with 0.9% saline followed
by 5 ml of 1% and then 5 ml of 5% porcine type-A gelatin containing 1
mg/5 ml bovine serum albumin tetramethyl-rhodamine isothiocyanate
(BSA-rhodamine; Sigma). Immunohistochemical analysis for glial acidic
fibrillary protein (GFAP, 1:5000; Dako, High Wycombe, UK) and anti-
NeuN (1:1000; Millipore, Temecula, CA) were performed on free-
floating serial 40 �m coronal sections (see supplemental material, avail-
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able at www.jneurosci.org). Fluorescent images for anatomical analysis
were captured on an Olympus (Tokyo, Japan) FluoView 500 confocal
microscope and the distance between cells and blood vessels, as well as
vessels orientation, was calculated using Neurolucida software (see sup-
plemental material, available at www.jneurosci.org). Data are presented
as mean � SEM or as a cell frequency versus distance histogram [signif-
icance determined by multivariate ANOVA (MANOVA)].

Lineage analysis. Fluorogold injections were performed as above and
30 d after injection, mice were anesthetized and transcardially perfused
with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (PB), pH 7.4. Tissue processing and immunohistochemistry was
performed as described above.

Electron microscopy. Three days after CTb injection, P24 mice were
anesthetized and perfused transcardially with 0.9% saline followed by 4%
electron microscopy (EM)-grade paraformaldehyde and 1% EM-grade
gluteraldehyde in 0.1 M PB, pH 7.4. The brains were postfixed, sectioned
(25 �m), incubated with goat anti-CTb (1:5000; List Biologicals, Camp-
bell, CA), and reacted with diaminobenzidine (DAB; 0.5 mg/ml), H2O2

(1.2% v/v), 0.2% NiCl, and 0.25% CoCl (Adams, 1981). The DAB-
stained sections were further processed for electron microscopy by infil-
tration with resin following our previously published protocols (Toida et
al., 1998) (see supplemental material, available at www.jneurosci.org).

Time-lapse confocal microscopy. CTG was injected into P21 mice and
after 3 d mice were perfused with 1.5% low-gelling agarose (Sigma) and
1 mg/5 ml BSA-rhodamine in Leibovitz’s L-15 medium. Brains were
removed, immediately chilled to 4°C to solidify the agarose, and coronal
sections cut on a vibratome (300 �m) and placed in continuously oxy-
genated artificial CSF medium [containing (in mM): 120 NaCl, 3 KCl, 2
CaCl2, 1.3 MgSO4, 25 NaHCO3, 10 glucose, 5 BES (N,N-bis(2-
hydroxyethyl)-2-aminoethanesulfonic acid)] maintained in a 34°C ther-
mocontrolled flow (2.5 ml/min) chamber. Time-lapse images were cap-
tured every 15 min for a total period of 60 –150 min on a FluoView X
confocal microscope at a high scan speed to minimize light exposure to
the cells. To measure the speed of cells, the x and y coordinates of the
center of every moving cell were plotted in CorelDraw and the distance
traveled calculated using the Pythagorean theorem. The total migratory
rate was calculated by summating the distances traveled between each
frame divided by the total imaging time. Data are given as mean � SEM.

Results
In adults, new neurons derived from the SVZ migrate from the
center of the OB to their final destinations in outer layers in the
absence of anatomically distinct glial scaffolds. To investigate
vascular scaffolds present in the adult brain, we labeled migrating
SVZ progenitors by injecting CTG in the SVZ of P21 mice (De
Marchis et al., 2001) and, 3 d later, labeled blood vessels by per-
fusion with a gelatin/BSA-rhodamine mix. The gelatin rapidly
solidifies within the vessels and the rhodamine allowed visualiza-
tion of the lumen of all blood vessels from large to small capillar-
ies (Fig. 1A–C). CTG-labeled cells were frequently observed
closely associated with blood vessels in the granule cell layer
(GCL) (Fig. 1D) and, in may cases, the migrating cell leading
process extended or twisted around small vessels (Fig. 1E–H).
The olfactory bulb is highly vascular with vessels oriented in dif-
ferent directions, including many radially oriented as well as tan-
gentially oriented (average vessel orientation in the bulb was 42 �
4°, with 0° representing a tangential orientation and 90° a radial
orientation). CTG-labeled cells had a slight tendency to associate
preferentially with radially oriented capillaries (average orienta-
tion for vessels with migrating cells was 52 � 3°; p � 0.05; n � 43
cells), although CTG-positive cells could be found on vessels with
different orientations.

To quantify the association of CTG-positive cells with vascu-
lar elements we measured the x, y, and z positions of 148 ran-
domly selected CTG cells and calculated the distance to the near-
est blood vessel in three dimensions, yielding a distance/density

histogram of cell position relative to the nearest blood vessels.
The mean distance between cell and vessel was 9.5 � 1.0 �m (n �
148 cells) (Fig. 1 J). To test whether the association of the migrat-
ing cells with blood vessels is simply chance because of a high
density of vessels in the bulb, the distribution of CTG cells was
compared with a random distribution. This analysis showed that
random points in these sections are on average 20.4 � 1.2 �m
(n � 148) away from a vessel, compared with the average for CTG

Figure 1. SVZ-derived migratory cells associated with blood vessels. A–B, Coronal sections
of the OB showing CTG-positive cells (green) and blood vessels (A; lumen tetramethylrhodam-
ine isothiocyanate fill; red) counterstained with DAPI (B; blue). C–D, Coronal section of P24
mouse OB showing blood vessels (C; red); neuronal precursors (green) exiting the SEL and
entering the GCL associate with blood vessels (D; arrows). E–H, Higher-magnification photo-
graphs of coronal OB sections showing CTb-labeled cells associated to blood vessels. I, Fre-
quency distribution graph of the number of CTG-positive cells (abscissa) versus distances from
the blood vessels (ordinate). The number of CTG-positive cells closer than 3 �m is significantly
different from a random distribution (MANOVA, * p � 0.001). Scale bars: (in B) A, B, 200 �m;
(in D) C, D, 200 �m; (in H ) F–H, 20 �m. MCL, Mitral cell layer; ONL, olfactory nerve layer.
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cells of 9.5 � 1.0 �m. This analysis shows
that cells are much closer to vessels than
random chance would predict ( p �
0.001) (Fig. 1 J), with 45% of CTG-
positive cells distributed �3 �m from the
vessels (Fig. 1 I). The remaining 55% of
cells are distributed at different distances
from vessels and likely include differenti-
ated cells that have already reached their
final destination in the GCL, cells that
have just started to migrate out of the sub-
ependymal layer and not yet encountered
a vessel, and migrating cells independent
of vessels.

Diffusible molecules, even oxygen, re-
leased from the blood vessels could be at-
tractive cues for the migrating cells. If this
is the case, the diffusion of these putative
factors should result in a gradient of CTG
cells migrating toward blood vessels.
However, our results show that there is a
significant difference only in the propor-
tion of cells in contact with the vessel (�3
�m) and no difference from a random
distribution at distances �3 �m (Fig. 1 I).
Thus, we conclude that interaction be-
tween blood vessels and migrating cells is
likely a contact-mediated process rather
than attraction by secreted molecules.

Previous findings suggest there are pre-
cursors in the early SVZ and RMS that can
give rise to neurons and glia (Aguirre and
Gallo, 2004). To investigate whether the cells migrating along
vessels were preferentially glial or neuronal, we performed im-
munohistochemistry with GFAP, an astrocyte marker (Fig. 2B).
None of the migrating CTG-positive cells in the olfactory bulb
expressed GFAP (n � 346 cells; 2– 4 d after injection). To further
investigate whether SVZ precursors can differentiate into astro-
cytes in the OB, SVZ precursors were labeled with FG and immu-
nostained for GFAP 30 d later. Only 1% of FG-labeled SVZ-
derived cells in the bulb (1 cell of 109 examined) expressed GFAP,
suggesting that only a very small population of SVZ precursors
differentiate into astrocytes (data not shown).

To investigate whether CTG-labeled cells associated with the
blood vessels are mature neurons, we performed immunohisto-
chemistry for NeuN, a mature neuronal marker. None of the
labeled migratory cells associated with the blood vessels labeled
with NeuN (n � 150) (data not shown). In our previous studies,
we showed that in a transgenic line of mice expressing green
fluorescent protein (GFP) under the control of the glutamic acid
decarboxylase 65 kDa (GAD65) promoter, there was extensive
expression of the neuronal GAD65 gene during migration. In
these mice, cells along the entire length of the RMS and in the OB
express GAD65-GFP (De Marchis et al., 2004). We also observed
GAD65-GFP positive migratory cells associated with blood ves-
sels (Fig. 2A) indicating that neuronal migratory cells associate
with blood vessels.

The association between SVZ-derived cells and vessels could
involve neuroblast to endothelial cell, neuroblast to astrocyte, or
neuroblast to extracellular matrix basement components sur-
rounding the vessels. We rarely observed GFAP-positive pro-
cesses between CTG-labeled cells and blood vessels (Fig. 2B);
however, GFAP immunohistochemistry does not show very fine

astrocytic processes even with confocal microscopy. To improve
our spatial resolution in the perivascular compartment, we per-
formed immunoelectron microscopy analysis of the perivascular
space containing migratory cells (n � 5 different cells). To con-
firm the identity of migratory cells, they were labeled with CTb,
reacted with DAB, and the same cell identified under both light
microscopy (Fig. 2C) and electron microscopy (D,E). All blood
vessels in the olfactory bulb exhibited a thin astrocyte process
sheet surrounding the vessel; in places, these processes were as
thin as 20 –50 nm (Fig. 2E). The CTb/DAB reaction product in
migratory cells was typically seen concentrated in punctuate ly-
sosome vesicles. None of the SVZ-derived cells directly contacted
endothelial cells or endothelial cell basement membranes. In-
stead, these cells were typically superficial to the astrocyte pro-
cesses and separated by a thin region of ECM (Fig. 2E). This
suggests that cells migrating along blood vessels are primarily
interacting with the ECM surrounding astrocyte end feet and, in
some regions, by direct astrocyte contact.

Together, these data indicate that a large number of SVZ-
derived cells associate with vessels in the GCL trough an ECM–
astrocyte end foot interaction. The close association of CTG-
labeled cells with blood vessels suggests migration along the
vessels; however, a similar statistical association might be ob-
tained if there was merely heightened survival of cells close to the
vessel, similar to hypothesizes in the RMS and hippocampus
(Palmer et al., 2000). To determine whether the association of
cells with blood vessels was truly related to migration, we per-
formed double-label time-lapse confocal microscopy on coronal
slices of the OB and followed the movement of the cells along the
vessels. Because gelatin melts at 34°C, the labeling of blood vessels
for the time lapse was performed using low-gelling agarose. The

Figure 2. SVZ-derived migratory cells are neuroblasts and associate with perivascular astrocytic end feet. A, GAD65-GFP
positive cell (green) with a leading process wrapping around a capillary (red) in the granule cell layer of the young adult olfactory
bulb. B, CTG-labeled SVZ-derived progenitor (green) migrating along a bulb blood vessel (lumen tetramethylrhodamine isothio-
cyanate fill; red) with GFAP immunohistochemical labeling of astrocytes (blue). GFAP-positive processes are rarely seen between
the migratory cell and vessel and no CTG-positive cells express GFAP. C, Bright-field photograph showing DAB-stained CTb-labeled
SVZ-derived progenitors (arrows). CTb in cell processes is typically punctate because of lissome accumulation of the CTb. D,
Electron microscopic image of the same field shown in C showing the perivascular space around the blood vessel (BV). Endothelial
cells have been pseudocolored red, perivascular astrocyte processes blue, and the migrating SVZ progenitors green. Punctate DAB
reaction product is present in lysosomes and around a migrating cell nucleus (arrows) at identical locations to that present in the
bright-field photograph in C. E, Higher magnification photograph showing a thin astrocyte process (a) between the migrating (m)
and the endothelial cell (e). A small space containing the ECM is present between the astrocyte and migratory cell. Scale bar: (in E)
A, B, 10 �m; C, 3 �m; D, 2 �m; E, 250 nm.
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movement of five different cells in relation to blood vessel posi-
tion was followed with images taken every 15 min for a total
imaging time between 60 and 150 min (Fig. 3A–H). CTG-labeled
migratory cells have unipolar morphology with a leading process
in the direction of migration typical of migratory neurons and
observed in our previous studies (De Marchis et al., 2001; Bovetti
et al., 2007). Cells migrate along the vessels in a saltatory modal-
ity, alternating between higher and lower migration speed (aver-
age maximum speed 66 � 17 �m/h; average minimum speed 6 �
3.5 �m/h; n � 5). The mean migration rate of CTG-labeled cells
along a blood vessel was 33.4 � 5.2 �m/h (n � 5). The migration
of the CTG-positive cells was unidirectional, with all of the cells
observed moving radially along vessels toward the external part of
the bulb.

Our data show that cells traversing the deep GCL use blood
vessels as a migratory scaffold. Do the migrating cells continue to
use blood vessels all the way out to the glomerular layer (GL)? To
address this question, we examined 7 d postinjection animals in
which migratory cells are crossing the external plexiform layer
(EPL). CTG-positive cells in the EPL were counted and their
association to vessels evaluated as above. Only 3 of 54 cells (n � 2
mice) in the EPL were in direct contact with blood vessels. These
data suggest that although “vasophilic migration” is an initial
mechanism used by cells to detach from the subependymal layer
(SEL) and move radially through the GCL, it is not required to
cross the EPL.

These data demonstrate a new modality of neuroblast migra-
tion after blood vessels in the young adult olfactory bulb.

Discussion
OB neuronal progenitors are born in the SVZ and migrate to the
olfactory bulb along a pathway referred to as the RMS. After
reaching the bulb, these cells migrate radially to various layers of
the OB, where they differentiate in different classes of interneu-
rons. The mechanisms regulating this radial migration into the
OB are poorly understood. During development, immature neu-
rons use the processes of radial glia cells as a guide to migrate
radially and reach their final destination in many brain struc-
tures. Although radial glia are present in developing olfactory
bulb and are hypothesized to play a role in the formation of the
bulb (Bailey et al., 1999; Puche and Shipley, 2001), they disappear
in early postnatal and are absent in adult (Bailey et al., 1999;
Puche and Shipley, 2001).

We described previously the behavior of radially migrating
cells in the adult OB, which exhibit a long leading process and a

shorter trailing process typical of migrating cells. These cells
move radially in a saltatory manner with bursts of high speed
followed by periods of slower speed (Bovetti et al., 2007). In this
study, we show a modality of radial migration in the adult bulb in
which neuroblasts use the blood vessels as a migratory scaffold.
Neuronal progenitors in the GCL of the OB are closely associated
with blood vessels, have leading/trailing processes, and extend
the leading process along or, in some cases, around a vessel.
Time-lapse confocal microscopy demonstrates that neuroblasts
migrate along the vessels in a saltatory manner, altering periods of
slow and high speeds. The migratory behavior (average speed,
saltatory frequency, maximum, and minimum speeds) of cells
associated with vessels was identical to the means of our previous
report (Bovetti et al., 2007).

Most adult SVZ-derived cells (�95%) differentiate into
GABA-containing granule cells, whereas the rest differentiate
into periglomerular cells in the glomerular layer (Luskin, 1998).
Our data show that 45% of CTG-positive cells associate to vessels
in the GCL. Because this frequency of cell– blood vessel distances
were calculated choosing random cells, this likely includes differ-
entiated cells that have already reached their final destination in
the GCL, as well as cells that just began radial migration. There-
fore, we may underestimate the actual number of undifferenti-
ated migrating cells that associate with a vessel at some point
during their migration. Alternatively, vessels may be a “path of
least resistance” to cell movement, resulting in more cells migrat-
ing along a vessel when it is present with some cells migrating in
the absence of the vessel scaffold. It is clear that by the time
migratory cells enter the EPL they are no longer specifically asso-
ciated with blood vessels. Possibly the radially oriented apical
dendrites of mitral cells provides a structural scaffold for crossing
the EPL.

Transplanted cells in the adult brain often migrate long dis-
tances from the injection location and, based on our results, may
use blood vessels to traverse to other locations in the brain. In-
deed, previous studies characterizing the dynamics of glioma cell
migration in brain showed that transplanted rat glioma cells in-
filtrated the neonatal rat brain by migrating along the abluminal
surface of blood vessels (Farin et al., 2006). Farin et al. (2006)
show that transplanted glioma cells are localized in either multi-
cellular clusters or individual cells distributed along host blood
vessels and, through time lapse microscopy, they confirmed that
the cells were migrating along vessels. Similar to glial and neuro-
nal progenitors, these glioma cells display a unipolar morphology

Figure 3. Double-label time-lapse confocal microscopy showing neuronal precursors migrating along the blood vessels. A–G, Photographs of a CTG-labeled neuroblast (green) and blood vessel
(red) at selected time points from t � 0 min to t � 150 min. H, Schematic drawing of three different cells moving along vessels as a function of time. Scale bar: (in H ) A–H, 50 �m. ONL, Olfactory
nerve layer.
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with the major process closely aligned with blood vessels, they
migrate in a salutatory manner and frequently turn or reverse
direction, suggesting that they are responding to local guidance
cues (Farin et al., 2006). Here, we extend these anatomical obser-
vations with evidence that normal neuroblasts migrating de novo
through the adult brain use blood vessels as a scaffold. Radially
migrating cells in the adult OB rarely migrate in the wrong direc-
tion (�1%) (Bovetti et al., 2007) and we did not observe any cell
migrating on vessels moving in the opposite direction. The mech-
anisms governing direction choice in the bulb are unknown;
however, several secreted molecules such as netrin-1, prokineti-
cin2, and glial cell-derived neurotrophic factor have been sug-
gested to have a chemoattractive role for OB precursors and
could provide center-to-periphery cues (Murase and Horwitz,
2002; Ng et al., 2005; Paratcha et al., 2006).

What might attract migrating cells to blood vessels? In our
time-lapse experiments, blood-borne diffusible attractants
would have been washed from the vessel suggests a contact-
mediated rather than diffusible cue. The electron microscopy
analysis confirmed this hypothesis, showing that neuroblasts as-
sociate with extracellular matrix components surrounding astro-
cytic end feet. This is different from previous glioma studies
showing direct association of cells with the abluminal surface of
the vessels (Farin et al., 2006). It is possible that the glioma has
glial cues similar to perivascular astrocytes, which permit close
association to the endothelial cells. The extracellular matrix plays
an important role in cell migration, providing permissive or in-
hibitory substrates to migration (Ono et al., 1994), and inhibition
of matrix metalloproteinases, the enzymes responsible of extra-
cellular matrix modification, inhibits both tangential and radial
migration in the RMS and in the OB of postnatal and adult mice
(Bovetti et al., 2007). Moreover, previous studies reported that
reelin and tenascin-R, two extracellular matrix molecules, are
involved in cell detachment and radial migration into the OB
(Hack et al., 2002; Saghatelyan et al., 2004). Tenascin or other
ECM elements might be produced by perivascular astrocytes and
govern neuroblast migration out of the RMS along blood vessels.
Although additional studies are needed to understand the mech-
anisms governing neuroblast– blood vessel interactions and mi-
gration and the molecules involved in these processes, here we
provide the first evidence that neuronal precursors follow the
blood vessels to reach their final destination, interaction with
perivascular astrocytes end feet, revealing a novel role of brain
vasculature and opening a new and unexplored field in adult
neuronal migration.
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