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A R T I C L E S

The ability of the mature mammalian nervous system to produce neu-
ronal precursors continually is of considerable importance, as manipu-
lation of this process might one day permit the replacement of cells lost 
as a result of injury or disease. In the rodent brain, the anterior region 
of the lateral ventricle and the hippocampus are the primary sites of 
adult neurogenesis1–3. Neural progenitor cells born in the subventricu-
lar zone (SVZ), the mitotically active region immediately adjacent to 
the anterior lateral ventricle, migrate towards the olfactory bulb (OB), 
forming a structure called the rostral migratory stream (RMS), which 
contains cells destined to become olfactory interneurons1,4,5. These 
neural precursors migrate tangentially in a chain-like structure, main-
taining contact with other migrating cells, but in the absence of radial 
glial or axonal guides1. These cells seem to move through tube-like 
structures formed by a cell type that expresses the astrocytic marker 
glial fibrillary acidic protein (GFAP) and nestin, a marker of neural 
precursors. The nestin+ GFAP+ cells give rise to a third, rapidly prolif-
erating cell type (nestin+ dlx-2+) located in the SVZ, which in turn gives 
rise to the migrating neuronal precursors in the stream1,5,6. These three 
cell types are believed to derive from a distinct GFAP+ or LeX+ primary 
neural stem cell1,7,8. The identification of factors that promote neural 
stem cell division and that regulate the proliferation, migration and 
differentiation of their progeny would facilitate attempts to manipulate 
the production of new neurons and glia and help in understanding the 
ongoing maintenance of neural circuitry in the mature CNS.

In vitro and in vivo, multiple factors, including the brain-derived neu-
rotrophic factor, insulin-like growth factor-1, erythropoietin, epidermal 
growth factor (EGF) and the basic fibroblast growth factor, have been 
shown to support the production of neural cells from SVZ cells6,9–11. 

Mice that lack the EGF receptor (EGFR) and its ligand, transforming 
growth factor-α (TGF-α), undergo early postnatal neurodegeneration 
of the forebrain and have fewer proliferating cells in the SVZ12,13.

The EGFR is structurally most closely related to three other recep-
tor protein-tyrosine kinases, ErbB2, ErbB3 and ErbB4 (ref. 14), which 
can be activated by multiple EGF-like domain–containing ligands, 
including the neuregulins (NRGs). The NRGs are best known for 
their ability to induce the transcription of genes encoding acetylcho-
line receptor subunits (acetylcholine receptor–inducing activity) and 
other components of the postsynaptic neuromuscular junction in 
muscle cells grown in vitro15. A recent report has provided evidence 
that a subset of NRG isoforms are required for muscle spindle forma-
tion, identifying a crucial role for NRG as a differentiation factor for 
proprioceptive neurons16. NRG has also been characterized as a factor 
essential for the development of the Schwann cell and oligodendrog-
lial lineages17, and recent studies have shown that it is a key regulator 
of myelin sheath thickness in the periphery18. NRG has been detected 
in the basal forebrain, cortex and cerebellum19, where it may have an 
acetylcholine receptor–inducing activity or similar role by regulat-
ing the expression of multiple ligand-gated ion channel subunits15. 
NRG has also been shown to affect neuronal migration on radial glial 
guides in cerebellum and cerebral cortex through ErbB4 and ErbB2 
receptors, respectively20–22.

The analysis of NRG and ErbB function in the nervous system has 
been complicated by the identification of multiple NRG-like ligands, 
including NRG2, NRG3 and NRG4 (ref. 14). NRG1–NRG3 are expressed 
in the mature CNS and all four NRGs activate ErbB4. We were therefore 
interested in determining whether activation of ErbB4 might have a role 
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in the proliferation, migration and differentiation of neural progenitors 
in the adult forebrain.

Our studies showed that ErbB4 is the predominant ErbB recep-
tor expressed by neuroblasts in the SVZ and RMS, and that multiple 
ErbB4 ligands are detected in the SVZ, RMS and nearby regions. Cre-
loxP–mediated inactivation of ErbB4 resulted in disorganized neuronal 
chains in the SVZ. SVZ explants prepared from mutant mice had a 
reduced ability to support the chain-like migration of neural precur-
sors in vitro. The loss of ErbB4 also resulted in aberrant changes in 
the placement, number and phenotype of distinct subclasses of OB 
interneurons. These findings suggested that ErbB4 regulates neural 
progenitor cell migration and may influence their differentiation in 
the adult forebrain.

RESULTS
NRG and ErbB expression in the RMS
The expression of the ErbB receptors in the RMS and SVZ of the fore-
brain of postnatal day (P) 11 and adult rats was determined using 
in situ hybridization (Fig. 1 and Supplementary Fig. 1 online). At P11, 
ErbB4 is expressed at high levels in the RMS and remains detectable 
in these cells as they migrate into the OB (Fig. 1a). Expression persists 
in granule neurons in the mature OB, but at reduced levels. ErbB4 is 

also expressed in scattered cells in the striatum. 
EGFR is expressed in a more limited set of cells 
in the RMS than is ErbB4, which is uniformly 
distributed throughout the RMS (Fig. 1d). At 
P11, ErbB2 is faintly detected in the RMS and 
in the anterior lining of the lateral ventricle 
(Fig. 1c) but is more noticeable in the regions 
immediately adjacent to the RMS. ErbB3 is 
not detected in either the RMS or the lining 
of the ventricles but is prominent in the olfac-
tory nerve layer of the OB and in the overlying 
corpus callosum (Fig. 1b).

In adults, EGFR- and ErbB4-specific hybrid-
ization in the RMS were lower than in P11 rats, 
whereas ErbB2 was more readily detected 
than at P11 (Supplementary Fig. 1 online). 
The pattern of ErbB3 expression in adults was 
qualitatively similar to that seen at P11. EGFR 
was expressed in a subset of RMS cells and was 
also detected at high levels in the lining of the 
most anterior region of the lateral ventricle 
(Supplementary Fig. 1 online).

In addition to ErbB4 mRNA, ErbB4 protein was also detected in 
the RMS both at P11 and in the adult (Fig. 1j and Supplementary 
Fig. 1 online), as an affinity-purified antiserum to ErbB4 stained the 
SVZ and the full extent of the RMS. To determine which cell types 
in the RMS expressed ErbB4, we carried out double-label immunos-
taining with antibodies to ErbB4 and antibodies to either the polysi-
alylated form of the neural cell adhesion molecule (PSA-NCAM),  
which marks the migrating cells (A cells), or to GFAP, which marks 
the glial tubes through which the A cells transit and a subset of neu-
ral stem cells5,8. These studies showed a near-perfect colocalization 
of ErbB4 and PSA-NCAM in the adult RMS, indicating that this 
receptor was expressed by the migrating neuroblast subpopulation 
(Fig. 2a–c). ErbB4 was also detected in a small subset of GFAP+ glial 
cells dispersed in the RMS (Fig. 2d–f). In the SVZ, a subset of ErbB4+ 
cells colocalized with GFAP near the lateral ventricle wall (Fig. 2g–i). 
ErbB4 was also detected in a specialized subset of dlx-2+ cells in the 
SVZ. dlx-2 marks the rapidly dividing C cells and the migrating A 
cells of the RMS6 (Fig. 2j–l). Colocalization of dlx-2 and ErbB4 is 
limited in the SVZ, but more prevalent in the migrating A cells in the 
RMS (data not shown). ErbB4 showed limited colocalization with the 
carbohydrate marker LeX (also called SSEA-1), which marks a subset 
of neural progenitor cells7 (Fig. 2m–o).

Figure 1  In situ localization of ErbB receptors 
and their ligands in the P11 rat brain. Darkfield 
photomicrographs of 30-µm sagittal sections of the 
forebrain region, which includes the RMS and SVZ. 
All probes were amplified from rat brain cDNA. 
Emulsion-dipped slides were developed 2–5 weeks 
after dipping. (a) ErbB4. (b) ErbB3. (c) ErbB2. (d) 
EGFR. (e) Nissl-stained section. (f) NRG1, SMDF 
or type III isoform. (g) NRG1, Ig-specific probe 
(types I and II). (h) NRG2. (i) NRG3. 
(j) Immunocytochemical staining using an affinity-
purified rabbit polyclonal antiserum to ErbB4 
(arrows indicate the RMS). (k) EGF. (l) Epiregulin. 
(m) Betacellulin (BTC). (n) TGF-α. (o) HB-EGF. In 
e: 1, anterior olfactory nucleus, dorsal; 2, anterior 
olfactory nucleus, ventral; 3, RMS; 4, corpus 
callosum; 5, SVZ; 6, lateral ventricle; 7, striatum. 
Sections were prepared from 2–5 rats per probe.
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We then determined which of the ErbB4 
ligands were detectable in the RMS and 
nearby regions (Fig. 1 and Supplementary 
Fig. 1 online). Two different classes of NRG1 
isoforms were assessed, one corresponding to 
the immunoglobulin-like domain–containing 
forms (types I and II) and the other to the cys-
teine-rich/SMDF domain–containing forms 
(type III)15. The type I and II isoforms were 
detected at low levels in the stream both at P11 
and in the adult and were also observed in the 
anterior lining of the ventricle at P11 (Fig. 1g 
and Supplementary Fig. 1 online). The type 
III form was expressed at much higher levels 
than the type I and II isoforms in the RMS 
at P11 and was particularly noticeable in the 
regions surrounding the RMS, including in the 
anterior olfactory nucleus (Fig. 1f). NRG1 type 
III was also detected in the internal granule 
cell layer, as well as in the mitral cell and glo-
merular layers in the OB (Fig. 1f). In the adult, 
the type III isoform was detected in the same 
regions, but at reduced levels (Supplementary 
Fig. 1 online). NRG2 was present at very low 
levels in the stream and at high levels in the 
internal granule cell, external plexiform and 
glomerular layers of the OB at P11 and in 
the adult (Fig. 1h and Supplementary Fig. 1 
online). NRG3 was not detected in the stream 
either at P11 or in the adult, but was expressed 
at high levels throughout the cortex, in the 
dorsal and ventral portions of the anterior 
olfactory nucleus and in the mitral and glo-
merular layers in the OB (Fig. 1i and Supplementary Fig. 1 online). 
NRG4 has not yet been detected at appreciable levels in the nervous 
system (J.L.W., unpublished observations).

In addition, we assessed the levels of other potential ligands, includ-
ing betacellulin, heparin-binding EGF (HB-EGF) and epiregulin, which 
activate both ErbB4 and EGFR14,23 (Fig. 1l,m,o and Supplementary 
Fig. 1 online), and EGF and TGF-α (Fig. 1k,n and Supplementary 
Fig. 1 online), which activate EGFR but not ErbB4 (ref. 23). Of these, 
EGF was detected in both the RMS and the anterior lining of the lat-
eral ventricle (Fig. 1k), whereas TGF-α was detected at high levels in 
the striatum but at low levels in the adult RMS and in an adjacent 
white matter tract, the intrabulbar anterior commissure (Fig. 1n and 
Supplementary Fig. 1 online).

These studies showed that ErbB4 is expressed by the migrating neu-
roblasts and at least some of the proliferating precursors of the SVZ. 
Multiple potential ligands, including three of the NRGs, are located in 
the forebrain region, where they may influence neuroblast proliferation, 
migration and differentiation through ErbB4.

Conditional deletion of ErbB4 disrupts RMS organization
We then generated lines of conditional null mice that lacked ErbB4 
expression in the CNS to evaluate the role of this receptor in the SVZ 
and RMS. We mated mice in which the second exon of the gene Erbb4 
was flanked by loxP sites24 with transgenic mice that expressed Cre 
recombinase under the control of either the human GFAP (hGFAP) 
promoter or the rat nestin promoter and enhancer.

To maximize the number of cells with a complete loss of ErbB4 func-
tion, we mated the mice carrying loxP sites (Erbb4lox) with the mice 

carrying Cre recombinase in a background that is heterozygous with 
respect to the null allele of Erbb4 (Erbb4–; ref. 25). Mating these mice 
to the nestin-Cre line26 resulted in transgenic mice deficient in ErbB4 
expression in nestin+ neuronal precursor cells (Erbb4lox/– nestin-Cre).  
The nestin-Cre transgene induces widespread recombination of the 
reporter genes Rosa26lacZlox and β1-integrinlox (ref. 27) in the CNS 
beginning around embryonic day (E) 10.5. Similarly, we inactivated 
ErbB4 in cells in which the hGFAP promoter is active, which includes 
many astrocyte-like cells. The hGFAP promoter is active in neural pro-
genitors as early as E13.5 (ref. 28); therefore, Cre-mediated recombi-
nation occurs widely throughout the developing brain in these mice 
(Erbb4lox/– hGFAP-Cre). In situ hybridization using a probe specific to 
Erbb4 exon 2 did not detect any cells in either the RMS or the OB of 
P12 Erbb4lox/– nestin-Cre or Erbb4lox/– hGFAP-Cre mice (Fig. 3a–c). 
Evidence for the loss of ErbB4 expression was also obtained using anti-
bodies to ErbB4 (Supplementary Fig. 2 online).

In vivo, the structure of the SVZ in the regions adjacent to the lateral 
ventricles in the Erbb4lox/– nestin-Cre and Erbb4lox/– hGFAP-Cre mice 
were considerably disorganized compared with those of littermate con-
trols (Fig. 3d–j). This difference in morphology was visualized using 
antibodies to PSA-NCAM, which mark neuroblasts that are typically 
organized as clusters of chains in the RMS and SVZ. The PSA-NCAM+ 
cells in the mutant mice formed fragmented chains that did not have the 
normal interdigitated and contiguous appearance (Fig. 3f–j). TUNEL 
labeling analyses of the SVZ of control or ErbB4–conditionally null mice 
identified no substantial differences between groups (data not shown). 
In addition to these changes observed near the ventricle wall, when 
viewed at low magnification, the RMS of Erbb4lox/– hGFAP-Cre mice 

Figure 2  ErbB4 expression in the RMS and SVZ. (a–c) In sagittal sections of adult rat brain, 
PSA-NCAM (a) and ErbB4 (b) show a substantial degree of colocalization (c). ErbB4 (e,h) is only 
detected in a small subset of GFAP+ cells (d,g) in the RMS (arrowheads in merged image, f) and in 
the SVZ (merged image, i). Inset (f) shows colabeled GFAP+ strands at higher magnification. In the 
SVZ, adjacent to the ventricles, some of the dlx-2+ (j) and LeX+ (m) precursors coexpressed ErbB4 
(arrowheads, l,o). (j) Anti-dlx-2. (m) Anti-LeX. (k,n) Anti-ErbB4. (l,o) Merged images. Asterisks (i,l,o) 
denote ventricles. Scale bars: a–f, 50 µm; g–o, 25 µm.
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had a noticeably jagged boundary with the surrounding tissue (Fig. 3l) 
relative to controls (Fig. 3k). A similar, but less pronounced deficit was 
also noticed in the Erbb4lox/– nestin-Cre mice (Fig. 3m). To determine 
how these gross morphological differences were reflected at the cellular 
level, we carried out electron microscopic ultrastructural analyses using 
1.0-µm-thick sections of the RMS. In general, the close apposition of 
migrating cells (A cells) and the glial-like cells (B1, B2) that normally 
ensheath them was greatly reduced in the Erbb4lox/– hGFAP-Cre mice 
(Fig. 4). Thus, the loss of ErbB4 seems to disrupt the characteristic ‘glial 
tube’ organization found in the normal adult RMS1.

To determine how the loss of ErbB4 signaling affected neural pre-
cursor migration in vitro, we cultured SVZ explants from mutant 
and control mice in gel matrix and the patterns of migration were 
assessed (Supplementary Fig. 3 online). Both Erbb4lox/– nestin-Cre 
and Erbb4lox/– hGFAP-Cre explants yielded primarily isolated migrat-
ing cells but also gave rise to loosely formed, fragmented chains. In 
contrast, cells emigrating from control explants formed compact neu-
ronal chains (Supplementary Fig. 3 online). Taken together, these 
results from mice that lack ErbB4 in neural precursors were indicative 
of an in vivo requirement for ErbB4 for the formation and organiza-
tion of the RMS.

ErbB4 modulates neuroblast migration in vivo
We then directly examined RMS neuroblast migration in mutant 
(Erbb4lox/– hGFAP-Cre) and control mice. To visualize migrating cells, 
we labeled neuroblasts at their site of origin in the anterior SVZ using 
intraventricular injections of the cell-tracker dye CMTMR and allowed 
them to migrate into the stream for 4–6 h. Forebrain slices were then 
prepared, and migrating neuroblasts in the stream were monitored in 

real time by confocal microscopy. Neuroblasts migrated in an oriented 
manner towards the OB, at a rate of 49.29 ± 6.14 µm h–1 (Fig. 5a,b). 
These cells were observed to “slide along each other”, as previously 
described29. In contrast, ErbB4-null cells migrated at a significantly 
slower rate (26.30 ± 3.58 µm h–1) and in more varied orientations 
(Fig. 5a,b). The migrating cells in the mutant RMS were morpho-
logically distinguishable from those in control cells, which had a long 
leading process oriented towards the OB and a short trailing process 
(Fig. 5c). ErbB4-null neuroblasts lacked these oriented processes: their 
leading processes were directed in multiple orientations (Fig. 5c). To 
evaluate the changes in the orientation of migration, we used live-cell 
imaging to quantify the number of neuroblasts moving towards the OB, 
towards the SVZ or perpendicular to the RMS towards the surround-
ing parenchyma (Fig. 5d). In the control RMS, most (79% ± 2.46%; 
mean ± s.e.m.) of the neuroblasts moved towards the OB, with ∼15% 
(± 1.4%) moving in the opposite direction (towards the SVZ) and 6% 
(± 1.51%) moving perpendicular to the RMS axis. In contrast, only 49% 
(± 3.15%) of the neuroblasts moved towards the OB in mutant mice, 
and many more cells moved toward the SVZ or perpendicular to the 
RMS (36% ± 2.2% and 15% ± 2.15%, respectively) during the period 
of observation (Fig. 5e). Cells that were observed to move in different 
directions also made turns (a turn is defined as a change in direction of 
>30°) during their translocation towards the OB. In contrast to control 
cells, which made 0.77 ± 0.12 turns per h, ErbB4 mutant cells made 
1.8 ± 0.18 turns per h. Taken together, these results suggested that 
the loss of ErbB4 impaired the orientation and net rate of neuroblast 
migration in the RMS.

The expression of types I and II and type III NRG1 isoforms in 
the stream suggested that they could modulate neuroblast migration 

Figure 3  Altered RMS in conditional mutants of 
ErbB4. (a–d) Nestin-Cre–mediated or hGFAP-Cre–
mediated recombination was used to inactivate 
ErbB4 expression in the RMS. (a) In situ 
hybridization using a probe specific for exon 2 of 
ErbB4 indicated that in control mice, ErbB4 was 
readily detected throughout the RMS, but was not 
detectable in the RMS after hGFAP-Cre–mediated 
(b) or nestin-Cre–mediated (c) recombination 
of Erbb4lox alleles. The asterisks denote the OB 
region; arrowheads denote ventral boundaries 
of the RMS. (d) Sagittal view of mature brain to 
illustrate the SVZ, RMS and OB (adapted from 
ref. 5). (e–j) SVZ region. (k–m) Mid-RMS region, 
highlighted by the gray box shown in d. 
(e–j) The RMS was labeled with antibodies to 
PSA-NCAM in control mice (Erbb4lox/+ nestin-Cre, 
e; Erbb4lox/+ hGFAP-Cre, h,i) or mice deficient 
in ErbB4 expression in the nervous system 
(Erbb4lox/– nestin-Cre, f,g; Erbb4lox/– hGFAP-
Cre, j). The structure of the SVZ in the regions 
adjacent to the anterior lateral ventricles in the 
Erbb4lox/– nestin-Cre mice (f,g) were considerably 
disorganized and fragmented compared to 
controls (e). Similar disorganization of contiguous 
chains was observed in Erbb4lox/– hGFAP-Cre 
mice (j). (k–m) As neuroblasts migrate away from 
the SVZ, they normally form a tightly clustered 
stream with smooth boundaries as they course 
towards the OB (k). In Erbb4lox/– hGFAP-Cre mice, 
however, the cells are less tightly grouped in the 
RMS, giving rise to a loosely organized stream of cells that has noticeably jagged boundaries (l). Less prominent disorganization was also seen in Erbb4lox/– 
nestin-Cre mice (m). Upper left corner of e–j is towards the ventricle. Orientation of k–m: to the left is towards the SVZ, to the right is towards the OB. PSA-
NCAM analysis is based on sections prepared from 8–10 adult mice per group. Scale bars: a–c, 700 µm; d, 5 mm; e–m, 80 µm.
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through ErbB4 by potentially serving as permissive guidance cues, 
chemotropic agents or motogens. To determine if these isoforms 
provided a permissive substratum for migration, CMTMR-labeled 
SVZ explants were placed in between adjacent strips of COS cells 
expressing NRG1 type I and control (mock-transfected) cells or adja-
cent strips of COS cells expressing NRG1 type III and control cells. 
The substrate preference of the neuroblasts migrating out of the SVZ 
explant was evaluated. SVZ cells had a strong preference for COS 
cells expressing NRG1 type III, but not for mock-transfected cells or 
COS cells expressing NRG1 type I (Fig. 6a–c). Approximately twice 

as many SVZ cells preferred to migrate on cells expressing NRG1 
type III than on control substrates (Fig. 6c). Similarly, dissociated 
CMTMR-labeled SVZ cells preferred to adhere to cells expressing 
NRG1 type III over control cells (Fig. 6d,e). ErbB4 mutant SVZ 
cells did not have a preference for cells expressing NRG1 type III 
(Fig. 6b,c). These results are consistent with the concept that NRG1 
type III at the cell surface may provide a permissive, guidance sub-
stratum for neuroblast migration towards the OB.

To determine whether secreted NRG1 isoforms had attractive, repul-
sive or motility-promoting effects during neuroblast migration, we 

Figure 4  Integrity of glial tubes is disrupted in the RMS after ErbB4 deletion. 
Electron micrographs of ultrathin coronal sections through the RMS allow 
for visualization of glial tubes and migrating neuroblasts. (a) In control mice, 
tightly organized glial tubes, made up of numerous astroglial cell bodies 
and processes (B1 cells, blue), surround the migrating neuroblasts (A cells, 
red). (b) In Erbb4lox/– hGFAP-Cre mutant mice lacking the ErbB4 receptor, 
this characteristic organization of glial tubes is disrupted. The number of 
astroglial processes seems to be less prevalent with fewer direct contacts 
between B1 type astrocytes. B2 cells are a second type of astrocyte with 
progenitor-like properties and are distinguishable from B1 cells by their 
lower cytoplasmic density5. Tissue sections were prepared from three adult 
mice per group. Scale bar, 1.5 µm.

Figure 5  Deficits in the orientation and organization of neuroblast migration in the RMS of ErbB4-deficient mice. (a,b) CMTMR injections into the ventricles 
were used to label migrating neuroblasts in the RMS. Migration of labeled cells was repeatedly monitored. ErbB4-expressing cells (n = 244) migrated 
robustly at an average rate of 49.29 ± 6.14 µm h–1, whereas ErbB4-null cells migrated at a rate of only 26.30 ± 3.58 µm h–1 (n = 210). Data shown are 
mean ± s.e.m.; asterisk, significant compared with controls at P < 0.01 (Student’s t-test). Time elapsed since the beginning of observations is indicated 
in minutes. See Supplementary Videos 1 and 2 online. (c,d) Control neuroblasts migrating towards the OB have long leading processes oriented towards the 
OB (arrows, c). In contrast, ErbB4 mutant cells have processes oriented in multiple different directions (c). (d) Patterns of movement of randomly selected 
neurons from control and ErbB4-null slices were traced to indicate the general trajectory and orientation of movement during a 1-h period. (e) Quantitative 
analysis of net orientation of movement of migrating cells indicates that relative to control cells (black bars), mutant cells (gray bars) often migrate 
in directions away from the OB. (d,e) Arrows in x axis identify migration in the direction either towards the SVZ or the OB. Movement in the direction 
perpendicular to this orientation (either dorsally or ventrally) are charted on the y axis and include cells moving towards the surrounding parenchyma. Data 
shown are mean ± s.e.m. (n = 10); asterisk, significant compared with controls at P < 0.05 (Student’s t-test). Scale bars: a, 45 µm; c, 30 µm; d, 100 µm.
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placed SVZ explants adjacent (∼500 µm) to ectopic sources of NRG1 
(COS cell aggregates transfected with cDNAs encoding NRG1 type I or 
type III). The orientation of migration from the SVZ explants relative 
to NRG1-producing or control COS cell aggregates was evaluated. Most 
SVZ cells (60.8% ± 2.5%) migrated towards cells expressing NRG1 
type I, suggesting that NRG1 type I could function as an attractant or 
motogen for neuroblast migration in vivo (Fig. 6f,g). This potential 
role as a motogen is consistent with time-lapse observations of chain 
neuroblast migration from SVZ explants in vitro, where the addition 
of recombinant NRG1β led to a 28% ± 2.3% increase in the rate of 
migration (E.S.A. & C.L., unpublished observations). Although the 
ability to serve as a moderate chemoattractant in vitro is notable, the 
in situ hybridization profiles of NRG1 types I and II do not identify an 
obvious source for this factor in the OB.

Defects in OB interneurons in ErbB4-deficient mice
To determine whether the defects observed in the RMS of ErbB4-null 
mice led to any changes in the generation and placement of interneu-
rons in the OB, we characterized the olfactory interneurons present in 
the mutant mice, as these cells are believed to arise from SVZ neural 
stem cells.

Calbindin serves as a marker for interneurons primarily located in 
the glomerular region30. When compared with controls, Erbb4lox/– 
hGFAP-Cre mice had fewer calbindin-expressing neurons, with 35% 
fewer positive cells detected in the glomerular layer (Fig. 7a–c). In 
addition to a change in cell number, the process arborization of the 
remaining neurons was retarded, suggesting that these cells may dif-
fer functionally from their normal counterparts (Fig. 7h–j). ErbB4 
mutant cells had fewer branching points per calbindin+ neuron 
(5.4 ± 0.5 versus per 13 ± 1 in controls). The calcium binding protein 
calretinin, another interneuronal marker, is less restricted in its lami-
nar expression and is normally detected throughout the layers of the 
bulb. Mutant mice had fewer (15% fewer) calretinin+ interneurons 
in the glomerular layer (Fig. 7d–f). Analysis with the general inter-
neuronal marker GAD65 (glutamic acid decarboxylase-65) showed a 
37% decrease in GAD65+ interneurons in the glomerular layer (Fig. 

7g). Taken together, these findings suggested that the loss of ErbB4 
led to a reduction in specific subsets of interneurons.

To further assess the effects of ErbB4 deletion in the migration and 
final placement of newly born interneurons in the OB, we injected 
mice with 5-bromodeoxyuridine (BrdU) to label newly generated 
neuroblasts and collected them one month later for analysis of BrdU+ 
cell position in the OB. Both ErbB4 mutant lines had fewer BrdU+ 
cells in the OB than did controls (Fig. 8a–h and Supplementary Fig. 
4 online). The mutants also had altered distribution of these cells, 
with a significantly reduced percentage located in the glomerular 
layer and a higher percentage found in the internal granule layer 
(Fig. 8i). These findings provided support for the idea that ErbB4 is 
required in vivo in the formation and organization of the RMS and 
olfactory interneurons.

DISCUSSION
In this study, we showed that the receptor protein-tyrosine kinase ErbB4 
is expressed by the tangentially migrating neuroblasts in the RMS. We 
sought to determine whether this expression was indicative of a role for 
this receptor in regulating the generation, migration and placement of 
olfactory interneurons. Here we present evidence suggesting that the 
loss of ErbB4 leads to the formation of an aberrant RMS. ErbB4 mutant 
neuroblasts in the RMS have a slower rate of migration and deficits in 
orientation. These defects are correlated with an altered distribution 
and differentiation of interneurons in the mature OB. These findings 
imply that ErbB4 has a role in RMS neuroblast migration and olfactory 
interneuronal placement.

ErbB4 ligands in the RMS
ErbB4 can be activated by at least seven distinct ligands14,23: the neureg-
ulins (NRG1–NRG4), betacellulin, HB-EGF and epiregulin. To identify 
the possible ErbB4 activators present in the forebrain, we determined 
the sites of expression of each of these ligands using in situ hybridiza-
tion. This analysis showed that NRG1 was the most readily detected 
ErbB4 ligand in the SVZ and RMS, with the type III isoform–specific 
transcripts detected at higher levels than those of the types I and II iso-

Figure 6  Distinct functions of NRG1 type III and 
NRG1 type I isoforms in vitro. (a–e) SVZ cells 
prefer substrates expressing NRG1 type III. 
CMTMR-labeled (red) SVZ explants were placed 
between strips of COS cells expressing NRG1 
type III and mock-transfected cells. Dotted lines 
indicate the borders of COS cell strips. Cells 
expressing NRG1 type III were cotransfected with 
EGFP. Mock-transfected cells are not visible. 
Control SVZ cells prefer to migrate on the NRG1 
type III substrate (a); this preference is abolished 
in ErbB4 mutant SVZ (Erbb4lox/– hGFAP-Cre) cells 
(b,c). SVZ cells did not show a preference for COS 
cells expressing NRG1 type I (c). Dissociated, 
control SVZ cells (arrows in d,e), when seeded 
onto COS cell strips, adhered preferentially to the 
NRG1 type III substrate (63% ± 1.2%), rather 
than to control COS cells (36% ± 2%; d,e). 
(f,g) NRG1 type I is a chemoattractant for SVZ 
cells. SVZ explants were placed adjacent to COS 
cell aggregates expressing NRG1 type I or mock-
transfected COS cell aggregates (f). SVZ cells 
were attracted towards the NRG1 type I source 
(g). Data shown are mean ± s.e.m. (4 independent 
experiments); asterisk, significant compared with 
controls at P < 0.01 (Student’s t-test). Scale bars: 
a,b, 60 µm; d,e, 90 µm; f, 175 µm.
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forms. NRG2 was expressed at very low levels in the RMS, and although 
NRG3 was abundantly expressed in the forebrain, it was not detected 
in the RMS. These studies showed that there are multiple ligands in the 
forebrain capable of activating ErbB4 and potentially influencing adult 
neurogenesis and neuronal chain migration.

Function of ErbB4 in the RMS
Our findings suggest that signaling through ErbB4 has multiple roles. 
First, ErbB4 is essential for the normal assembly and maintenance of 
the RMS. Loss of ErbB4 resulted in changes in chain morphology, 
characterized by the fragmented neuroblast chain organization. In 
the hGFAP-Cre line, these alterations were associated with a change 
in the overall gross structure of the stream, which was wider and had 
a less well-delineated boundary with the surrounding tissue. At the 
ultrastructural level, the RMS in these mice was readily distinguishable 
from that in controls, with an apparent loss of cell-cell contact between 
the migrating A cells, between the A and the B cells, and between the 
B cells. The loss of ErbB4 also affected neuroblast migration in vitro, 
as SVZ explants prepared from both mutant lines had reduced ability 
to produce chain-like structures. Together, these observations provide 
evidence that ErbB4 activity in both nestin+ and hGFAP promoter+ 
cells is required for the proper assembly of the RMS.

Second, in vivo live imaging of migrating neuroblasts in the RMS 
indicate that ErbB4 is required for the oriented migration of neuro-
blasts towards the OB. The disrupted rate and orientation of migration 
may have resulted from altered neural chain organization. In addition, 
it could stem from an inability to respond appropriately to environ-
mental cues. The potential motogenic functions of NRG1 type I and the 
observed ability of NRG1 type III to act as a preferred migration sub-
strate for normal cells, but not ErbB4 mutant cells, support this hypoth-

esis. Other ligands, such as NRG3, which is 
expressed in regions surrounding the RMS, 
may serve to restrict or orient migration to this 
region (Fig. 1i). Oriented neuroblast migra-
tion in the adult RMS seems to depend on a 
combination of repulsive, motogenic and che-
moattractive cues31,32. The combined actions 
of different NRG isoforms may together pro-
vide a permissive substratum and promote the 
motility of ErbB4-expressing neuroblasts.

The third role for ErbB4 is that it may pro-
mote the final placement and influence the 
differentiation of newly derived interneu-

rons. The primary finding in support of this concept is that the relative 
number of GAD65+, calbindin+ and calretinin+ interneurons in the 
glomerular layer of adult Erbb4lox/– hGFAP-Cre mice was reduced. In 
addition, the dendritic process arborization of calbindin+ cells in adult 
Erbb4lox/– hGFAP-Cre mice was severely diminished when compared 
to controls. How this structural deficit in interneuronal morphology 
impacts the glomerular synaptic organization and the resultant behav-
ior remains to be elucidated.

It has been previously observed that newly born periglomerular 
interneurons take ∼2–4 weeks to transit from the SVZ to their final 
destination in the OB33. Our studies show that one month after BrdU 
administration to either Erbb4lox/– hGFAP-Cre or Erbb4lox/– nestin-Cre 
mice, labeled neurons are more likely to be located in the internal gran-
ule layer and less likely to be located in the glomerular layer, compared 
with littermate controls (Fig. 8). The altered distribution of these newly 
born cells may reflect a reduced ability of the ErbB4-negative cells to 
migrate into their appropriate positions in the more superficial layers 
of the OB. It has been speculated that the tangentially migrating chain 
neuroblasts in the RMS switch to a radial mode of migration when they 
reach the OB and start to disperse towards distinct layers. The accumu-
lation of cells at the center of OB, near the region where the RMS ends 
(Fig. 8g,h), is consistent with the concept that in the absence of ErbB4 
signaling, migrating neuroblasts may have additional deficits in transit-
ing from a tangential to radial mode of migration in the OB. Whether 
this switch in migratory mode requires radial glial guides is unclear, as 
the number of radial glia in the adult is very low34. An alternative pos-
sibility is that a change in cell fate occurs in migrating ErbB4-negative 
cells that dictates their final differentiated state and location.

Our studies show that ErbB4 is primarily expressed in PSA-NCAM+ 
neuroblasts but is also detected in a small subset of GFAP+ cells, in a 

Figure 7  Conditional deletion of ErbB4 reduces 
the number and alters the differentiation of 
mature interneurons in the OB. (a) In littermate 
controls, calbindin is primarily expressed by 
interneurons in the periglomerular layer, where 
(d) calretinin is expressed throughout the layers 
of the OB. (b,c,e–g) Compared with controls, 
Erbb4lox/– hGFAP-Cre mice (n = 10) have fewer 
calbindin+ (b,c), calretinin+ (e,f) and GAD65+ 
cells (g) in the periglomerular layer. (h–j) Analysis 
of calbindin+ glomeruli showed a substantial 
reduction in the complexity of the neural 
process arborization in Erbb4lox/– hGFAP-Cre 
mice (n = 6). Data shown are mean ± s.e.m.; 
asterisk, significant compared with controls at 
P < 0.01 (Student’s t-test). Layers of the OB: 
G, periglomerular layer; EPL, external plexiform 
layer; M, mitral cell layer; GR, granule cell layer. 
Scale bars: a–d, 40 µm; e,f, 15 µm.
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subset of dlx-2+ cells and in occasional LeX+ precursors in the SVZ. 
Although GFAP has been implicated as a marker of SVZ stem cells, 
only a tiny fraction of GFAP+ cells in this region are believed to serve 
as stem cells. dlx-2 seems to mark the rapidly dividing C cells pres-
ent in the SVZ6, which are believed to give rise to the migrating PSA-
NCAM+ A cells5. Thus, although ErbB4 is predominantly expressed in 
the tangentially migrating cells of the RMS, it is also expressed by other 
precursor cells in the SVZ.

ErbB4 as a regulator of tangential migration
The expression of ErbB4 in migrating cells has been previously noted 
in interneuronal precursors that transit from the medial ganglionic 
eminence to the developing cortex35. ErbB4 has also been detected 
in migrating neurons that form the basilar pons and inferior olive36. 
Along with the observations reported here, it seems that ErbB4 is a 
feature common to tangentially migrating neuroblast populations. Our 
analyses of ErbB4-deficient mice showed that the loss of this receptor 
impairs, but does not eliminate, the RMS, implying that this receptor 
is but one component of the signaling machinery that underlies the 
migration process. The observed shift from neuroblasts migrating in 
chains to neuroblasts migrating as individual cells could be the result 
of changes in the extracellular matrix or in the adhesive properties of 
migrating cells32. The loss of ErbB4 may alter signaling through other 
receptor systems, such as the integrins, which have been previously 
shown to regulate the differentiation and migration of RMS neuro-
blasts37–39. There is evidence for crosstalk between ErbB and integrin 
signaling pathways, as the integrins can switch NRG responsiveness in 
glioblasts from proliferation to differentiation40.

In addition to integrins39, changes in the structure of the RMS have 
been shown in response to the loss of polysialic acid residues from 
PSA-NCAM, which results in the dispersion of migrating neuroblasts 
both in vivo and in vitro32,41. Another molecule influencing RMS func-
tion is Reelin, which has a role in the dispersal of neuroblasts in the OB 
in vivo and can disrupt the chain-like migration of SVZ cells in vitro42 
in a manner similar to that seen in explants from the ErbB4 mutant 
mice. Although the extracellular matrix molecule tenascin-R does 

not influence RMS migration, it facilitates the transition from tan-
gential to radial migration as cells leave the RMS and enter the OB43. 
Furthermore, Eph-ephrin signaling and other extracellular activi-
ties have been implicated as modifiers of tangential migration in the 
RMS31,32. Finally, ErbB4 has been recognized as the first receptor tyro-
sine kinase whose C-terminal region is released by intramembrane 
proteolysis44. The ErbB4 cytoplasmic tail, including the catalytic 
domain, has been shown to enter the nucleus, where it may influ-
ence transcription44. Thus, it is conceivable that ErbB4 might help to 
regulate migration and differentiation by directly mediating changes 
in gene expression.

Overall, our findings suggest that ErbB4 activation may help to 
regulate the migration of precursors in the RMS and may influ-
ence their placement and differentiation into distinct interneuro-
nal subsets. The regulation of both differentiation and migration 
by the same receptor may permit the targeted placement of spe-
cific neuronal types in the mature brain. The identification of the 
physiologically relevant endogenous ErbB4 ligands will be essential 
to evaluate further the comparative importance of ErbB4 signal-
ing in adult forebrain neurogenesis. Notably, mice heterozygous 
with respect to either Nrg1 or Erbb4 have behavioral phenotypes 
that model those associated with schizophrenia45. Recent stud-
ies identifying NRG1 as a gene associated with susceptibility to 
schizophrenia45 raise the possibility that impaired NRG-ErbB4–
mediated neuronal precursor differentiation and migration, and the 
resultant changes in neural circuitry in the forebrain, may enhance 
sensitivity to neurodevelopmental disorders such as schizophrenia.

METHODS
In situ hybridization; antibodies and histology; NRG1 cDNA clones. In situ 
hybridization was carried out as previously described46, with minor modifica-
tions. Details concerning the antibodies, in situ hybridization probes, immu-
nohistological methods and full-length NRG1 cDNA clones that we used are 
provided in Supplementary Methods online.

Mice. Mice were cared for according to animal protocols approved by The 
Scripps Research Institute and the University of North Carolina. Nervous sys-

Figure 8  Migration of newly generated cells to 
the periglomerular layer of the OB is disrupted 
in ErbB4-deficient mice. Adult Erbb4lox/– nestin-
Cre and Erbb4lox/– hGFAP-Cre mice were given 
six BrdU injections over a 48-h period and then 
allowed to survive for 30 d to permit the newly 
generated neurons to reach their destination in 
the OB. (a,b) In control mice, BrdU+ cells readily 
migrate and incorporate into the periglomerular 
layer. (d,e) In mutant mice, BrdU+ cells are less 
prevalent in the target periglomerular layers of the 
OB and seem to aggregate in the deep granule 
layer, at the core of the OB (around olfactory 
ventricular zone). (g,h) In lower-magnification 
images of the entire cross-section of the OB, 
accumulation of BrdU+ cells (red) in deeper 
layers, at the center of the mutant OB, is evident 
(arrow in h). Layers of the OB were delineated 
using Nissl counterstaining (green in c,f,–h). 
(i) The reduction in the number of BrdU+ cells 
in the periglomerular layer was significant when 
compared to controls. Data shown are mean ± 
s.e.m. (n = 5); asterisk, significant compared with 
controls at P < 0.01 (Student’s t-test). Layers of 
the OB: G, periglomerular layer; EPL, external 
plexiform layer; M, mitral cell layer; GR, granule 
cell layer. Scale bars: a–f, 50 µm; g,h, 475 µm.
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tem–specific conditional knockout Erbb4 mice were generated by mating mice 
carrying an Erbb4 allele flanked by loxP sites24 with either nestin-Cre mice26 
or hGFAP-Cre mice28. Additional details are available in Supplementary 
Methods online.

SVZ explant migration assays. This assay was based on described methods29. 
See Supplementary Methods online for details.

Analysis of BrdU+ cell distribution in the OB. To study the effects of ErbB4 
deletion on the final positioning of newly generated cells into the OB, we 
injected adult mice with BrdU (100 mg per kg body weight, three times per 
day) over a period of 48 h and collected them 30 d after the final injection. See 
Supplementary Methods online for details of analysis of BrdU+ cell distribu-
tion in the OB.

Analysis of neuroblast migration and orientation in the RMS. We injected 
1 µl of 40 µM CMTMR ((5–(and-6)–(((4–chloromethyl)benzoyl) amino) 
tetramethyl rhodamine); Molecular Probes) into the anterior ventricles of 
3-week-old control (n = 10) and ErbB4-deficient (n = 10) mice. After 4–6 h, the 
brains were removed, sectioned in the sagittal plane (100 µm) using a vibratome 
(Leica), mounted on nucleopore membrane filters and maintained in mini-
mal essential medium with 10% fetal bovine serum at 37 °C and 5% CO2. The 
CMTMR-labeled cells migrating from the SVZ into the RMS were repeatedly 
imaged at intervals of 5–10 min for 2–3 h using a Zeiss Pascal laser scanning 
confocal microscope equipped with a live-cell incubation chamber. The rate and 
orientation of migration (towards the OB, the surrounding parenchyma or the 
SVZ) were quantified as previously described47.

Analysis of chemotropic or guidance role of NRG1. To determine whether 
NRG1 type I or type III isoforms provided a permissive substratum for migra-
tion, we gave neuroblasts emigrating from SVZ explants a choice between normal 
or NRG1-expressing COS cell substrates and quantified the substrate prefer-
ence of migrating SVZ cells. See Supplementary Methods online for details. 
In some experiments, dissociated CMTMR-labeled SVZ cells were seeded onto 
COS cell substrates at a density of 50,000 cells ml–1. After 24 h, the percentage 
of CMTMR-labeled SVZ cells on each substrate was quantified.

To determine possible chemoattractive or repulsive effects of the NRG1 iso-
forms, explants were placed adjacent (500 µm) to ectopic sources of NRG1 (COS 
cell aggregates transfected with NRG1 isoforms) or untransfected COS cell aggre-
gates, and the orientation of migration from the explants towards or away from 
these sources was evaluated to determine their attractive or repulsive effects. The 
asymmetry index is defined as the percentage of outgrowth towards each of the 
two COS cell aggregates, which were made as previously described48.

Analysis of olfactory periglomerular layer interneurons. The numbers of 
calbindin+, calretinin+ and GAD65+ cells in the periglomerular layer of the 
OB were estimated using the optical fractionator method49. Total numbers of 
calbindin+ or calretinin+ cells per unit volume (mm3) in the periglomerular 
layer of ErbB4 mutant mice (n = 10) were normalized to the values from con-
trols (n = 10). The analysis of olfactory glomerular processes is provided in 
Supplementary Methods online.

Analysis of process arborization in olfactory glomeruli. See Supplementary 
Methods online for details.

Note: Supplementary information is available on the Nature Neuroscience website.
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