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Abstract
Neuroblasts migrate from the subventricular zone along the rostral migratory stream (RMS) to the
olfactory bulb (OB). While the migration occurs by movement over other cells, the molecular
mechanisms are poorly understood. We have found that ADAM2 (a disintegrin and metalloprotease
2) is expressed in migrating RMS neuroblasts and functions in their migration. The brains from
ADAM2 knockout (KO) mice showed a smaller OB than that seen in wild-type (WT) mice at
postnatal day 0. In addition, the RMS in ADAM2 KO mice appeared thinner and less voluminous in
its rostral part and thicker in its caudal part. Estimates of migration in vivo using bromodeoxyuridine
labeling revealed that neuroblasts from KO mice show a decreased migration rate compared with
those from WT mice. Direct assays of migration by imaging living slices also showed a decreased
migration speed and loss of directionality in the KO mice. This phenotype was similar to that seen
in RMS containing slices from WT mice exposed to a peptide that mimicked the disintegrin loop of
ADAM2. Finally, RMS explants from KO or WT mice that were cultured in Matrigel also revealed
striking differences. The cells migrating out of explants from WT mice showed robust cell—cell
interactions. In contrast, fewer cells migrated out of explants from ADAM2 KO mice, and those that
did were largely dispersed and their migration inhibited. These experiments suggest that ADAM2
contributes to RMS migration, possibly through cell—cell interactions that mediate the rapid
migration of the neuroblasts to their endpoint.
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Introduction
Identifying the molecules that mediate neuroblast migration is central to understanding
molecular mechanisms of brain development and congenital defects that compromise brain
organization and function. It also holds promise for developing therapeutic strategies for the
repair of damaged brain regions due to trauma or neurodegenerative diseases. The rostral
migratory stream (RMS), which begins at the anterior part of the subventricular zone (SVZa)
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and ends at the center of the olfactory bulb (OB), is an excellent system for studying neuroblast
migration (Doetsch et al., 1999). Initially, RMS neuroblasts migrate tangentially, and then
upon reaching the OB they migrate radially toward the periphery of the OB where they
differentiate into mature neurons (Altman, 1969; Luskin, 1993). The tangential migration is
not associated with either glial or axonal fibers (Kishi et al., 1990) and, instead, the leading
processes of the neuroblasts overlap somata of other neuroblasts resulting in the formation of
long chains of neuroblasts over which the cells appear to migrate both in vivo and in vitro
(Rousselot et al., 1995; Lois et al., 1996; Wichterle et al., 1997). These migrations are based
on cell—cell interactions and termed neurophilic migration (Rakic, 1985).

Several molecules have been implicated in RMS migration. While reelin, tenascin-R and
prokineticin 2 appear to initiate detachment of neuroblasts from chains and facilitate their radial
migration (Hack et al., 2002; Saghatelyan et al., 2004; Ng et al., 2005), the molecules that
mediate the interactions that form chains are unclear. Recently, members of the ADAMs (a
disintegrin and metalloprotease) family have been observed in the nervous system (Sagane et
al., 1998, 2005; Karkkainen et al., 2000; Leighton et al., 2001; Yang et al., 2005; Takahashi
et al., 2006), and may function in neuronal migration. An ADAM is a multidomain, membrane-
spanning protein containing a metalloprotease domain and a disintegrin domain, that often has
protease- and/or integrin-binding activity (Blobel et al., 1992; Wolfsberg et al., 1993). There
are 22 ADAMs in humans (White, 2003; Huovila et al., 2005). ADAM2, also called fertilin
β, is expressed in mammalian sperm and is reported to play an important role in sperm—egg
adhesion (Myles et al., 1994; Cho et al., 1998). However, its presence and function in other
tissues is not well studied, although it has been reported in the brain (Karkkainen et al.,
2000). In the present study, we investigated the distribution of ADAM2 in mouse brain using
immunohistochemistry and in situ hybridization, and found that ADAM2 is expressed
continually, from a late embryonic stage to adult, in migrating neuroblasts in the RMS. We
also show that it contributes to the directed migration of neuroblasts in the RMS based on
several different observations, including: direct imaging of the migrating cells in slices from
ADAM2 knockout (KO) mice; perturbation of ADAM2 function with a specific peptide in
explants from normal mice; and in vivo measurements of migration.

Materials and methods
ADAM2 KO mice

The ADAM2 KO mice have been described previously (Cho et al., 1998). ADAM2 exon 14,
which contains the disintegrin domain active site (loop), was disrupted by homologous
recombination. They were backcrossed 10 generations into a background of the ICR strain of
mice, and the mutated gene was maintained in ICR strains. Homozygous mice were identified
by polymerase chain reaction (PCR) of genomic DNA. Three oligonucleotide primers were
used with the following sequences:

NeoB (KO primer): 5′-TTCGCAGCGCATCGCCTTCTATCG-3′; FBAct site (WT
primer): 5′-TGCAGGCTTGCCCAAGATGAGTGTG-3′; 1.35B: 5′-
AGACCGGGCAACCACTTCTAACGG-3′.

The PCR was done under the following conditions: denature 1 min @94 °C; anneal 2 min @62
°C; and extend 3 min @72 °C. The reaction was repeated for 40 cycles, and the reaction
products were run on a 1.2% agarose gel. Primers 1 and 3 amplify a 1.8-kB product from the
targeted ADAM2 allele. Primers 2 and 3 amplify a 2.1-kB band from the wild-type (WT)
ADAM2 allele. PCR of heterozygous animals yielded both amplification products. ADAM2
KO and age-matched WT littermates were derived from heterozygous parents, and used for
analysis.
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Immunohistochemistry
ICR strain mice were purchased from Hilltop Laboratory Animals (Scottdale, PA, USA) and
Charles River Laboratories (Wilmington, MA, USA), and housed using a 12 h light : dark
cycle. For immunostaining, the mice were anesthetized with halothane. To obtain the brain of
fetuses, deep anesthesia was used on the pregnant mice, and the abdominal cavity was opened
to remove the fetuses. The mother’s diaphragm was cut to ensure that she had been killed. The
embryos still under the crossover anesthesia were perfused through the aorta with fixatives
consisting of either 4% paraformaldehyde/0.1 M phosphate buffer or acid ethanol (5% acetic
acid in ethanol) or ice-cooled methanol. The postnates were anesthetized with halothane and
perfused through the aorta with the above fixatives. The dissected brains were immersed in
25% sucrose/phosphate-buffered saline (PBS), frozen in liquid nitrogen and embedded in
Tissue-Tek OCT compound (Miles, IN, USA). Sections (20 μm) of brains were cut using a
cryostat, and mounted on silane-coated slides. For immunoperoxidase staining, sections were
treated with primary antibodies for 42 h at 4 °C and then incubated with peroxidase-conjugated
secondary antibodies for 2 h at room temperature. The immune complexes on the sections were
detected using a peroxidase substrate consisting of diaminobenzidine-tetrahydrochloride. To
demonstrate the localization of ADAM2 protein when using clone 9D2.2 against ADAM2, we
performed heat-induced antigen retrieval by boiling the tissue sections prior to primary
antibody incubation (Yamashita & Okada, 2005). After rinsing to remove unbound primary
antibodies, the sections were incubated with Alexa-Fluor 488-conjugated anti-mouse IgG
(Molecular Probes, Eugene, OR, USA) and examined in a laser-scanning confocal microscope
FV300 (Olympus, Melville, NY, USA). The University of Virginia Animal Care and Use
Committee approved all procedures.

Antibodies
A rabbit polyclonal antibody against ADAM2 disintegrin loop (Bigler et al., 2000), a mouse
monoclonal antibody clone 9D2.2 against recombinant ADAM2 (Chemicon International,
Temecula, CA, USA) and a polyclonal antibody against cytoplasmic domain of ADAM2
(Chemicon, AB19030) were used. Clone 2-2B for polysialic acid (PSA; Rougon et al., 1986)
was purchased from Chemicon and used as a marker for migrating neuroblasts in the RMS
(Rousselot et al., 1995). Anti-glial fibrillary acidic protein (GFAP, clone GA5, Millipore,
Billerica, MA, USA; Debus et al., 1983) and anti-tenascin-C (clone MTn-12, Sigma-Aldrich,
St Louis, MO, USA; Aufderheide & Ekblom, 1988) antibodies were used as glial markers.
Anti-neurofilament antibody (clone 3A10, Developmental Studies Hybridoma Bank,
University of Iowa, Department of Biological Sciences, Iowa City, IA, USA; Dodd et al.,
1988) was used as a marker for mature neurons. Anti-tyrosine hydroxylase (TH) monoclonal
antibody (clone 2/40/15) and anti-calbindin polyclonal antibody (CB38) were purchased from
Chemicon and Swant (Bellinzona, Switzerland), to visualize periglomerular dopaminergic and
calbindin-positive cells and interneurons in the granular cell layer (GCL; Bastianelli & Pochet,
1995), respectively. The specificities of the polyclonal antibodies were verified by absorbing
each primary antibody with 1–2 mM of corresponding antigen—peptide solution overnight at
4 °C prior to application to brain sections, which was then followed by the diaminobenzidine
reaction. Other control experiments included omission of primary antibodies.

In situ hybridization
Tissue sections from paraformaldehyde-fixed brains were prepared as described above. The
sections were air dried for 5 min prior to hybridization with oligonucleotide probes for
ADAM2. After rinsing in PBS, depurination was performed for 20 min with 0.2 M HCl at
room temperature, and the tissues were treated with proteinase K for 15 min at 37 °C. After
postfixation with 4% paraformaldehyde in PBS (5 min), the sections were immersed twice for
30 min in 2 mg/mL glycine in PBS. The sections were dehydrated with a series of solutions of
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increasing ethanol concentration and chloroform, and then dried by air. An ‘antisense’
oligonucleotide probe (5′-TGA CAT CAC ACT CAT CTT GGG CAA GCC TGC AAA CCT
CCC C-3′) complementary to the sequence encoding a part of disintegrin domain of mouse
ADAM2 was employed for hybridization experiments. ‘Sense’ strand probes with target
sequences complementary to those of the antisense probes were used as a control for non-
specific hybridization. The oligonucleotides were chemically synthesized and high-
performance liquid chromatography (HPLC)-purified by Integrated DNA Technologies
(Coralville, IA, USA). The oligoprobes (0.1 μmol) were labeled at the 3′ end with digoxigenin.
Hybridization was performed at 37 °C for 12 h with 0.1 μg/mL digoxigeninoligonucleotide
probe dissolved in the hybridization medium. After washing at 37 °C with 2 × standard saline
citrate (SSC) for 30 min, 1 × SSC for 30 min and 0.5 × SSC for 30 min twice, the sections were
incubated in blocking solution (Boehringer Mannheim, Mannheim, Germany) for 1 h. The
sections were then treated for 2 h with alkaline phosphatase-labeled anti-digoxigenin antibody
(Boehringer Mannheim) diluted (1 : 300) with the blocking solution. The alkaline phosphatase
substrate 5-bromo-4-chloro-3-indolyl phosphate nitroblue tetrazolium chloride was used for
color development, without counterstaining. All solutions used in this experiment were
autoclaved in the presence of 0.1% diethylpyrocarbonate.

Preparation of brain slices
Slices were prepared from P10 mice using the protocol described elsewhere (Murase &
Horwitz, 2002; Webb et al., 2002). For each individual experimental determination, a
minimum of two slices from each brain was used, and the results confirmed by at least two
additional determinations. Parasagittal slices that contained the entire RMS, which originated
from the SVZa and ended at the center of the OB, were selected. The postnates were
anesthetized with halothane and decapitated. The brains were placed into cell culture media
(CCM)1 (HyClone Laboratories, Logan, UT, USA) medium at 4 °C. The brains were then
transferred into CCM1 containing 10% heatinactivated horse serum (Sigma) and penicillin-
streptomycin antibiotics (Sigma). They were then embedded in CCM1 medium containing 8%
agarose (Sigma Type IX) and sliced into 200-μm sections using a vibratome. The slices were
cultured on a Millicell-CM membrane (Millipore, Bedford, MA, USA) according to an original
protocol (Stoppini et al., 1991).

Fluorescent labeling of the neuroblasts and time-lapse videomicrography
Small crystals of DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate,
D-3911, Molecular Probes, Eugene, OR, USA) were placed onto the elbow of the RMS (RMSe;
Pencea & Luskin, 2003; see Fig. 2A) using a microneedle. Images were acquired using a Nikon
IX-70 inverted microscope fitted with a cooled CCD camera (Photometrics CH250), and a
Ludl motorized XYZ stage and heating insert (Medical Systems). Electronic shutters regulated
the fluorescence illumination. Image acquisition and processing used Inovision software. A
field in each slice was selected that retained good morphology and had fluorescently labeled
migrating cells adjacent to the DiI crystals. In a typical experiment, nearly all of the DiI-treated
slices displayed appropriate labeling. The slices were illuminated with either a mercury or
halogen lamp. A tetramethyl rhodamine isothiocyanate filter cube was used to observe the DiI-
labeled cells. Fluorescence images were recorded every 5 min using a 10 × objective. Images
were typically captured over 3–10 h using 0.015–0.20 s exposures. The time-lapse movies
(Supplementary material, Videos S1–S3) were analysed for cells that migrated to the OB along
the RMS. Tissue slices that showed migrating cells labeled with DiI were selected and cultured
in CCM1 medium containing function-blocking peptide (CRLAQDECDVTEYC) that
mimicked the disintegrin loop of ADAM2 (Bigler et al., 2000). For the negative controls,
ADAM2 peptide with scrambled sequence (CETADYQRVECLDC) was used.
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Matrigel experiment for chain migration assay
After making sagittal sections of P5 mice forebrains, the RMSe (see Fig. 2A) was cut into
square pieces of 100–200 μm in diameter and embedded in ice-cooled BD Matrigel™
Basement Membrane Matrix (growth factor reduced type, BD Biosciences, Lexington, KY,
USA) diluted with CCM1 medium (Wichterle et al., 1997). The Matrigel containing pieces of
RMS tissue were allowed to congeal in a culture dish and cultured in a humidified, 5% CO2,
37 °C incubator for 24 h. The migrating neuroblasts from the RMS explants were recorded
over the next 3 h with differential interference contrast optics (20 × objective). For some
experiments a function-blocking peptide that mimicked the disintegrin loop of ADAM2 was
added to the culture medium at 19 h after explanting the RMS tissue, then the explants were
incubated with the peptide for 5 h, after which migration was recorded over the next 3 h. For
a negative control, a peptide with a scrambled sequence for the ADAM2 disintegrin loop was
used.

Migration parameters
The time-lapse movies were analysed for net migration speed and direction. The center of soma
of migrating cells were traced at 5-min intervals, and the speed and direction of migration
during time-lapse recording were determined as described previously (Murase & Horwitz,
2002). Each value represents the mean and SD. Statistical analysis was performed by one-way
analysis of variance with Scheffé’s multiple comparison procedure, or by unpaired t-test
(significance of P < 0.05).

Bromodeoxyuridine (BrdU) immunohistochemistry
BrdU (Sigma; 10 mg/mL in sterile saline with 0.007 N NaOH) was administered
intraperitoneally at a concentration of 50 mg/kg BW. For evaluation of cell proliferation, BrdU
was injected 2 h before killing. For the extent of cell migration, BrdU was injected 48 h before
killing.

Morphometric analysis
A contour of the RMS was determined by its high cellular density, and the RMS area was
calculated from each section using Adobe Photoshop. The density of BrdU-positive cells was
evaluated by comparing the number of BrdU-positive cells to the surfaces occupied by these
cells with the aid of Nissl staining of adjacent sections. Apoptotic cells were visualized using
anti-single-stranded DNA antibody (DakoCytomation, A450; Frankfurt et al., 1996), and the
number of the apoptotic cells was counted on each frontal section. To count the number of TH-
or calbindin-positive cells, frontal sections of the OB were immunostained by each antibody
and the number of immunoreactive profiles counted in ADAM2 KO and WT sections.

Results
ADAM2 is expressed in the RMS

We first investigated the expression of ADAM2 in mouse brain. Figure 1A and B shows Nissl-
stained sagittal sections containing the entire RMS and ADAM2 protein localization,
respectively, in a P5 mouse. ADAM2 expression in the RMS was determined using a
monoclonal antibody (Fig. 1B) and two independent polyclonal antibodies (not shown). Figure
1C shows the expression of ADAM2 mRNA in the RMS by in situ hybridization. The mRNA
for ADAM2 was expressed throughout the RMS and was also present in the GCL but at a
reduced level. A sense probe control for ADAM2 gave no signal (Fig. 1D). In the ADAM2
KO, neither antisense nor sense probes showed significant signals (Fig. 1E and F). These in
situ hybridizations were confirmed by immunofluorescence using antibodies specific for
ADAM2 or PSA, a marker for the migrating neuroblasts in the RMS (Rousselot et al., 1995).
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Co-localization of the staining patterns showed that the migrating cells express ADAM2 (Fig.
1G and H). Weak immunoreactivity was also seen in the GCL of the OB, suggesting that some
granule cells and/or radially migrating neuroblasts retain ADAM2 protein. ADAM2 protein
was not observed in the RMS of ADAM2 KO mice (Fig. 1I), however, PSA was expressed
(Fig. 1J). Higher magnification of a tissue section stained with anti-PSA and anti-ADAM2
antibodies showed that ADAM2 protein was expressed on the membrane of RMS neuroblasts
(Fig. 1K and L). Tissue sections dually stained with anti-GFAP or anti-tenascin-C and anti-
ADAM2 antibodies showed that glial elements did not express ADAM2 (Fig. 1M, N, P and
Q). In addition, anti-neurofilament antibody did not react with ADAM2-expressing neuroblasts
(Fig. 1O and R).

The RMS and SVZa from ADAM2 KO mice show altered morphologies
ADAM2 KO mice generated by conventional gene targeting methods survive to adulthood
(Cho et al., 1998). We did not detect significant differences in body weight, brain weight or
the ratio of brain weight to body weight among a sample of > five different P30, WT and KO
mice (data not shown). In addition, the average weights of WTand KO mice at P0 were 1.56
g (N = 6) and 1.62 g (N = 6), respectively; a statistically insignificant difference. The size of
the OB from serial frontal sections of the forebrains from P30 WT and KO mice also revealed
no significant differences (data not shown). Next, we measured the area of the RMS from Nissl-
stained frontal serial sections from P10 mice. Figure 2A shows a representative frontal section
of the OB where the RMS is centrally located, and one sagittal section of the forebrain showing
an entire contour of the RMS. The sagittal section also shows the name of each compartment
of the RMS, e.g. the vertical limb (RMSvl), RMSe and horizontal limb (RMShl; Pencea &
Luskin, 2003). Overall, the rostral portion of the RMS was thinner in the KO than in the WT
mice. For example, the RMS observed at 740 μm from the frontal tip of the OB was significantly
smaller (Fig. 2E) in the KO than in WT mice (Fig. 2B). In addition, the Nissl-stained region
of the SVZa in the KO occupied a larger area (Fig. 2G) than in the WT (Fig. 2D), suggesting
that increased numbers of neuroblasts remain in this region. Finally, we compared the area of
the RMS and the PSA-positive cell number from WT and KO mice (Fig. 2H and I). All of the
above observations were made on four individual WT and KO mice. They suggest that the
RMS from ADAM2 KO mice has impaired neuroblast migration resulting in hypodevelopment
of the rostral RMS and enlargement of the SVZa at P10.

ADAM2 affects the size of the OB and numbers of TH- or calbindin-positive interneurons
The hypodevelopment of the rostral part of the ADAM2 KO RMS might result in an altered
size of the OB. To test this, we calculated the volume of the OB from serial frontal sections of
forebrains from P10 mice, the stage from which we showed altered morphologies of the RMS
in the KO in Fig. 2. No significant difference of the OB volume between WT and KO was
observed at P10 (data not shown). In P0 WT, a frontal section 460 μm from the frontal tip of
the OB showed robust RMS—GCL (Fig. 3A). As the RMS is not clearly distinguished from
adjacent GCL in this stage, we use the term RMS—GCL to describe the area containing the
migrating neuroblasts at P0. As shown in Fig. 2, describing the P10 RMS area, the RMS—
GCL area (460 μm level) from P0 KO (Fig. 3D) was smaller than that from P0 WT (Fig. 3A).
However, at the 1520 μm level, WT RMS—GCL (Fig. 3C) appeared slightly smaller than KO
RMS—GCL (Fig. 3F), suggesting retention of the neuroblasts in the caudal part of the RMS
to SVZa. Furthermore, the volume of the KO OB decreased to 76% of the WT OB (Fig. 3G).
These observations suggest that deletion of the ADAM2 gene affects the size of the OB by
inducing hypodevelopment of the rostral part of the RMS at early developmental stages (e.g.
P0) but not at later postnatal stages.

We also measured the number of TH-positive periglomerular cells and of calbindin-positive
periglomerular cell subset and interneurons in the GCL to determine whether there is a decrease
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in the number of interneurons of the OB in ADAM2 KO mice. The number of TH- or calbindin-
positive cells was lower in ADAM2 KO OB at P0 (Fig. 3H–K). TH-positive cells were found
only in the glomerular layer (Fig. 3H and I), whereas calbindin-positive cells were observed
both in the glomerular layer and RMS—GCL (Fig. 3J and K). At 840 μm from the frontal tip
of the OB, the number of immunoreactive cells was counted and compared between the WT
and KO (Fig. 3L). The numbers of TH- or calbindin-positive cells were lower both in the
glomerular layer and in the RMS—GCL at P0. However, the numbers of TH- or calbindin-
positive cells from the sections of OB (at the level of 1600 μm) from P30 mice were not
statistically different between WT and KO (Fig. 3M).

Neuroblasts in the RMS show altered migration
Hypodevelopment in the rostral region of the RMS at P0 (Fig. 3) and P10 (Fig. 2) suggests
either a migratory insufficiency, decreased proliferation or accelerated cell death of neuroblasts
in ADAM2 KO mice. To address these possibilities, we compared the number of proliferating
and dying cells in the RMS from P10 WT and KO mice using BrdU labeling in vivo. BrdU
was injected into the peritoneal space and, after 2 h, the mice were killed and the brains
sectioned frontally along the RMS. Immunostaining for BrdU showed the number and location
of proliferating cells in the RMS, and immunohistochemistry, with an anti-single-stranded
DNA antibody, detected the number and location of dying cells. These two parameters did not
differ detectably in the rostral region of the RMS from WT and KO mice, indicating that the
ratio of proliferating and dying cells in the RMS was normal in KO mice (Fig. 4A and B).

We next evaluated neuroblast migration by determining the number and location of BrdU-
positive cells (BrdU-cells) in frontal serial sections of the RMS, from the tip of the OB to the
SVZa, 48 h after BrdU injection. The 48 h latency was used to allow migration of neuroblasts
that are generated and labeled primarily in the SVZa (Saghatelyan et al., 2004). We observed
many BrdU-positive cells at the 720 μm and 1680 μm levels in the RMS from P10 WT mice;
this number was decreased slightly at the 4080 μm level in the SVZa (Fig. 4C–E). In contrast,
the number of BrdU-cells in the KO RMS was 30% that of the WT at the 720 μm level.
However, at 1680 μm and 4080 μm levels, the number of BrdU-cells in the KO was higher
(144% and 183%, respectively) than that of the WT (Fig. 4F–H). The decreased number of
BrdU-cells in the rostral part of the RMS is consistent with the Nissl staining in Fig. 2 and
suggests decreased neuroblast migration in the ADAM2 KO. The increased number of BrdU-
cells in the caudal part of the RMShl, the RMSvl and the SVZa suggests retention of neuroblasts
in these regions and is consistent with decreased migration for the KO neuroblasts.

Finally, we assayed migration rates directly using 200-μm living slices containing the RMS.
We have used this preparation previously to visualize and quantify neuroblast migration at
high spatial and temporal resolution (Murase & Horwitz, 2002). In brief, slices are made from
sagittal sections of forebrains from P10 mice. A crystal of DiI is added to the RMSe (see Fig.
2A) and, after a 5-h incubation, images of migrating cells are captured for 3–4 subsequent
hours. As shown in Fig. 5A–C and supplementary Video S1, the overall direction of RMS
migration in slices from WT was highly persistent and directed toward the OB. The migrating
cells were highly polarized with long leading processes and relatively small somata. This
morphology is similar to that observed by silver impregnation (Kishi, 1987). The average speed
of migration in WT slices was 116 μm/h, which is similar to the values reported in our previous
study (Murase & Horwitz, 2002). Using this in situ system, we assayed migration in slices
from ADAM2 KO mice (Fig. 5D–F). The migrating neuroblasts in the KO RMS (Fig. 5E) were
morphologically distinguishable from those in the WT RMS (Fig. 5B), displaying shorter
leading processes (WT, 27 ± 3 μm; KO, 17 ± 2 μm, statistically significant by unpaired t-test,
significance of P < 0.05). In addition the net migration rates were slower. Migration trajectories
of the KO neuroblasts showed a less directed pathway as they often migrated bidirectionally,
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which resulted in shorter net migratory distances (neuroblasts marked by double-headed arrows
in Fig. 5F). The migration speed of cells in the ADAM2 KO decreased to ∼40% of the control
values (P < 0.05; Fig. 5G).

We tested the acute effect of a peptide that contains the disintegrin loop on neuroblast migration
in WT slices. The peptide inhibited the net migration speed to ∼30% of control (Fig. 5G). In
addition to the decrease in migration speed, the direction of movement was also perturbed by
the peptide, and many cells did not move unidirectionally toward the OB (see supplementary
Video S3). We then analysed the distribution of neuroblast migration speeds from both the WT
and KO RMS (Fig. 5H). The mode speed (most common) for each phenotype is ∼101–120
μm/h (WT) and ∼21–40 μm/h (KO), and the mean speed for each phenotype is 116 μm/h (WT)
and 38 μm/h (KO), respectively. In the KO, we observed a small number of rapidly migrating
neuroblasts (> 60 μm/h). Also, in the WT 20% of neuroblasts migrated slowly.

Migration of RMS cells from ADAM2 KO is perturbed in culture
In the above experiments, we showed that ADAM2 promotes directed migration in the RMS.
We next probed a mechanism by which ADAM2 may contribute to neuroblast migration. The
culture of neuroblasts in Matrigel promotes cell—cell interactions, which result in a chain-like
appearance (Wichterle et al., 1997). Neuroblasts from WT mice migrated away from the
original RMS explant and formed cell aggregations resembling chains (Fig. 6A; supplementary
Video S4). Each neuroblast has a long leading process, as they do in situ; however, migration
in this system is not as homogeneous and unidirectional as in vivo. Many neuroblasts migrate
out of the explant, but migration is not as unidirectional as in the slice cultures. Isolated cells
were rarely seen, instead nearly all of the neuroblasts were in contact with other neuroblasts.

In contrast, fewer cells migrated out of the ADAM2 KO explant, and those that did migrated
more slowly and tended to be present as single neuroblasts that were not in contact with other
neuroblasts (Fig. 6B; supplementary Video S5). The migration speeds decreased to 23% of the
control values (P < 0.05; Fig. 6E). When a blocking peptide was added to the WT explant
cultures (in which neuroblasts had been allowed to migrate out of the explants for 24 h before
addition of the peptide), the migration speed of neuroblasts decreased to 12% of control slices
incubated with a scrambled sequence peptide (P < 0.05; Fig. 6C–E; supplementary Video S6).
In addition, the groups of cells appeared less organized and some neuroblasts appeared as single
cells (Fig. 6D; supplementary Video S7). Together, these data suggest a role for ADAM2 in
chain migration in explant cultures.

Discussion
This study was motivated by the presence of ADAM2 mRNA in the brain (Karkkainen et al.,
2000). We have extended this observation by demonstrating the presence of ADAM2 in the
RMS, the defined pathway along which neuroblasts migrate from the SVZa to the OB, and by
showing that it contributes to normal neuroblast migration along this pathway. We have shown
that ADAM2 protein is exclusively expressed by neuroblasts in the RMS. Analysis of ADAM2
KO mice shows inhibited migration and hypodevelopment of the rostral RMS. In addition, the
OBs of ADAM2 KO mice are significantly smaller than those from WT mice at birth. These
morphological changes in vivo are in accord with the perturbed directional migration of
neuroblasts observed in slices from KO and in WT mice incubated with a function-blocking
peptide. Analyses of RMS cells migrating out of explants in Matrigel suggest that the inhibition
may arise, at least in part, from altered neuroblast cell—cell interactions.

Neuroblasts in the RMS undergo tangential migrations that are not guided by glia (Kishi et
al., 1990). In contrast to the glial-guided radial migrations in the CNS (Rakic, 2006), relatively
less is know about the mechanisms that guide tangential cellular migrations including those in
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the RMS. The PSA moiety on neural cell adhesion molecule (NCAM) has been implicated in
RMS migration, presumably by reducing cell—cell adhesion (Fujimoto et al., 2001). In PSA
—NCAM KO mice (Tomasiewicz et al., 1993; Cremer et al., 1994; Ono et al., 1994; Chazal
et al., 2000; Weinhold et al., 2005), for example, the altered interactions between neuroblasts
and/or surrounding astrocytes, produced by the removal of the large, charged carbohydrates,
inhibits normal migration of the neuroblasts. This results in their accumulation in the RMS and
a consequent decrease in the size of the adult OB. Thus, PSA appears to function as a negative
regulator of cell—cell interactions. However, PSA-positive chains and their surrounding glial
tubes are not morphologically apparent before P14, and begin to form after P15 (Tramontin
et al., 2003; Peretto et al., 2005; Bonfanti, 2006). We and others have previously shown
(Murase & Horwitz, 2002; 2004; Peretto et al., 2005) that PSA-immunoreactivity in the RMS
is weak before P14. Considering the paucity of PSA-immunoreactivity before P14, other cell
surface molecules including ADAM2 likely mediate rapid RMS migration. The fact that we
did not observe significant morphological differences in the RMS and the OB cytoarchitecture
between WT and ADAM2 KO in the adult mice suggests that ADAM2 function is important
primarily at early developmental stages. The isolated disintegrin domain of the ADAM2 can
interact with integrins (Tomczuk et al., 2003), but there is currently no evidence for a
physiological function for this interaction (He et al., 2003). Nonetheless, because recent studies
reported that β1 integrin subunit regulates the migration speed and chain formation of the RMS
neuroblasts (Murase & Horwitz, 2002; Belvindrah et al., 2007), the possibility that ADAM2
is mediating its effect on cell migration through modulating integrin activity would remain as
a next important question.

Recently, retention of neuroblasts in the SVZa and delayed RMS migration were also reported
in doublecortin KO mice. The morphology of the RMS was altered, although not as
dramatically as in the NCAM KO; in contrast to NCAM KO mice, no significant differences
were reported for the size of the OB (Koizumi et al., 2006).

The phenotype that we have observed for ADAM2 KO mice shares features with both of these
mice. In particular, a significant inhibition of migration was seen in slice cultures and Matrigel
assays. Interestingly, in slice cultures both the doublecortin and ADAM2 KO mice showed
alterations in the leading processes, although the details differed. Loss of doublecortin resulted
in highly branched leading processes, while the processes were shorter on neuroblasts from
the ADAM KO mice.

In vivo, the development of the OB was perturbed in ADAM2 KO mice at P0, when the peak
of neurogenesis for the OB is beginning (Bayer, 1983). However, this phenotype was not
apparent at later stages (P10) or in the adult, pointing to the contributions of other molecules
and/or adaptation at these later stages. The distribution of migration speeds of neuroblasts from
WTand KO mice reveals that even in the KO RMS ∼20% of the neuroblasts migrated with
velocities > 60 μm/h. Thus, while the average speed of the two phenotypes is very different, a
significant number of cells migrate rapidly even in the KOs.

In the doublecortin KO a statistically significant reduction in the size of the OB was not seen.
In contrast, NCAM KO mice showed a decreased size of the OB at birth that persisted in the
adult (Tomasiewicz et al., 1993). Hence, both the in vitro and in vivo phenotypes of ADAM2
KO mice are more similar to those of doublecortin rather than NCAM KO mice.

All of the data therefore are consistent with ADAM2 regulating migration in the RMS. The
mechanism by which it does so is unclear. One possibility is through altered cell—cell
interactions. Because the protease domain of ADAM2 is inactive (Wolfsberg et al., 1993),
adhesion influenced by the disintegrin loop may be involved. In addition, ADAM2 may
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regulate, either directly or indirectly, signals that support a polarized morphology and
migration, as inhibition of ADAM2 leads to cells with shorter processes.

Thus, ADAM2 appears to facilitate migration along the RMS. Migration of luteinizing
hormone-releasing hormone neurons from the olfactory placode to the forebrain (Schwanzel-
Fukuda & Pfaff, 1989), precerebellar neurons to the brainstem (Yachnis & Rorke, 1999), and
cerebral/thalamic γ-aminobutyric acid (GABA)ergic interneurons (Letinic & Rakic, 2001;
Letinic et al., 2002), all are reported to employ neurophilic contacts as proposed for RMS
neuroblasts. Migratory deficits of these neurons result in Kallman syndrome, Joubert syndrome
and schizophrenia, respectively. However, the molecular mechanisms behind these migrations
are largely unknown. ADAM2 participates in neurophilic migration of RMS neuroblasts, at
least in vitro, and might therefore be involved in other neurophilic migrations as well.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
ADAM2 expression in the rostral migratory stream. (A) Nissl staining of a sagittal section
from a postnatal day 5 (P5) mouse forebrain. The rostral migratory stream (RMS), which is
characterized by high cellular density and intense Nissl staining, begins at the anterior portion
of the subventricular zone (SVZa) and ends at the center of the olfactory bulb (OB). (B)
ADAM2 immunoreactivity in the RMS. This is the adjacent section to that shown in (A,
rectangular area), stained with 9D2.2, an anti-ADAM2 antibody. (C) ADAM2 mRNA
expression in a frontal section (horizontal limb region; see legend for Fig. 2) from a P10 wild-
type (WT) OB. (D) An adjacent section to that in (C) incubated with ADAM2 sense probe. (E)
A frontal section of the OB from P10 ADAM2 knockout (KO) mouse incubated with ADAM2

Murase et al. Page 14

Eur J Neurosci. Author manuscript; available in PMC 2009 February 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antisense probe. (F) A section adjacent to (E) was incubated with the sense probe. (G and H)
Frontal sections (vertical limb region; see Fig. 2 legend) of the OB from P10 WT mice were
incubated with 9D2.2, anti-ADAM2 (green) and anti-polysialic acid (PSA) antibodies
(magenta), respectively. (I and J) Frontal sections of the OB from P10 ADAM2 KO were
incubated with anti-ADAM2 (green) and anti-PSA antibodies (magenta). GCL, granule cell
layer. Scale bars: 500 μm. (K and L) Increased magnification of frontal sections from the WT
RMS co-stained with anti-PSA and anti-ADAM2 (AB19030) antibodies. Scale bar: 10 μm.
(M) Frontal section of the RMS from P21 WT mice co-stained with anti-glial fibrillary acidic
protein (GFAP; green) and anti-ADAM2 antibodies (AB19030, magenta). (N) Frontal section
of the RMS from P21 WT mice co-stained with anti-tenascin-C (green) and anti-ADAM2
antibodies (AB19030, magenta). (O) Frontal section of the RMS from P21 WT mice co-stained
with anti-neurofilament monoclonal antibody (green) and anti-ADAM2 antibody (AB19030,
magenta). Blood vessels containing IgG showed nonspecific staining for the secondary anti-
mouse IgG antibody, but no specific staining for neurofilaments. Scale bar: 100 μm. (P) High
magnification of (M). (Q) High magnification of (N). (R) High magnification of (O). Scale
bar: 10 μm.
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Fig. 2.
Altered histoarchitecture of the rostral migratory stream (RMS) of ADAM2 knockout (KO)
mice (A) The RMS is distinguished by the intense Nissl staining in this parasagittal view of a
P10 mouse forebrain (right). The asterisk indicates the frontal tip of the olfactory bulb (OB).
The area of the RMS from wild-type (WT) and KO P10 mice was estimated from 20-μm-thick
Nissl-stained, serial frontal sections derived from the frontal tip of the OB to the anterior part
of the subventricular zone (SVZa; left). Areas of the RMS (demarcated by the white line) were
measured on these frontal sections at 240 μm intervals. The RMS starts at the SVZa, then
descends as the vertical limb (RMSvl), and finally becomes the horizontal limb (RMShl) near
the OB. The elbow of the RMS (RMSe; Pencea & Luskin, 2003) is the junction between the
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RMSvl and the RMShl. (B—D) WT. Representative sections at the levels of 740 μm (end
portion of the RMS), 2420 μm (RMShl, which denotes the horizontal limb region of the RMS
near the OB) and 3860 μm (SVZa) from the frontal tip of the OB are shown. The RMS or SVZa
(arrows) are characterized by a high cellular density at the center of the OB, or adjacent to the
lateral ventricle (LV), respectively. (E—G) KO. Sections of the same level shown in (B—D).
In each photograph (B—G), the right side is toward the dorsal part of the forebrain. Scale bar:
500 μm. (H) The RMS areas from the WT and the KO were compared between the same levels
from the frontal tip of the OB to the SVZa. Each value represents the mean ± SD (N = 4 from
four mice). The differences between the area of WT and KO at the levels (indicated by asterisks)
were significant (P < 0.05). (I) The number of polysialic acid (PSA)-positive cells was counted
in the RMS of WT and KO mice, and compared at the same distance from the tip of the OB to
the SVZa. Each value represents the mean ± SD (N = 4 from four mice). The differences in
cell number at the 700 μm and 3820 μm levels are significant (indicated by asterisks, P < 0.05).
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Fig. 3.
ADAM2 affects the size of the olfactory bulb (OB) at an early developmental stage. (A—C)
Wild-type (WT) mice at P0. Representative, Nissl-stained sections at the level of 460 μm, 700
μm and 1520 μm from the frontal tip of the OB are shown; rostral migratory stream (RMS)—
granular cell layer (GCL) (arrows). (D—F) Knockout (KO) mice at P0. Sections are at the
same levels shown in (A—C). (G) The OB volume from the WT and the KO were compared.
Each value represents the mean ± SD (N = 5 from five mice); the difference in volume of the
OB between WT and KO is=significant (indicated by asterisk, P < 0.05). (H and I) WT (H)
and KO (I) OB from P0 mice stained with an anti-tyrosine hydroxylase (TH) antibody. (J and
K) WT (J) and KO (K) OB from P0 mice stained with an anti-calbindin antibody. (L) The
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difference in the numbers of TH- and calbindin-positive cells from the WT and KO mice at P0
are significant (indicated by asterisks, P < 0.05); each value represents the mean ± SD (N = 4
from four mice). (M) The numbers of TH-and calbindin-positive cells from the WT and KO
mice at P30 were compared. Each value represents the mean ± SD (N = 4 from four mice), and
is not statistically significantly different. EPL, external plexiform layer; GL, glomerular layer;
IPL, internal plexiform layer. Scale bar: 500 μm (A—F); 250 μm (H—K).
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Fig. 4.
Delayed tangential migration in the ADAM2 knockout (KO) rostral migratory stream (RMS).
P10 postnates were injected with bromodeoxyuridine (BrdU), killed 2 h later, and then fixed
for BrdU and stained with an anti-single-stranded DNA antibody to evaluate proliferative
activity and cell death of neuroblasts, respectively. Neuroblasts migration in vivo was estimated
in P8 postnatal mice by injecting BrdU, killing 48 h later and fixing for BrdU
immunohistochemistry. In both wild-type (WT) and KO P10 mice, serial frontal sections (20
μm thickness each) from the frontal tip of the olfactory bulb (OB) to the anterior part of the
subventricular zone (SVZa) were collected and stained with an anti-BrdU antibody or anti-
single-stranded DNA antibody. The number of BrdU-positive cells (BrdU-cells) was evaluated
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on sections at 240 μm intervals. In each image, the right side is toward the dorsal part of the
forebrain. (A) Neuroblast proliferative activity was estimated from the number of BrdU-cells
(2 h after injection) from WT and KO mice at the same distance between the frontal tip of the
OB and the SVZa. Each value represents the mean ± SD (N = 4 from four mice); there are no
statistical differences (P < 0.05). (B) The number of dying neuroblasts in the RMS from WT
and KO mice was compared at the same distance between the frontal tip of the OB and the
SVZa. Each value represents the mean ± SD (N = 4 from four mice); there were no statistically
significant differences (P <= 0.05). (C—E) WT. Representative sections at the end portion of
the RMS (720 μm level), horizontal limb of the RMS (RMShl; 1680 μm level) and SVZa (4080
μm level) from the frontal tip of the OB are shown. BrdU-cells (48 h after injection) were
concentrated in the RMS. At the SVZa level in (E), few BrdU-cells are seen. (F—H) KO.
Sections are at the same levels shown in (C—E). In (F), the BrdU-cell density (48 h after
injection) is low compared with WT (C). At the 1680 μm level, the section from the KO mice
shows significant numbers of BrdU-cells (G), and at the SVZa level, many BrdU-cells are seen
(H). (I) The number of BrdU-cells (48 h after injection) from WT and KO mice were compared
at the same levels from the frontal tip of the OB to the SVZa. At the rostral part of the RMS,
the KO mice show fewer BrdU-cells than that from WT mice; however, at the mid portion
between the RMShl and the SVZa, KO mice have more cells than WT. Each value represents
the mean ± SD (N = 4 from four mice); the differences at the 720 μm and 4080 μm levels are
significant (indicated by asterisks, P < 0.05). LV, lateral ventricle; RMShl, horizontal limb
region of the RMS. Scale bar: 500 μm.
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Fig. 5.
Disturbed tangential migration of ADAM2 knockout (KO) neuroblasts. Brain slices from a
P10 mouse [wild-type (WT) or KO] were labeled with DiI and their migration recorded for 3–
4 h. (A) Time-lapse sequence of WT neuroblasts migrating from the anterior part of the
subventricular zone (SVZa; right bottom corner) toward the olfactory bulb (OB; left upper
corner). The interval between each image is 30 min. See supplementary Video S1. (B) Higher
magnification image of DiI-labeled WT neuroblasts migrating toward the OB. (C) Graphical
representation of the migration of the neuroblasts in (A). Each point represents the position of
the cell body at 5-min intervals. Arrows show the direction of neuroblast migration. (D) Time-
lapse sequence of ADAM2 KO neuroblasts migrating from the SVZa (right) toward the OB
(left). The interval between each image is 30 min. See supplementary Video S2. (E) Higher
magnification image of DiI-labeled ADAM2 KO neuroblasts. (F) Graphical representation of
the migration of the ADAM2 KO neuroblasts in (D). Each point represents the position of the
cell body at 5-min intervals. Neuroblasts without a clear direction were marked with double-
headed arrows. (G) Reduced migration rate of RMS neuroblasts from ADAM2 KO mice or in
the presence of a function-blocking ADAM2 peptide. Each value is the mean ± SD. WT (N =
46, five slices from five mice), ADAM2 KO (N = 36, five slices from five mice), control peptide
(N = 31, four slices from four mice), blocking peptide (N = 30, five slices from five mice).
Statistically significant data (P < 0.05) are indicated by asterisks. Scale bars: 50 μm. (H)
Distribution of migration speeds of the RMS neuroblasts from WT (N = 171, six slices from
six mice) and KO (N = 202, six slices from six mice)mice.
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Fig. 6.
Perturbed chain migration of neuroblasts in explant cultures from ADAM2 knockout (KO) or
wild-type (WT) mice treated with an ADAM2 function-blocking peptide. Rostral migratory
stream (RMS) tissue from ADAM2 KO or WT mice was cultured in Matrigel. The tissue from
WT mice was cultured either in the absence or presence of adhesion-blocking peptides. The
migration was analysed from differential interference contrast images. For the peptide-
blocking experiments (C and D), the explants were cultured for 24 h before addition of the
peptides. (A) Neuroblasts migrating away from an RMS explant from WT mice embedded in
Matrigel. See supplementary Video S4. Scale bar: 50 μm. (B) Cells from the RMS of KO mice
migrate as single cells (arrows). See supplementary Video S5. (C) A peptide whose sequence
contains the scrambled amino acids in the ADAM2 disintegrin loop was added to Matrigel
cultures of the RMS from WT mice, as a control peptide. See supplementary Video S6. (D)
Function-blocking peptide whose sequence corresponds to the ADAM2 disintegrin loop was
added into WT Matrigel culture. Isolated neuroblasts (arrows) are seen. See supplementary
Video S7. (E) Reduced net migration rate of RMS neuroblasts either from ADAM2 KO, or
from WT mice and incubated with a function-blocking ADAM2 peptide. WT (N = 34, three
explants from three mice), ADAM2 KO (N = 42, three explants from three mice), control
peptide (N = 37, three explants from three mice), blocking peptide (N = 37, three explants from
three mice). The differences in migration speed between WT and KO, and control peptide and
blocking peptide are significant (P < 0.05; indicated by asterisks).
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