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Neural stem cells (NSCs) have great potential for self-renewal, which must be tightly regulated to generate
appropriate cell numbers during development and to prevent tumor formation. The Ras–MAPK–ERK pathway
affects mitogen-stimulated proliferation, and negative regulators are likely to be important for keeping self-
renewal in check. Sprouty-related protein with an EVH1 domain (Spred1) is a recently discovered negative Ras–
MAPK–ERK regulator linked to a neurofibromatosis 1 (NF-1)-like human syndrome; however, its role in CNS
development has not been explored. We show that Spred1 is highly enriched in CNS germinal zones during
neurogenesis. Spred1 knockdown increases NSC self-renewal and progenitor proliferation cell-autonomously, and
overexpression causes premature differentiation. Surprisingly, Spred1 knockdown in vivo in the embryonic mouse
forebrain frequently resulted in periventricular heterotopia, developmental abnormalities often associated with
mutations in genes in the vesicular trafficking pathway that cause disruption of germinal zones and impair cell
migration. In cortical progenitor cells, Spred1 localizes within distinct vesicles, indicating a potential role in
transport. Spred1 knockdown gradually leads to disruption of the apical ventricular zone and loss of radial glia
alignment. This impairs late neuronal migration, resulting in the formation of periventricular masses. Thus,
Spred1 is critical for normal cortical development, as it modulates progenitor self-renewal/proliferation and helps
maintain the integrity and organization of germinal zones.
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In the developing CNS, neural stem cells (NSCs) and
neural progenitor cells (NPCs) self-renew and proliferate
to create a founder cell population, which then begins to
generate differentiated progeny: first, neurons during the
embryonic period, and then glia, largely postnatally
(Bayer et al. 1991; Miller and Gauthier 2007). A number
of exogenous growth factors and cytokines have been
identified that modulate the balance of CNS progenitor
proliferation and differentiation, many of them revealed
using development of the cerebral cortex as a model
system. Mitogens such as FGF2, EGF, and VEGF stimu-
late cortical progenitor cell division (Burrows et al. 1997;
Vaccarino et al. 1999; Jin et al. 2002), while factors such as
bone morphogenetic protein (BMP), ciliary neurotrophic
factor (CNTF), and Cardiotrophin-1 can induce prema-

ture cortical gliogenesis (Barnabe-Heider and Miller 2003;
Barnabe-Heider et al. 2005). Many of these factors con-
verge on the Ras–MAPK–ERK signaling pathway, which
integrates inputs to alter the duration and intensity of the
receptor-mediated signals, and thus effects progenitor cell
behavior (Miller and Gauthier 2007).

Multiple developmental disorders are associated with
hyperactive Ras signaling, including neurofibromatosis
1 (NF1) and Noonan syndrome, which affect ;1:3000 and
1:2500 individuals in the United States, respectively
(Noonan 1994; Cichowski and Jacks 2001; Zhu and
Parada 2001). Besides presenting with common tumor
phenotypes and skin/skeletal abnormalities, these disor-
ders are highly associated with macrocephaly, learning
disabilities, mental retardation, and autism (Mbarek et al.
1999; Costa et al. 2002; Marui et al. 2004; Schubbert et al.
2007). Although some of the CNS defects are due to the
important role of Ras signaling in learning and plasticity
(Cui et al. 2008), patients can also exhibit developmental
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malformations that could contribute to neural impairment—
for example, cell heterotopia, cortical lamination de-
fects, and periventricular tumors—indicating a significant
function in CNS progenitor cells (Korf et al. 1999; Balestri
et al. 2003; Vivarelli et al. 2003; Fedi et al. 2004).

Specific gene products that impact the Ras–MAPK–
ERK pathway (notably, NF1 and SHP2) have been identi-
fied as main causes (up to 50% of cases) of hyperactive
Ras diseases, and more are being sought (Schubbert et al.
2007). Moreover, the mechanism by which these Ras
regulatory molecules act to create the observed CNS
defects are being elucidated; each has different effects
due to its unique action on the Ras pathway and effects on
other pathways. For example, loss of SHP2, a positive
regulator of the Ras pathway, stimulates gliogenesis and
reduces neurogenesis via a decrease in Ras–MAPK sig-
naling and an increase in Jak–Stat signaling (Gauthier
et al. 2007). Loss of NF1, a negative regulator of Ras,
stimulates forebrain progenitor self-renewal via its action
on Ras–MAPK–ERK, but also increases progenitor cell
survival by increasing phospho-AKT (p-AKT), and im-
pairs neuronal maturation via an interaction with the
cAMP pathway (Dasgupta and Gutmann 2005; Hegedus
et al. 2007). Such pleiotropic actions can explain why, for
example, loss of NF1 in progenitor populations over the
course of development can yield quite different effects
(Zhu et al. 2001, 2005; Dasgupta and Gutmann 2005;
Hegedus et al. 2007; Lush et al. 2008).

Recently, Sprouty-related protein with an EVH1 (Ena/
VASP [vasodilator-stimulated phosphoprotein] homology
domain 1) domain (SPRED1) was identified as a negative
regulator of the Ras–MAPK–ERK pathway (Wakioka et al.
2001). Spred1 protein is normally expressed in various
adult organs and tissues, including the brain, and it is
highly expressed in the brain during fetal development
(Kato et al. 2003; Engelhardt et al. 2004). Loss of SPRED1
function causes an NF1-like phenotype in humans (Brems
et al. 2007). Knockout mice have deficits in hippocampal-
dependent learning and synaptic plasticity (Brems et al.
2007; Denayer et al. 2008), but the role of Spred proteins
in forebrain progenitor cells has not yet been investigated.

Spred1 inhibits the Ras–MAPK–ERK pathway down-
stream from NF1, at the level of Raf, interacting with its
C-terminal catalytic domain (Sasaki et al. 2003; Bundschu
et al. 2007). When overexpressed in a highly metastatic
mouse osteosarcoma cell line, Spred1 can inhibit RhoA-
mediated cell motility and signal transduction (Miyoshi
et al. 2004), but its role in neuronal migration has not
been examined. In that regard, it has an N-terminal-
enabled/VASP domain, and VASP proteins are important
for neuron migration (Goh et al. 2002) as well as epithelial
junction formation (Lawrence et al. 2002). Hence, we
anticipate that Spred-1 might have important functions
in the developing CNS, where changes in epithelial
structure, cell proliferation, and cell migration must be
coordinated to achieve normal development.

Given its association with developing brain and with
Ras disorders in humans and mice, we investigated the role
of Spred1 in cortical development and its action in cortical
progenitor cells. Our data show that Spred1 is an important

modulator of Ras–MAPK–ERK signaling in the developing
forebrain, influencing the self-renewal and proliferation of
multipotent NSCs and NPCs. Furthermore, we suggest
that its ability to interact with intracellular vesicular
trafficking can produce developmental forebrain abnor-
malities such as periventricular heterotopia (PVH).

Results

Spred1 is specifically expressed in the ventricular
zone (VZ) and subventricular zone (SVZ) during
cortical development

We performed in situ hybridization for Spred1 on cryostat
sections of developing mouse brains, focusing on the
cerebral cortex. At embryonic day 11.5 (E11.5), when
the cortex consists largely of dividing progenitor cells
that reside in the VZ, Spred1 is expressed throughout the
VZ, with the strongest expression near the apical edge
where the principle progenitor cells reside, becoming
more scattered toward the basal aspect of the VZ (Fig.
1A; Supplemental Fig. 1A). Spred1 is also highly ex-
pressed in the midline anterior commissural plate, where
FGF8 is secreted (Fig. 1A). The related Sprouty 1 protein is
similarly expressed in this midline location, but is largely
absent from the developing cortex (data not shown). As
neurogenesis progresses, midline expression of Spred1
disappears, and by midgestation, around E14, it becomes
largely restricted to the cortical VZ and the secondary
germinal layer, the SVZ. At E17, which marks the late

Figure 1. Expression of Spred1 mRNA and protein in the
developing cerebral cortex. (A) In situ hybridization for Spred1
mRNA in coronal sections of mouse cerebral cortex. E11.5
Spred1 mRNA is highly expressed in midline structures, and
is scattered throughout progenitor cells in the cortical VZ. E14
Spred1 expression is restricted mainly to the VZ/SVZ germinal
zones. E17 Spred1 expression is maintained in the VZ/SVZ,
with weak expression in the cortical plate. (LV) Lateral ventricle;
(IZ) intermediate zone; (CP) cortical plate. (B) Western blot for
Spred1 protein in cortical homogenates. Erk2 Western blot for
protein loading control. (C) Immunocytochemistry for Spred1 in
E13.5 cortical culture. The top panels show Spred1 staining (red)
in Nestin+ (green) precursors. The bottom panels show Spred1
staining with the neuronal marker b-Tubulin III (light blue).
Bars: A, 200 mm; C, 50 mm.
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stages of neurogenesis and the beginning of gliogenesis in
the cortex, Spred1 is still expressed in the VZ/SVZ—
again, with strongest expression in the VZ, and weaker
expression detected in differentiated neurons located in
the cortical plate and hippocampus (Fig. 1A; Supplemen-
tal Fig. 1A).

To verify translation, we used freshly isolated cortical
protein homogenates to identify Spred1 protein expres-
sion in the developing cortex. At all stages analyzed
(E11.5, E13.5, and E17), we detected a band of the
appropriate size (;50 kDa) of Spred1 protein (Fig. 1B).
Protein samples from E11.5 and E13.5 neurospheres that
were cultured for 7 d in vitro (DIV) also showed expres-
sion of Spred1 (Fig. 1B; data not shown). We performed
immunocytochemistry on E13.5 cortical progenitors that
were cultured for 3 DIV. Spred1 was expressed in Nestin+

progenitor cells in a punctate staining pattern in the
cytoplasm (Fig. 1C), and weakly labeled some b-tubulin
III+ immature neurons (Fig. 1C, bottom panels). To further
investigate the subcellular localization, we colabeled
E11.5 cells at 3 DIV with Spred1 and Rab5 or Rab11
antibodies. Spred1 colocalized extensively with Rab5,
which is associated with early endosome vesicles (Sup-
plemental Fig. 2A), and to a lesser extent with Rab11,
which is a late endosomal vesicle marker (Supplemental
Fig. 2B). Thus, Spred1 appears to be associated with
different lipid membrane vesicles with various functions,
including endocytosis, vesicle trafficking, and exocytosis.
Based on its distribution, Spred-1 is likely to preferen-
tially impact Ras–MAPK–ERK signaling in progenitor
cell populations during forebrain development.

Spred1 inhibits Ras–MAPK–ERK activity and
self-renewal/proliferation of cortical progenitor cells

We examined Spred-1 function in isolated embryonic
cortical cells using acute knockdown with lentiviral
vector-delivered shRNA constructs. Three different len-
tiviral constructs (Spred1 shRNA1–3; two targeting the
ORF, and one targeting the 39 [untranslated region] UTR)
each significantly decreased Spred1 mRNA levels to
25%–40% of control vector levels, resulting in notable
reduction in Spred1 protein (decreased to 30%–50% of
control levels) as assessed by Western blot (Fig. 2A,B).
Since Spred1 has been shown to modulate the Ras–MAPK–
ERK pathway, we examined phosphorylated ERK (p-ERK)
levels in neurosphere cultures that originated from E11.5
progenitor cells transduced with either empty vector (EV)
control or shRNA constructs. After 1 wk in culture, the
resulting neurospheres were starved overnight and then
harvested. Compared with EV control, cultures transduced
with Spred1 shRNA constructs displayed an approxi-
mately threefold increase in p-ERK levels (Fig. 2A). We
also assayed for levels of p-AKT, an important signaling
pathway for cell survival, but did not detect any robust
changes. Thus, Spred1 shRNA treatment specifically de-
creased Spred1 mRNA and protein levels, resulting in
enhanced Ras–MAPK–ERK signaling activity.

We then asked whether reducing Spred1 would alter
progenitor behavior. Isolated E11.5 cortical cells were

treated with shRNA or EV control constructs, achieving
>95% cell transduction. Single cells were plated in serum-
free medium containing 10 ng/mL mitogen FGF2. After
3 DIV, clones were immunostained for activated caspase
3 to assess survival, for Ki67 to assess proliferation, and
for b-tubulin III for neuronal differentiation. Cultures
transduced with Spred1 shRNA constructs did not show
a difference in cell death (EV control = 27.4% 6 1.9%;
Spred1 shRNA = 26.6% 6 3.1%) (Fig. 2B), but displayed
a significant increase in proliferating Ki67+ cells per clone
(EV control = 60.2% 6 3.8%; Spred1 shRNA = 86.2% 6

1.8%) (Fig. 2C), and a corresponding decrease in the
proportion of differentiated b-tubulin III+ neurons. After
6 DIV, Spred1 shRNA clones were larger and still con-
tained more Nestin+ progenitor cells and fewer neurons
than controls (Fig. 2D–F). The fact that this occurs in
clonal culture demonstrates that Spred1 reduction acts
cell-autonomously to stimulate progenitor cell division.

In order to assess whether Spred1 knockdown affected
proliferation of subtypes of progenitor cells, we stained
the cultures for Pax6 and Tbr2, which label apical and
basal progenitors, respectively. In E11 cortical cultures at
6 DIV, Spred1 shRNA treatment produced a significant
increase in Pax6+ cells (EV control = 41.1% 6 2.9%;
Spred1 shRNA = 54.5% 6 3.7%) (Fig. 2F), and a smaller
but significant decrease in Tbr2+ cells (EV control =
11.1% 6 1.6%; Spred1 shRNA = 5.6% 6 1.2%) (Fig. 2F).
These data suggest that Spred1 knockdown impacts
mainly proliferation of apical radial glia progenitor cells,
rather than the more basal intermediate progenitors.

Given prior data indicating that Spred1 acts as a MEK
inhibitor, we tested this directly in the NPC population.
Cortical progenitor cells transduced with Spred1 shRNA or
with EV control vector were treated with the known MEK
inhibitor PD98059 for 3 DIV. This eliminated the pro-
liferative effect of shRNA treatment described above (using
Ki67 stainingto indicateproliferation; EV control = 42.1% 6

3.5%; Spred1 shRNA = 44.2% 6 3.3%), demonstrating that
Spred1 functions as a specific inhibitor of MAPK–ERK
signaling in cortical NPCs (Supplemental Fig. 3B).

Next, we used the neurosphere assay to ask whether
Spred1 impacts self-renewal. Isolated E14 cortical pro-
genitor cells were transduced with Spred1 shRNA versus
EV control constructs as described, and were cultured in
nonadherent conditions in the presence of FGF2 and EGF,
allowing stem and progenitor cells that are responsive
to these mitogens to divide and form floating multicell
neurospheres. After 1 wk, cultures that received Spred1
shRNA constructs produced 25%–40% more primary
neurospheres compared with EV control. Upon passag-
ing, the Spred1-transduced neurospheres produced ;40%
more secondary spheres, indicating that self-renewal is
stimulated (Fig. 3B,C). These data further support the
results obtained using adherent culture assays, indicating
that Spred1 inhibits cortical progenitor self-renewal and
proliferation, even in the presence of added exogenous
mitogens, through its ability to inhibit the Ras–MAPK–
ERK pathway.

To see if enforced expression of Spred1 would result in
the opposite phenotype, we used a Spred1 overexpression
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construct. E11.5 cortical progenitors were transfected
with EV control, shRNA, or overexpression plasmids
and fixed after 3 DIV. Spred1 overexpression significantly
decreased proliferation, indicated by Ki67+ staining (EV
control = 37.3% 6 3.9%; Spred1 overexpression = 21.9% 6

3.1%), and most transduced cells had differentiated into

post-mitotic neurons (EV control = 60.7% 6 3.2%; Spred1
overepression = 78.0% 6 3.9%) (Fig. 3A). Even in the
presence of the MEK inhibitor, overexpression of Spred1
decreased progenitor proliferation, suggesting that it is
a stronger inhibitor (Supplemental Fig 3B). Consistent
with these findings, primary neurosphere formation was

Figure 2. shRNA Spred1 treatment of E11.5 cortical cells increases p-ERK levels and enhances progenitor self-renewal and
proliferation. (A) Western blot for Spred1, p-ERK, p-AKT, ERK, and total ERK levels after shRNA transduction. (B) Spred1 mRNA
levels after Spred1 shRNA transduction in E11.5 cortical cultures, and quantification of Spred1 protein levels from Western blots (in the
right panel, NIH Image J was used to quantify densities). (C) Quantification of activated Caspase 3 in E11.5 cortical progenitors at 3 DIV
(n = 2, t-test, P > 0.05). (D) E11.5 cortical cells transduced with Spred1 shRNA displayed a significant increase in the percentage of
proliferating Ki67+ cells within clones (n = 3, t-test, [*] P < 0.005) and decrease in the percentage of b-tubulin III+ neurons per clone (n = 3,
t-test, [*] P < 0.005) after 3 DIV. (E) After 6 DIV, E11.5 cortical cells transduced with Spred1 shRNA constructs displayed an increase in
clone size frequency, an increase in the percentage of cells labeled with the progenitor marker Nestin per clone (n = 2, t-test, [*] P <

0.005), and a decrease in the percentage of b-tubulin III+ neurons per clone (n = 2, [*] P < 0.005). (F) Spred1 shRNA-transfected E11.5
cortical cultures after 6 DIV display an increase in Pax6+/GFP+ cells (n = 2, t-test, [*] P < 0.05), and a decrease in Tbr2+/GFP+ cells (n = 2,
t-test, [*] P < 0.005). Bars: D–F, 50 mm. Error bars represent SEM.
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significantly decreased after Spred1 overexpression com-
pared with mock or EV control (normalized to mock =
100% 6 2.2%; EV control = 102% 6 4.3%; Spred1
overexpression = 60.0% 6 3.7%) (Supplemental Fig.
3A). Thus, overexpression of Spred1 in vitro results in de-
creased progenitor self-renewal and proliferation and in-
creased differentiation.

Decreasing Spred1 does not impact the early
neuron/glial fate choice

Previous studies have shown that levels of MAPK–ERK
and Jak–Stat can determine CNS and, specifically, cortical
cell fate decisions. Reduction of MAPK–ERK signaling
promotes progenitor cells to differentiate, while high lev-
els of Jak–Stat stimulate gliogenesis and reduce neuro-
genesis (Barnabe-Heider et al. 2005; Gauthier et al. 2007).
SHP2 influences both signaling pathways, and therefore
modulates both proliferation and neuro/gliogenesis. Given
previous evidence that Spred1 does not interact with the
Jak–Stat pathway (Nonami et al. 2004), we did not expect
Spred1 knockdown to affect the early neuron–glial fate
choice. However, we tested this directly by examining
whether Spred1 knockdown would impair the capacity of
embryonic cortical progenitor cells to make astrocytes.

We cultured E14 cortical progenitor cells in adherent
conditions with 10 ng/mL FGF2 for 2 DIV, and then added
50 ng/mL CNTF, which up-regulates Jak–Stat signaling to

induce progenitor differentiation and astrocyte produc-
tion. After 4 DIV exposure to CNTF, cells were fixed and
immunostained for GFAP (an astrocyte lineage marker)
and b-tubulin III (a neuronal marker). Both EV control and
Spred1 shRNA-transduced cultures produced a similar
proportion of astrocytes (EV control = 38.4% 6 3.7%;
Spred1 shRNA = 40.5% 6 2.4%) and neurons (EV control =
9.6% 6 1.0%; Spred1 shRNA = 8.4% 6 1.0%) (Fig. 3E).
Spred1 shRNA-transduced astrocytes and neurons also
appeared morphologically normal (Fig. 3D). Thus, while
decreasing Spred1 levels clearly increases progenitor self-
renewal and proliferation, as seen by an increase in
Nestin and Ki67 labeling, it does not notably influence
this early cell fate decision. On the other hand, an in-
crease in expression of Spred1 causes embryonic cortical
progenitor cells to prematurely differentiate into post-
mitotic neurons, and we anticipate that the resulting loss
of progenitor maintenance would also impair production
of the later-born glia progeny. It will be interesting to
examine the effect of reducing Spred1 at later stages of
development, when the majority of astrocytes and oligo-
dendrocytes are generated.

Spred1 knockdown in utero enhances cortical
progenitor proliferation

These in vitro studies enabled precise evaluation of the
output of identified progenitor cells after manipulating

Figure 3. Knockdown of Spred1 increases formation of neurospheres but does not alter fate decisions, and overexpression of Spred1
results in progenitor differentiation. (A) Transfection of Spred1 overexpression construct results in decreased progenitor proliferation
(Ki67) and increased differentiation (B-tub) at 3 DIV (Ki67 and B-tub; ANOVA, [*] P < 0.01 significant Bonferroni post-hoc test). (B)
Decreasing Spred1 levels significantly increase the number of both primary and secondary neurospheres compared with EV control
transduction (primary NS, ANOVA P < 0.005; secondary NS, [*] P < 0.01 significant Bonferroni Post-hoc test). (C) Representative images
of primary EV control and Spred1 shRNA neurospheres. (D) E14 cortical cells treated with CNTF for 4 DIV and then stained for GFAP
(red) and b-tubulin III (light blue). (E) Quantification of GFAP- and b-tubulin III-expressing cells after CNTF treatment reveals no
significant difference between EV control and Spred1 shRNA treatment (percentage GFAP, t-test, P > 0.5; percentage B-tub, t-test, P >

0.5). Bars: C,D, 100 mm. Error bars represent SEM.
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Spred1 levels, but do not necessarily reflect the behavior
of progenitors in the normal, complex environment of the
developing brain. Hence, we performed in utero electro-
poration to decrease Spred1 expression in embryonic
cortical progenitor cells at E14, and harvested tissue for
analysis 4 d later at E18. Upon electroporation with EV
control plasmid, cells in the VZ/SVZ are transfected and
produce differentiated neurons that migrate away from
the germinal zone, through the intermediate zone, and
into the cortical plate over the next few days. Quantita-
tive analysis of EV control cortices for GFP+/Nestin+

progenitors (16.5% 6 1.0%) and GFP+/b-tubulin+ neurons
(83.4% 6 0.95%) revealed the distribution of electro-
porated cells. Embryos in which Spred1 shRNA vector
was used had significantly more GFP+/Nestin+ progeni-
tors (25.5% 6 2.0%) and fewer GFP+/b-tubulin+ neurons
(74.5% 6 2.1%) (Fig. 4A–D). To identify changes in apical
or basal progenitor cell behavior, we stained sections for
Pax6 and Tbr2. Spred1 knockdown brains had signifi-
cantly more GFP+/Pax6+ cells in the VZ/SVZ when
compared with EV control (Spred1 shRNA = 52.6% 6

2.8%; EV control = 22.4% 6 1.8%) (Fig. 5A), and fewer
Tbr2+/GFP+ cells in the VZ/SVZ (Spred1 shRNA = 33.2% 6

2.6%; EV control = 55.2% 6 3.0%) (Fig. 5B), further
supporting conclusions from in vitro data that decreasing
Spred1 preferentially increases apical progenitor self-
renewal and proliferation. In addition, transduction with

Spred1 shRNA consistently generated significantly more
total GFP+ cells (an additional 63% 6 10.7%) compared
with EV control, likely reflecting enhanced cell division
(Supplemental Fig. 4). A similar increase in total GFP+

cells was observed when the electroporation was carried
out at E15 and tissue was harvested at E18 (an additional
41.7% 6 4.8% compared with EV control).

We quantified the percentage of dividing cells (GFP+/
Ki67+) in embryos that were electroporated at E15 and
harvested at E18. Cortices electroporated with Spred1
shRNAs had significantly more GFP+/Ki67+ cells com-
pared with EV control vector brains (Spred1 shRNA1 =
24.5% 6 1.2%; Spred1 shRNA2 = 27.8% 6 3.3%; EV
control = 15.7% 6 2.6%), consistent with the in vitro data
(Fig. 5A,B). Immunohistochemistry for b-tubulin III and
GFAP did not reveal any abnormally located neurons or
glia in the Spred1 shRNA electroporated brains at this
stage (Supplemental Fig. 3C; data not shown).

The observed differences in GFP+ cell distribution as
well as the overall increase in total GFP+ cell number
were not observed when we coelectroporated a Spred1
overexpression construct along with the Spred1 shRNA
construct (targeted to the 39UTR) (Fig. 4A,B), demonstrat-
ing that the knockdown phenotype is not an off-target
effect. When the Spred1 overexpression plasmid was
electroporated into embryos by itself, there were few, if
any, GFP+/Nestin+ cells located in the VZ/SVZ (0.67% 6

Figure 4. Manipulating the level of Spred1 in vivo impacts the progenitor/neuron compartments. E14 cortices were electroporated
with EV control, Spred1 shRNA, Spred1 overexpression, or shRNA and overexpression combined and were analyzed 4 d later. (A)
Labeling for DAPI and GFP signal in coronal cortical sections. (B) Magnified images of the VZ/SVZ regions from A. (C,D) Quantification
and representative images of Nestin+/GFP+ cells within the VZ/SVZ (Nestin/GFP ANOVA, [*] P < 0.005, significant Bonferroni post-hoc
test) (C) and B-tub+/GFP+ cells (B-tub/GFP ANOVA, [*] P < 0.005, significant Bonferroni post-hoc test) (D). (IZ) Intermediate zone; (CP)
cortical plate. Bars: A,B, 100 mm. In C and D, error bars represent SEM. (EV control, n = 4; Spred1 shRNA, n = 4; Spred1 shRNA +

overexpression, n = 3; Spred1 overexpression, n = 3).
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0.4%) after 4 d, as the majority of cells had already
migrated out to the cortical plate and were GFP+/
b-tubulin+ (99.3% 6 0.4%) by E18 (Fig. 4A–D), consistent
with the premature neuronal differentiation observed in
vitro. The fact that overexpression and reduced expres-
sion of Spred1 in vivo produce essentially opposite
phenotypes demonstrates the functional importance of
precisely regulating Spred1 levels.

Embryonic Spred1 knockdown leads to PVH

Since acute knockdown of Spred1 levels in vivo via in
utero electroporation led to an increase in embryonic

progenitor proliferation, we investigated whether this
would result in changes in the cortical architecture in
postnatal animals. After electroporation at E15, animals
were sacrificed 13 d later at postnatal day 7 (P7). The
majority of EV control GFP+-transfected cells had mi-
grated out to the cortical plate, contributing cells to the
upper layers of the cortex (layers 2 and 3) with elaborated
apical dendrites and axonal processes. A few cells in the
cortical plate were also GFAP+ astrocytes. In the remain-
der of the germinal zone, a few GFP+ cells were retained
in the SVZ, and most were GFAP+ (Fig. 6A; data not
shown). Cortices electroporated with Spred1 shRNA dis-
played a similar pattern of GFP expression in the upper

Figure 5. Acute knockdown of Spred1 in cortical progenitors in vivo modulates levels of apical progenitors and increases proliferation.
(A,B) E14 cortices were electroporated at E14 and analyzed 4 d later. (A) Sections were stained with Pax6 and quantified for the
percentage of Pax6+/GFP+ cells within the VZ/SVZ region (t-test, [*] P < 0.005). (B) Stained with the basal progenitor marker Tbr2
(magenta) and again quantified for Tbr2+/GFP+ cells in the VZ/SVZ region (t-test, [*] P < 0.005). (EV control, n = 5; Spred1 shRNA, n = 4).
(C) E15 cortices were electroporated with EV control or Spred1 shRNA constructs and were analyzed for Ki67+/GFP+ cells 3 d later. (LV)
Lateral ventricle; (IZ) intermediate zone; (CP) cortical plate. Bars: A–C, 50 mm. Error bars represent SEM. (EV control, n = 6; Spred1
shRNA1, n = 8; Spred1 shRNA2, n = 4).
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cortical layers, and quantification revealed no significant
differences in the number of GFP+ cells in the cortical
plate (Fig. 6A; Supplemental Fig. 6). However, in ;60% of
embryos, there was a mass of GFP+ cells just above or
within the SVZ (Fig. 6A,B). The cellular masses varied in
size from 50 to 400 mm, and consisted mostly of NeuN+

neurons and GFAP+ astrocytes (Fig. 6B; Supplemental Fig.
7C,D). They included a small number (<2%) of Ki67+

proliferating cells, and were vascularized, revealed by
CD31 staining (Fig. 6B; Supplemental Fig. 7B). These
heterotopia were never observed when we electroporated
the EV control plasmid, or a shRNA construct targeting
a related protein, Sprouty2 (Supplemental Fig. 9).

To address the origin of these periventricular masses,
we analyzed the cytoarchitecture of Spred1 shRNA
electroporated cortices harvested at intermediate time
points: P0 and P2 (6 and 8 d post-electroporation). While
the majority of GFP+ cells should have migrated out to
the cortical plate at these time points, as seen in the EV
control brains, Spred1 shRNA animals retained many
GFP+ cells in the germinal zones. The organization of the
VZ/SVZ appeared disrupted after Spred1 shRNA treat-
ment, and staining with b-catenin, ZO-1, and N-cadherin
was significantly reduced in the transduced area, indicat-
ing alterations in junctional integrity and in the neuro-
epithelial organization (Fig. 6C; Supplemental Fig. 8).
Moreover, after Spred1 shRNA treatment, apical radial
glial processes (GFAP+ at this stage) were no longer
clearly oriented and organized, as they were in controls
(Fig. 6C), Thus, Spred1 knockdown, while not impairing
early neuronal migration, eventually leads to disrupted
germinal zone and radial glial guidance structures, which

are likely to be important factors in disrupting late
migration and forming the periventricular masses.

Discussion

In this study, we examined the expression and function of
Spred1, a recently discovered negative regulator of Ras–
MAPK–ERK, during development of the cerebral cortex.
We provide evidence that Spred1 is expressed strongly
and rather specifically in embryonic CNS germinal zones,
and is rapidly down-regulated upon neuronal differentia-
tion. Perturbation in Spred1 levels in either direction has
a significant effect on the progenitor cell self-renewal/
differentiation decision, leading to profound changes in
production of cortical cells. Our data indicate that Spred1
is a key cell-intrinsic modulator of NSC proliferation, and
especially of Pax6+ apical progenitors, which include
radial glial (Englund et al. 2005) that play essential roles
in cell genesis and cytoarchitecture formation.

During forebrain development, NSCs and progenitor
cells that reside in the VZ and SVZ undergo a delicate
balance of symmetric and asymmetric divisions to pro-
duce the appropriate numbers of neurons and glia needed
to build the mature tissue. The progenitor cells receive
information from a variety of sources, and growth factors
and cytokines influence their behavior by modulating the
balance of signaling pathways such as Ras–MAPK–ERK
and gp130–Jak–Stat. These signaling pathways are in-
ternally regulated by adaptor and effector proteins that
promote or dampen activation at different levels of the
cascade. The ability of these proteins to modulate one or
multiple pathways and to intervene at different points in

Figure 6. Acute knockdown of Spred1 in
cortical progenitors in vivo leads to PVH. E15
cortices were electroporated with EV control or
Spred1 shRNA constructs and were analyzed at
P7 (A,B), P0 (C, left and middle panels), or P2
(C, right panel). (A) P7 cortices immunolabeled
for DAPI (left panel, blue), GFP (middle panel,
green), and triple labeling (right panel) for
Ki67 (red), NeuN (light blue), and GFP (green).
Fifty-four percent of Spred1 shRNA cortices
exhibited GFP+ cell masses next to or near the
SVZ (n = 12). None were observed in EV control
cortices (n = 10). (B) Higher magnification of
SVZ region showing GFP+ cells. (C, left panels)
P0 and P2 cortices immunolabeled for GFP
(green) and GFAP (red); note the disrupted,
nonradial orientation of the GFAP+ cells after
Spred1 shRNA treatment. (Middle) b-Catenin
(red); the arrow denotes a region of weak
b-catenin signal. (Right panels) ZO-1 (red); note
the loss of ZO-1 expression by P2 in regions
that have GFP+ cells next to the ventricle in
Spred1 shRNA conditions. (Hippo) Hippocam-
pus; (Ctx) cortex; (LV) lateral ventricle; (IZ)
intermediate zone; (CP) cortical plate. Bars: A,
200 mm B,C, 50 mm.
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a pathway allows them to influence different aspects of
progenitor cell behavior. Thus, by using a variety of
modulators and effectors, output of germinal zones can
be precisely regulated.

Prior studies showed that Spred1 can specifically mod-
ulate Ras–MAPK–ERK (Wakioka et al. 2001; Nonami
et al. 2004) and is expressed in the embryonic and adult
mouse brain (Engelhardt et al. 2004). More recently,
mutations in Spred1 have been associated with an NF-
1-like disorder in humans (Brems et al. 2007). Here, we
demonstrate that Spred1 is highly expressed throughout
development in mouse CNS germinal zones, but that it
negatively regulates self-renewal and proliferation of the
apical Pax6+ radial glial progenitors but not the more
basal Tbr2+ progenitors. It will be interesting to examine
the molecular targets of Spred1 in radial glia versus basal
progenitor cells, as this could reveal significant differ-
ences in cell division control in these two progenitor
classes.

Even though knockdown of Spred1 is heritable by
virtue of lentiviral delivery in vitro, NSCs and progenitor
cells that were transduced do not continue to divide
out of control, but eventually differentiate. Thus, other
mechanisms are able to circumvent this perturbation in
the Ras–MAPK–ERK signaling pathway. This could ex-
plain why most patients deficient in Spred1 activity can
have largely normal nervous system development, while
still exhibiting some structural changes that are associ-
ated with neurological and mental impairments. Pro-
genitor cells treated with Spred1 shRNA differentiated
into apparently morphologically normal neurons and
astrocytes when either growth factor-starved or induced
with CNTF. This is most likely because Spred1 appears to
influence largely the Ras–MAPK–ERK pathway, and does
not interact with the gp130–JAK–STAT pathway (Inoue
et al. 2005). While Spred1 does not appear to contribute
to timing the onset of glial differentiation, it remains
possible that it could play a role in glia progenitor
proliferation, as it is still expressed in progenitor cells at
late stages of embryonic development.

Using in utero electroporation, we characterized the
function of Spred1 in vivo in the developing cortex.
Knockdown of Spred1 at midgestation stimulated pro-
genitor proliferation, and many of the electroporated
embryos displayed PVH of various sizes by early post-
natal stages. The heterotopia consisted entirely of GFP+

cells, which indicates they formed cell-autonomously.
PVH are relatively common developmental anomalies
that are frequently linked to epilepsy and, in some cases,
to mental retardation. They are characterized as largely
neuronal masses next to or lining the ventricle, while in
these patients the gross structure of the overlying
cortex, the cortical lamination, is typically relatively
unaffected. Our findings are similar, as we see that, after
Spred1 knockdown, most neurons migrate normally
into the cortical plate, but PVH are found in early
postnatal stages in more than half of the transduced
animals.

The mechanism of PVH formation was originally seen
as a defect in neuronal migration. However, more re-

cently, it has become apparent that mutations in genes
affecting vesicular trafficking and maintenance of the
neuroependymal lining can be causal. These mutations
lead to disruption of the ventricular surface and radial
glial end feet that in turn contribute to migration defects
(Sarkisian et al. 2006; Ferland et al. 2009). Mutations in
Filamin A, a regulator of the actin cytoskeleton that is
associated with vesicular movement in the transgolgi, is
a common cause of PVH, and mutations in MEKK4,
a Filamin A regulator, also can underlie this disorder
(Liu et al. 1997; Sarkisian et al. 2006). Alterations in
Arfgef2 and Napa, important for vesicular trafficking and
fusion, lead to progressive loss of cell adhesion and
neuroependymal integrity resulting in PVH (Ferland
et al. 2009). Spred1 is a multidomain scaffolding protein,
and it contains an Ena/VASP domain that can modulate
actin stress fiber remodeling through its ability to in-
teract with the Rho–Rock signaling pathway. Moreover,
we show here that Spred1 is associated with specific
endosome vesicles, which raises the intriguing possibility
that it has a role in vesicular trafficking, like the other
previously characterized PVH genes. Future studies on
the detailed mechanism of this process—for example,
whether Spred1 interacts with MEKK4/Filamin A, or
impacts actin cytoskeleton assembly or the vesicular
trafficking network—will be worthwhile.

While these findings have focused on reduction of
endogenous Spred1, we note that overexpression of
Spred1 causes premature neuronal differentiation, and
that some of the neurons generated had abnormal mor-
phology (data not shown). We know that hypoactive Ras–
MAPK–ERK can lead to microcephaly in the case of RSK2
mutations associated with Coffin-Lowry syndrome (Trivier
et al. 1996), or decreased NSC proliferation with Erk2
deletion in mice (Samuels et al. 2008). Thus, we conclude
that precise regulation of the levels of Spred1 will be
important throughout development to ensure normal
CNS development.

In conclusion, this study introduces Spred1 as a func-
tionally significant modulator of the Ras pathway that
affects NSC self-renewal and progenitor proliferation, and
has an important role in VZ/SVZ organization. Under-
standing the function and regulation of Spred1 in this
context can help shed light on its role as a putative tumor
suppressor and possible modulator of the vesicular traf-
ficking network, and lead to a greater understanding of
how Spred1 mutations and Ras–MAPK–ERK modulation
cause CNS abnormalities.

Materials and methods

Cortical cell culture

For adherent cultures, cerebral cortices of timed pregnant Swiss
Webster mouse embryos (Taconic Farms) were dissociated and
cultured as described previously in serum-free DMEM medium
with 10 ng/mL FGF2 (Invitrogen) in PLL-coated Terasaki plates
(Qian et al. 1998). For clonal analysis, 10–20 cells were plated in
Terasaki plate microwells, and clonal development was moni-
tored by daily microscopic inspection. In some cultures, 10 ng/mL
CNTF (R&D Systems) was added at 3 and 5 DIV.
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For neurosphere cultures, single dissociated cortical cells were
cultured in serum-free DMEM medium with 20 ng/mL FGF2 and
EGF (Invitrogen) in ultralow binding six-well plates (CoStar/
Corning) for 7 DIV. To subclone, neurospheres were collected
and gently dissociated using papain (Worthington) for 20 min at
37°C with gentle agitation. Cells were replated at equal density
for each condition, and the number of neurospheres generated
was counted after 7 DIV.

For transfection experiments, cortical progenitors were plated
as adherent cultures in six-well plates in media conditions listed
above. Twelve hours after plating, cells were transfected with
either EV control, Spred1 shRNA, or Spred1 overexpression
plasmids using Stemfect 2.0 (Stemgent). Twelve micrograms of
plasmid and 2 mL of Stemfect were used per well. Fifteen random
fields per condition were imaged and counted in each experiment.

In situ hybridization

In situ hybridization was carried out as described previously
(Abramova et al. 2005). Briefly, an ;600-base-pair (bp) region of
Spred1 cDNA was cloned and sequence-verified into TA TOPO
sequencing vector (Invitrogen). Antisense and sense digoxygen
(DIG)-labeled probes were synthesized using T7 and T3 poly-
merase, and probes were quantified using DIG RNA probe
standards (Roche). Spred1 in situ primers were as follows: For-
ward, 59-ATGACTCAAGTGGTGGATGGCT-39; and Reverse,
59-TTGGGACTTTAGGCTCCCACAT-39.

Immunostaining

Cryostat sections and cell cultures were fixed and immuno-
stained as described previously (Shen et al. 2006). Primary
antibodies used were as follows: b-tubulin III, mouse IgG2b,
1:400 (Sigma); GFAP, rabbit IgG, 1:400 (Dako); Ki67, rabbit IgG,
1:1000 (Lab Visions); Pax6, mouse IgG1, 1:200 (Developmental
Studies Hybridoma Bank); N-cadherin, mouse IgG, 1:200 (BD
Biosciences); Nestin, mouse IgG1, 1:25 (Developmental Studies
Hybridoma Bank); NeuN, mouse IgG1, 1:100 (Chemicon); CD31,
rat IgG, 1:200 (BD Biosciences); Rab5, mouse IgG1, 1:200 (BD
Biosciences); Rab11, mouse IgG2b, 1:200 (BD Biosciences);
Spred1, rabbit IgG, 1:100 (generous gift from Dr. Kai Schuh);
Tbr2, rabbit IgG, 1:250 (Chemicon); ZO-1, rabbit IgG (Invitro-
gen). Immunoreactivity was visualized using Alexa Fluor-conju-
gated secondary antibodies (1:1000; Molecular Probes). Phase
and fluorescent images were acquired using a Zeiss Z-1 apotome
inverted microscope and a Zeiss AxioCam MRm digital camera
with Axiovision 4.6 software. Figures and images were assem-
bled using Adobe Photoshop.

Western blots

Cell culture or tissue protein was isolated with M-Per or T-Per,
respectively, containing HALT protease inhibitors (Thermo
Scientific) and Phospho-Stop phosphatase inhibitors (Roche),
and protein concentration was calculated using the BCA assay.
Equal amounts of protein were loaded onto 10% NuPAGE Novex
Bis-Tris gels (Invitrogen) and were transferred onto nitrocellulose
membranes. Membranes were blocked in 5% BSA for 1 h and
then probed with primary antibody overnight at 4°C. Spred1,
rabbit IgG, 1:500 (Dr. Kai Schuh); p-ERK, rabbit IgG, 1:500 (Cell
Signaling); ERK2 rabbit IgG, 1:5000 (Cell Signaling); total ERK
Rabbit IgG, 1:5000 (Cell Signaling); p-AKT, rabbit IgG, 1:1000
(Cell Signaling); GAPDH rabbit IgG, 1:1000 (Cell Signaling);
Sprouty1, rabbit IgG, 1:500 (Invitrogen); and Sprouty2, rabbit
IgG, 1:1000 (Santa Cruz Biotechnologies) were used. Peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch) were

used at 1:10,000 for 1 h at room temperature. Supersignal West
Pico (Thermo Scientific) was used as the chemical substrate, and
blots were visualized on Bio-Rad XRS GelDock using Quantity
One software.

Lentivial vector production and viral packaging

shRNA and overexpression constructs for Spred1, Sprouty1, and
Sprouty2 were constructed, harvested, and titered as described
previously (Shen et al. 2006; Fasano et al. 2007). Oligonucleotides
containing a 19mer targeting either the ORF or 39UTR, followed
by a loop sequence and then reverse complement, were synthe-
sized and cloned into the H1 lentiviral vector using XbaI/SmaI.
The 19mer sequences are as follows: Spred1 shRNA1, 59-CG
GCAAATATCTAAGGAAT-39; Spred1 shRNA2, 59-AGAATA
AATCCTCGAGATA-39; Spred1 shRNA3, 59-CTGGATAGTT
AGTGTGAAA-39; Sprouty2 shRNA, 59-GCCGGGTTGTCGT
TGTAAA-39. For overexpression constructs, the ORF of each
gene was PCR-amplified, sequence-verified, and cloned into
a modified version of FUGW. An IRES-eGFP was also included
for visualization in cells. For viral transduction, lentiviral
vectors were added to dissociated cortical cultures just before
plating at a multiplicity of infection of 10.

In utero electroporation

Plasmids were transfected by in utero electroporation as de-
scribed previously (Fasano et al. 2007). The lateral ventricle of
E14 or E15 timed pregnant Swiss Webster embryos were micro-
injected (Nanojet, Drummond Scientific) with 1 mL of plasmid
(Endotoxin-free, 2.0 mg/mL; Qiagen) mixed with Fast green
(2 mg/mL; Sigma) as a tracer. The square electroporator (BTX)
was used to deliver five 50-ms pulses of 50 V with 950-ms
intervals. Dissected brains were fixed in 4% paraformadehyde
overnight at 4°C, cyroprotected in 30% sucrose, and then
cryosectioned (Leica) coronally at 40 mm as floating sections.
Sections were then imaged on a Zeiss Z1 apotome inverted
microscope. For analysis, two to four sections from each embryo
were used to calculate the average GFP+ cells in each condition.
Three to eight embryos were used to calculate final averages.

Statistics

All statistical tests, t-tests, and one-way ANOVAs with Bonferroni
post-hoc tests were performed with Statistica version 7.0.
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