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The changes in synaptic physiology in ErbB-
deficient muscles are more subtle than those
observed in mice heterozygous for a cer-
tain NRG1p isoform (27). Because Schwann
cells depend on NRG-mediated signaling from
motor neurons for survival (/2), the stronger
defects in the NRG1p mutants could be ex-
plained by impaired Schwann cell function,
which in turn may impair the motor neu-
ron’s ability to maintain the synaptic muscle
membrane.

Given that NRG is not required for
synapse-specific gene transcription at the
NMJ, the proposed function of NRG in regu-
lating glutamate receptor expression during
synapse development in the brain (28) war-
rants further examination.
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Dependence of Olfactory
Bulb Neurogenesis on
Prokineticin 2 Signaling

Kwan L. Ng, Jia-Da Li, Michelle Y. Cheng, Frances M. Leslie,
Alex G. Lee, Qun-Yong Zhou*

Neurogenesis persists in the olfactory bulb (OB) of the adult mammalian brain.
New interneurons are continually added to the OB from the subventricular zone
(SVZ) via the rostral migratory stream (RMS). Here we show that secreted
prokineticin 2 (PK2) functions as a chemoattractant for SVZ-derived neuronal
progenitors. Within the OB, PK2 may also act as a detachment signal for chain-
migrating progenitors arriving from the RMS. PK2 deficiency in mice leads to a
marked reduction in OB size, loss of normal OB architecture, and the accumula-
tion of neuronal progenitors in the RMS. These findings define an essential role
for G protein—coupled PK2 signaling in postnatal and adult OB neurogenesis.

In mammals, neurogenesis occurs mainly
during embryonic to early postnatal stages.
However, there are two areas in the adult
mammalian brain that generate new neu-
rons throughout life: OB and the dentate
gyrus of the hippocampus (/, 2). In rodents
as well as primates, granular and periglo-
merular interneurons of the OB are contin-
uously generated from SVZ of the lateral
ventricle and are added throughout adult-
hood (3-5). SVZ progenitor cells migrate
tangentially to the ependyma and subepen-
dymal layers of the olfactory ventricle
(OV) in homotypic cell chains that coalesce

Department of Pharmacology, University of California—
Irvine (UCI), Irvine, CA 92697, USA.

*To whom correspondence should be addressed.
E-mail: gzhou@uci.edu

www.sciencemag.org SCIENCE VOL 308 24 JUNE 2005

to form RMS (6-8). Within the OB, the
progenitors detach from their homotypic
chains as individual cells and switch from
tangential to radial migration before differ-
entiating into interneurons of the granule
and periglomerular layers (6, 7). Genetic
studies in mice have revealed that the
polysialylated form of neural cell adhesion
molecule (PSA-NCAM) is crucial for the
establishment of homotypic chains of the
RMS (8-11). Reelin and tenascin-R sig-
naling may be involved in the dispersion
of chained neuronal progenitors into single
cells (12, 13). Slit, a secreted repellent for
axons, repels the postnatal SVZ neurons
(14, 15). Although a neuronal attractant
from the OB has yet to be identified, dif-
fusible attractants for SVZ neuronal pro-
genitors may exist within layers of the OB
(16). Here we show that prokineticin 2
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(PK2) possesses features expected of a
chemoattractant for SVZ-derived neuronal
progenitors and is indispensable for the
establishment of normal OB architecture.
Prokineticins PK1 and PK2 are cysteine-
rich secreted proteins that regulate diverse
biological processes by the activation of
two cognate G protein—coupled receptors
(17-23). Our analysis indicated that both
prokineticin receptors (PKR1 and PKR2) are
expressed in the areas active in neurogenesis
during adulthood. The mRNAs of both
receptors are expressed in the SVZ, the
entire RMS, and the ependyma and sub-
ependymal layers of the OV, as well as the
dentate gyrus of the hippocampus (Fig. 1, A
to C, and figs. S1 and S12). The expression
of PKRI1 has detected in all these areas,
although less abundantly than PKR2 (fig.
S1) Whereas PK1 mRNA was not detected
in any of these brain regions (24), PK2 has
expressed in the granular and periglomeru-
lar layers of the OB (Fig. 1, D and E). The
PK2 expression pattern is complementary
to that of its receptors, PKR1 and PKR2;
PK2 is expressed in the mature granular and
periglomerular layers of the OB, whereas
its receptors are expressed in the immature
ependyma and subependymal layers of the
OV. Similar patterns for PK2 and its
receptors were observed during neonatal
stages, postnatal day (P) 1, and P7 (Fig. 1,
F to I; PKR1) (24). The expression level of
PKR2 was greater during neonatal develop-
ment, reflecting that the RMS forms a much
thicker stream of migrating neuronal pro-
genitors in neonates than in adults (Fig.
1, F, H, and I) (25). The complementary
expression pattern of ligand (PK2) and
receptors (PKR1 and PKR2) suggests that
this ligand-receptor(s) pair may be involved
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in OB neurogenesis. This hypothesis is sup-
ported by the similarities that exist between
angiogenesis and neurogenesis (26, 27). In
particular, prokineticins can stimulate the
proliferation, survival, and migration of en-
dothelial cells derived from endocrine organs
(19, 28). PK2 and its receptors may serve a
similar function for SVZ-derived neuronal
progenitors en route to the OB during neo-
natal and adult stages.

To investigate whether PK2 can func-
tion as a chemoattractant for SVZ neuronal
progenitors, we used a Transwell assay.
Dissociated cells from the RMS and OV
regions that highly expressed PKR1 and
PKR2 from P7 and adult rats were placed
in the upper chamber and allowed to
migrate through the membrane filter sepa-
rating the upper and lower chambers. Cells
that migrated to the lower side of the filter
were stained with Tujl, a marker for im-
mature neurons, and counted. When pu-
rified recombinant human PK2 (/7) was
added to the lower chamber, the migration
of neuronal progenitors was enhanced (fig.
S2) [P7 rat data (24)]. A prokineticin re-
ceptor antagonist (AIMPKI1) (29) inhibited
the PK2-stimulated cell migration (fig. S2).
Thus, PK2 can stimulate the motility of neu-
ronal progenitors from the SVZ-OB pathway.
To further assess whether the PK2-stimulated
cell migration is directional, coculturing ex-
periments with the anterior portion of the
SVZ (SVZa) and a stable T293 cell line
expressing human PK2 were carried out in
collagen gel matrices (/5). When SVZa ex-
plants from P7 rats were cocultured with
untransfected T293 cells for 24 hours, cells
migrating from each explant were symmet-
rically distributed around its circumference
(Fig. 2A). When SVZa explants were co-
cultured with T293 cells stably expressing
human PK2, cell migration was highly asym-
metric, with more cells migrating into the
quadrant proximal to the PK2-expressing
cells (Fig. 2B). Over time, the entire circum-
ference of the explant showed more outwardly
migrating cells, consistent with the increased
motility and migration seen with the Transwell
assay (fig. S3). The proximal/distal ratio of
cells migrating from the SVZa-PK2 cocul-
ture was significantly higher than the control
(SVZa-PK2, 3.97 £ 0.18, n = 38 explants;
control, 1.05 + 0.05, n = 23 explants; P <
0.0001) (Fig. 2D). Similar results were ob-
tained from explants taken along the RMS
(24). Immunocytochemistry with Tujl anti-
body confirmed the neuronal nature of the
cells migrating out of the SVZa explants
(fig. S4). Moreover, the addition of AIMPK1
to the collagen gel matrices in SVZa explants
cocultured with PK2 T293 cells resulted in a
symmetric distribution of cells (1.03 £ 0.07,
n = 6 explants) and fewer migrating cells
(Fig. 2, C and D). To further discern the

directional nature of the PK2 signal, SVZa
explants were cultured in collagen gel for 24
hours, and then control cells or PK2-expressing
cell aggregates were placed nearby (30). A
significant increase in the mean number of
migrating neuronal progenitors in quadrants
proximal to the PK2-expressing cells was
observed (fig. S5). With SVZa-PK2 cocul-
tures in addition to more cells migrating into
the proximal quadrant, they also traveled far-
ther away compared to controls (Fig. 2E). We
also tested the motility effect of recombi-
nant PK2 in SVZa explants by embedding it
in collagen gel matrices. Figure 2F shows
that PK2 increased the distance of neuronal
migration; the average migration distance
of individual cells in the presence of PK2
was 150.6 = 10.5 um versus 68.3 £ 5.8 um
in the control cultures (n = 5 explants, P <
0.0001). Taken together, these results indi-
cate that PK2 can function as a chemoat-
tractant for neuronal progenitors that traverse
the SVZ/RMS/OB pathway.

A required step in the switch from
tangential to radial migration is the detach-
ment of neuronal progenitors from their
homotypic chains. We tested whether PK2
facilitates this detachment process with
matrigel (8). In the absence of PK2, SVZa
explants showed a symmetric pattern of cell
chains emanating from each explant after
24 to 30 hours in culture (Fig. 2G). These
chains were either linear aggregates radiat-
ing from the explants or intricate three-
dimensional networks. With recombinant
PK2 embedded in the matrigel, cell chains
were rarely observed and tended to be
fragmented, and many cells migrated out
of the explants as individuals (Fig. 2H).
PK2 treatment caused a fourfold increase
in the number of individual cells migrating
out of explants (control, 28.9 £ 1.7, n =40
explants; PK2-treated, 139.4 £ 5.1, n = 40
explants; P < 0.0001) (Fig. 2I). The
increase in cell motility seen with PK2
treatment was also obvious with the matri-
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Fig. 1. PK2 and PKR2 mRNA expression. (A) Coronal section of adult OB, showing PKR2 (left) in
the ependyma and subependymal layers of the OV, a darkfield image (middle), and cresyl violet
staining (right). (B) PKR2 in the adult SVZ of the lateral ventricle (coronal section). (C) Sagittal
section of an adult brain (left), depicting PKR2 in the RMS, OB, and the dentate gyrus (DG) of the
hippocampus, and a darkfield image (right). (D) PK2 (left) in the GL and PL of adult OB, a
darkfield image (middle), and cresyl violet staining (right). (E) Sagittal section of an adult brain,
depicting PK2 in the GL and PGL. (F) PKR2 and (G) PK2 in sagittal sections of P1 brain. (H)
Sagittal section of PKR2 in a P7 brain. (1) PK2 (top) and PKR2 (bottom) in coronal sections of P7

OB. Scale bar, T mm.
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Fig. 2. Effects of PK2
on neuronal migration.
(A to C) Migration of
SVZa cells cocultured
with (A) T293 cells, (B)
the stable PK2 cell line,
and (C) the PK2 stable
cell line with 100-nM
ATMPK1. (D) Proximal/
distal distribution of
SVZa cells in cocultures:
control, PK2, or PK2
with 100-nM ATMPK1 D E

(*, P < 0.0001). (E) Mi- Distal
gration distances of
SVZa cells with control
cells or the PK2 stable
cell line. The x axis
shows the distance of
cells from SVZa ex-
plants; the y axis, the
percentage of cells that
migrated further than
the distance on the x
axis. Values shown are
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representative of three
independent experi-
ments. (F) Increased
motility of SVZa cells
in collagen embedded
with 10-nM PK2 versus
control cells at 24 hours.
Values shown are rep-
resentative of five inde-
pendent experiments.
(G) Chains of cells mi-
grating from SVZa ex-
plant cultured alone in
matrigel. (Inset) Higher
magnification of (G).
(H) Dispersal of cells

Control PK2 PK2 + AIMPK1
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Control  PK2  PK2+AIMPK1

from SVZa explant cultured with 60-nM PK2. (Inset) Higher maghnification of (H), highlighting changes in cellular organization. (I) Quantification of distinguishable
individual cells per visual field, in matrigel cultures with either 60-nM PK2 or 60 nM PK2 and 120-nM ATMPK1 (¥, P < 0.0001). Scale bar, 500 um.

Fig. 3. Analysis of olfactory bulbs from PK2~/~ mice. (A) Nissl-stained
coronal section of WT (top) and PK2~/~ OB (bottom). GL and PGL (arrows)
are disorganized in PK27/~ OB. The arrowhead shows the mitral cell layer.
(B) Magnification of the PGL (box) in (A). The top panel shows normal PGL
(arrow) in WT OB; the bottom shows, in PK2~/~ OB, abnormal glomeruli
formation (arrow) and a single uninterrupted PGL (arrowhead). (C) Nissl-
stained sagittal sections of WT (top) and PK2~/~ (bottom) brain. (D) 4,
6-diamidino-Z-phenylindole-stained (blue) coronal sections of WT (top) and

www.sciencemag.org SCIENCE VOL 308 24 JUNE 2005

PK2~/~ OB (bottom). (E) Sections in (D) immunostained for PSA-NCAM
(green). The top panel shows PSA-NCAM-labeled neuronal progenitors in the
OV of WT OB. (Top inset) A higher magnification of the top panel shows
normal OV. The bottom panel shows an expanded OV with accumulation of
neuronal progenitors in PK2~~ OB. (Bottom inset) A higher magnification of
the bottom panel shows tight clusters of PSA-NCAM-labeled neuronal
progenitors in the OV. Scale bars, 1 mm in (A) and (C); 250 um in (B), (D),
and (E).
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gel cultures (Fig. 2, G and H). Moreover,
the separation of individual cells in PK2-
treated cultures was reduced with the ad-
dition of the antagonist AIMPK1 (Fig. 2I).
Thus, PK2 may act as a detachment signal
for neuronal progenitors migrating within
the chain.

In mutant mice deficient in the PK2
gene (PK27/~ mice) (31), the total weight
and gross morphology of brains did not
differ from those of wild-type (WT)
controls, but the size of their OBs was less
than half that of the WT controls (rostral to
caudal length: 3.68 £ 0.09 mm versus 1.27 +
0.11 mm, WT versus PK27/~, respectively,
n = 20 mice, P < 0.0001; weight: 7.67 +
0.33 mg versus 16.67 + 1.45 mg, PK2~/~
versus WT, respectively, n = 3 mice, P <
0.005) (fig. S6). Although OBs from PK2~/~
mice were smaller than those from WT
controls in all cases, ~50% of PK2~/~ mice
displayed asymmetric bulb formation (fig.

A +l*

S6A). Histological examination revealed mul-
tiple abnormalities of the OB from PK2~/~
mice (Fig. 3, A to C). Whereas the mitral
cell layer appeared normal in the OB of
PK2~/~ mice, the granular cell layer (GL)
was abnormally thin (fig. S6B), and the
number of granular cells was reduced (24).
The periglomerular layer (PGL) was either
indiscernible or malformed in PK2~/~ mice
(Fig. 3, A to C). In contrast, the small OBs
in NCAM-deficient mice have a normal
PGL (10). In 16 of the 28 OBs examined
in PK2~/~ mice, the PGL was not discern-
able and was replaced by an uninterrupted
layer of periglomerular cells (Fig. 3B). In
the remaining OBs examined, multiple
glomeruli layers were compacted on a
single side of the OB (Fig. 3B). The PGL
possesses a population of dopaminergic
(DA) interneurons born from the SVZ-OB
pathway (32). Immunostaining for tyrosine
hydroxlyase (TH), a marker for these inter-
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Fig. 4. Migration of neuronal progenitors in PK2~/~ mice. (A) Coronal section of WT OB 5 days
after pulse injection of BrdU, showing (left) diaminobenzidine-stained BrdU+ cells in the OV and
(right) increased BrdU+ cells around the OV in PK27/~ OB. (B) Higher magnifications of (A),
showing a wider OV in PK27/~ OB (right). (C) Sagittal section of WT OB 28 days after a pulse of
BrdU, showing (left) numerous BrdU+ cells. PK2=/~ OB (right) shows a reduction of BrdU+ cells
and accumulation near the entrance of the OB (arrow). (D) High magnification showing numerous
BrdU™ cells in the GL and the PGL in WT OB (left). In PK2~/~ OB (right), BrdU™ cells were reduced
and around the OV and GL. (E) Quantification of BrdU+ cells in the OV and RMS from the 5-day
pulse study (* and **, P < 0.05). (F) Quantification of BrdU+ cells in the OB from the 28-day pulse
study (*, P < 0.001). Scale bars, 500 um in (C); 250 um in (A); 125 um in (B) and (D).

neurons, in the OB of PK2~/~ mice that had
no discernable PGL was minimal, whereas
collectively there was a fourfold reduction in
DA interneurons in the PGL compared to that
of WT controls (102.7 £ 16.4 TH* cells/mm?
versus 24.7 £ 20.2 TH+ cells/mm?2, WT ver-
sus PK27/~, respectively; n = 3 mice, P <
0.05) (fig. S7).

The smaller OB in PK27/~ mice was
accompanied by a significant enlargement
of both the OV and the RMS at the entrance
of OB (Fig. 3C and fig. S8). Immunostain-
ing for chains of neuronal progenitors with
PSA-NCAM demonstrated the accumulation
of neuronal progenitors around the OV in
PK2~/~ mice (Fig. 3, D and E). PSA-NCAM-—
positive cells clustered tightly around the OV
in the PK27/~ mice (Fig. 3, D and E). The
accumulation of neuronal progenitors in the
rostral portion of the RMS and OV and a
layer specific reduction in a subset of inter-
neurons derived from the SVZ suggests that
cell migration was initiated but compromised
in the OB in PK2~/~ mice.

The normal distribution and density of
bromodeoxyuridine-labeled (BrdU*) cells
in the SVZ and RMS in PK27/~ mice
indicates that the smaller OB is not due to
reduced cell proliferation (fig. S9). A pulse
of BrdU was used to trace the migration of
neuronal progenitors through the SVZ-OB
pathway however revealed differences be-
tween WT and PK2~/~ mice (Fig. 4, A and
B). Five days after the pulse in PK27/~
mice, BrdU* cells accumulated abnormally
in the RMS outside the OB (Fig. 4E and fig.
S10) and in the OV (Fig. 4, A, B, and E)
(551.3 £ 56.7 versus 969.1 £ 129.5 BrdU+
cells/mm? in the RMS outside of the OB
and 867.6 + 139.8 versus 1571 + 142.0
BrdU* cells/mm? in the OV for WT and
PK2 ™/~ mice, respectively; n = 3 mice, P <
0.05). At 28 days after the pulse in WT
mice, most BrdU™ cells were found in the
rostral half of the OB integrated into the GL
and PGL (Fig. 4, C and D). In PK27/~
mice, BrdU+ cells in the OB were reduced
(128.9 £ 9.0 BrdU™ cells/mm? versus 50.2 +
2.8 BrdUt cellsyfmm?2, WT versus PK2/~,
respectively; n = 3 mice, P < 0.001) (Fig. 4,
C, D, and F), and most of these BrdU* cells
were found at the entrance of the OB and in
the OV. The distribution of BrdU+* cells
suggests that the accumulation of neuronal
progenitors in the OV of PK27/~ mice
might lead to a higher rate of cell death
within the OB. Terminal deoxynucleotidyl
transferase mediated—deoxyuridine tri-
phosphate UTP nick-end labeling (TUNEL)
analysis indicated increased apoptosis in
the OB of PK2 /™ mice (6.8 +2.2 TUNEL*
cells/mm? versus 27.9 £ 5.9 TUNEL™* cells/
mm?2, WT versus PK2~/~, respectively; n =
3 mice, P < 0.05) (fig. S11). These observa-
tions are consistent with the marked buildup
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of PKR2-positive cells in the rostral portion
of the RMS and OV of PK2~/~ mice (fig.
S12), also shown by PSA-NCAM immuno-
staining (Fig. 3E). Analysis of PKR2 mRNA
expression in PK2~/~ mice showed an over-
all decrease in neuronal progenitors migrat-
ing away from the OV into the GL and PGL
(fig. S12). The compaction of PKR2-positive
cells in the OV indicates that, in the absence
of PK2 signaling, chained neuronal progen-
itors are either not detached properly or
disoriented about the direction of migra-
tion. To evaluate whether PK2 is a genuine
chemoattractant for SVZ neuronal progen-
itors, we performed SVZa explants cocul-
ture assay with the GL of the OB, where
PK2 is primarily expressed (Fig. 1, D and
E). Cell migration was directed toward the
GL tissue from WT OB, whereas the cor-
responding tissue from PK2~/~ OB exhib-
ited no chemotaxis activity (proximal/distal
ratio: 1.87 £ 0.31 versus 0.99 £ 0.06, WT
versus PK27/7, respectively; n = 6 ex-
plants, P <0.05) (fig. S13). Taken together,
these results indicate that the migration of
neuronal progenitors mediated by PK2 sig-
naling is essential for the normal develop-
ment and maintenance of the OB.

Thus, PK2 serves as a chemoattractant
for SVZ-derived neuronal progenitors, and
the establishment of normal OB architec-
ture requires PK2 signaling. Together with
other signals (12, 13, 15), PK2 appears to

guide the migration of neuronal progeni-
tors from the SVZ through the RMS to
their final layers in the OB. The similar
response of PKR1 and PKR2 to PK2 (22)
implies that these receptors may mediate a
redundant role for OB development. As
with endothelin-3 signaling for the migra-
tion of enteric neurons (33) and orphan
receptor GPR56 in the regional develop-
ment of the cerebral cortex (34), our results
further indicate that G protein—coupled
receptors may be crucial for the establish-
ment of the layered structures in the
nervous system.
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GDF11 Controls the Timing of
Progenitor Cell Competence in
Developing Retina

Joon Kim,1'z Hsiao-Huei Wu,1'2* Arthur D. Lander,2'3
Karen M. Lyons,4 Martin M. Matzuk,® Anne L. Calof’?f

The orderly generation of cell types in the developing retina is thought to be
regulated by changes in the competence of multipotent progenitors. Here, we
show that a secreted factor, growth and differentiation factor 11 (GDF11),
controls the numbers of retinal ganglion cells (RGCs), as well as amacrine and
photoreceptor cells, that form during development. GDF11 does not affect
proliferation of progenitors—a major mode of GDF11 action in other tissues—
but instead controls duration of expression of Math5, a gene that confers
competence for RGC genesis, in progenitor cells. Thus, GDF11 governs the
temporal windows during which multipotent progenitors retain competence to

produce distinct neural progeny.

The vertebrate neural retina comprises seven
neural cell types, all derived from one pop-
ulation of multipotent progenitors (7, 2).
Retinal cell types do not arise synchronously
but are generated in a stereotyped sequence
(3, 4). In vitro results imply that retinal pro-
genitors at different stages differ in their com-
petence to produce distinct cell types (5-7).

Such changes in potential are likely dictated by
changes in expression of the transcription
factors encoded by proneural genes (8, 9), but
mechanisms of proneural gene regulation are
poorly understood. An important role for cell-
cell signaling is suggested by the fact that
production of at least two retinal cell types,
retinal ganglion cells (RGCs) and amacrine
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cells, can increase to compensate for losses of
mature cells in either population (0, 11). This
process has been postulated to be mediated by
a feedback signal produced by mature cells
(12), but the identity of the signal(s) is
unknown.

GDF11, a member of the transforming
growth factor-f superfamily of secreted
signaling molecules, is expressed in several
regions of a developing nervous system, includ-
ing the retina (/3). In olfactory epithelium (OE),
GDF11 negatively regulates neuron number by
causing cell-cycle arrest of the progenitor cells
that give rise to olfactory receptor neurons
(ORNs) (/4). Here, we demonstrate that
GDF11 is also a negative regulator of neuron
number in neural retina, but through a com-
pletely different mechanism: GDF11 controls
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