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SUMMARY
BACE1 is validated as Alzheimer’s b-secretase and a therapeutic target for Alzheimer’s disease. In examining BACE1-null mice, we discov-

ered that BACE1 deficiency develops abnormal clusters of immature neurons, forming doublecortin-positive neuroblasts, in the devel-

oping dentate gyrus, mainly in the subpial zone (SPZ). Such clusters were rarely observed in wild-type SPZ and not reported in other

mouse models. To understand their origins and fates, we examined how neuroblasts in BACE1-null SPZ mature andmigrate during early

postnatal development.We show that such neuroblasts are destined to form Prox1-positive granule cells in the dentate granule cell layer,

andmainlymature to form excitatory neurons, but not inhibitory neurons.Mechanistically, higher levels of reelin potentially contribute

to abnormal neurogenesis and timelymigration in BACE1-null SPZ. Altogether, we demonstrate that BACE1 is a critical regulator in form-

ing the dentate granule cell layer through timely maturation and migration of SPZ neuroblasts.
INTRODUCTION

b-Site amyloid precursor protein (APP) cleaving enzyme 1

(BACE1) initiates cleavage of APP at the b-secretase site

(Vassar et al., 1999; Yan et al., 1999; Hussain et al., 1999; Si-

nha et al., 1999; Lin et al., 2000). The released APP C-termi-

nal fragment is then further cleaved by g-secretase to excise

b-amyloid peptides (Ab). In brains of patients suffering

from Alzheimer’s disease (AD), excessively accumulated

Ab is considered to be an early toxic event that leads to

AD pathogenesis (Selkoe and Hardy, 2016). Genetic muta-

tions surrounding the BACE1 cleavage site in APP such as

the K670M671 to NL mutation in a Swedish family (which

results in facilitated cleavage of APP by BACE1) can cause

early onset of AD (Mullan et al., 1992), or alternatively

can delay the onset of AD, as in the case of the A673 to

T673 mutation (resulting in suppressed cleavage of APP

by BACE1) (Jonsson et al., 2012). More strikingly, Ab pro-

duction is nearly abolished in mice deficient in BACE1,

and these mice do not develop amyloid deposition, even

if Swedish mutant APP is expressed (Cai et al., 2001; Luo

et al., 2001; Roberds et al., 2001). Therefore, BACE1 is an

important therapeutic target for reversing Ab-mediated

cognitive dysfunction in AD (Yan et al., 2016; Vassar,

2014).

Although initial examinations of BACE1-null mice in the

original studies suggested no overt defects inmouse growth

or fertility, subsequent morphological examinations of

brains and biochemical analyses of natural substrates of

BACE1 began to reveal abnormal astrogenesis, reduced

neurogenesis, hyperactivities, impaired axonal growth

and pathfinding, hypomyelination, altered long-term

potentiation, and long-term depression, as well as defects
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in muscle spindles (see reviews by Barao et al., 2016; Vassar

et al., 2014; Yan and Vassar, 2014; Hu et al., 2015). BACE1 is

a membrane-anchored aspartic protease that is not only

necessary for Ab generation but is also indispensable for

the cleavage of many other cellular substrates such as neu-

regulin-1 (Willem et al., 2006; Fleck et al., 2013; Hu et al.,

2006, 2008; Luo et al., 2011), Jagged1 and Jagged2 (He

et al., 2014; Hu et al., 2013), close homolog of L1 (Hitt

et al., 2012; Kuhn et al., 2012; Zhou et al., 2012), seizure

protein 6 (Pigoni et al., 2016), and voltage-gated sodium

channel protein b subunits (Wong et al., 2005; Kim et al.,

2005; Huth et al., 2011). Abrogated cleavage of these

substrates may significantly contribute to many of the

observed phenotypes in BACE1-null mice.

We recently reported that increased astrogenesis in

BACE1-null dentate gyrus (DG) is evident during early

postnatal development, while neurogenesis is correspond-

ingly decreased (Hu et al., 2013), suggesting a shift in the

fate determination of radial glial stem cells. To determine

whether neurogenesis is altered in other brain regions, we

examined brain sections with doublecortin (DCX), a pro-

tein predominantly expressed by neuronal precursor cells

and immature neurons (Magavi et al., 2000; Francis et al.,

1999). Surprisingly, DCX+ clustered cells were found in

the BACE1-null subpial zone (SPZ) after postnatal day 10

(P10), and such clustered DCX+ cells were rarely seen in

the same region of wild-type (WT) mice at this age. We

further confirmed that these DCX+ cells were present in

the SPZ of more mature mice and appeared to migrate to-

ward the dentate granular cell layer during development.

BACE1 deficiency appears to impair timely migration of

neurons from these DCX-clustered cells. To determine the

molecular mechanism, we noted that reelin protein levels
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were significantly elevated and that increased reelin

activity can cause neuronal migration defects (Kubo et al.,

2010; Pujadas et al., 2010; Jossin et al., 2007), suggest-

ing a potential contribution of reelin to this abnormal

neuronal clustering during brain development of BACE1-

null mice. Thus, we provide morphological evidence that

BACE1 is required for proper neuronal migration during

early development.
RESULTS

BACE1 Deficiency Produces Doublecortin-Positive

Clusters in the Developing Dentate Gyrus

Altered neurogenesis in the BACE1-null mouse DG has

recently been shown (Hu et al., 2013), but it is unclear

whether BACE1 deficiency affects the migration, matura-

tion, and/or differentiation of newborn cells in the DGdur-

ing early developmental stages. Morphogenesis of the DG

in mice is known to start at approximately embryonic day

14.5 (E14.5) and to end on approximately P7 (Li and Plea-

sure, 2007;Hodge et al., 2013; Yu et al., 2014). To investigate

neuronal differentiation in theDGof BACE1-nullmice dur-

ing early postnatal development, we examined the expres-

sion of doublecortin (DCX), which is a widely used marker

for immature neurons and is required for neuronal migra-

tion and differentiation (von Bohlen Und, 2011).

As expected, DCX inWTmice was highly expressed at P3

(Figure 1A), reflecting actively ongoing neurogenesis. At

this time point, lamination of DG was not evident. At P6,

DG cytoarchitecture and fiber lamination became clearer,

while DCX expression levels were correspondingly

decreased. BACE1 deficiency resulted in no obvious differ-

ences in the distribution of DCX+ immature neurons in DG

at these early stages (P3–P6 in Figure 1A). Interestingly,

DCX+ clustered cells were found in the transient SPZ, mar-

ginal zone (MZ), and dentate molecular layer (ML) of P8

BACE1-null DG (arrows in Figure 1A). At this age such clus-

tered cells were also detected in WT DG, but with much

lower frequency. Between P10 and P20, the sizes of DCX+

clustered cells in the SPZ/MZ were larger and more readily

detected in BACE1-null DG, while the numbers of DCX+

clusters were significantly diminished in the same regions

of WT littermate controls (Figure 1A). Reductions in the

size and numbers of DCX+ clustered cells in SPZ/MZ were

observed at P30 in BACE1-null DG. We also conducted

quantification of the area occupied by DCX+ clustered cells

in relation to the entire area of the DG and confirmed an

abnormal increase in DCX+ clustered cells in BACE1-null

SPZ and MZ compared with WT (Figure 1B; 0.303% ±

0.031% in WT versus 0.769% ± 0.056% in BACE1-null P8

DG; 0.031% ± 0.008% in WT versus 0.462% ± 0.031% in

BACE1-null P20 DG; 0% in WT and 0.305% ± 0.033% in
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BACE1-null P30 DG; n = 5 pairs of WT and BACE1-null

mice in each age group; ***p < 0.001, Student’s t test).

Morphologically, DCX+ cell clusters were diversely

shaped in BACE1-null DG after P20; some of the clusters

were found in the ML of DG and connected to the granule

cell layer (GCL) in DG (see arrowheads in Figure 1A). The

reduction of DCX+ clusters in developing BACE1-null DG

and the detection of these cells in the ML suggest potential

migration of DCX+ neuroblasts to the DG. While the

expression of DCX in DG was expectedly decreased during

mouse development, this decrease was correlatively re-

flected in the intensity of DCX+ clusters seen in BACE1-

null DG during development. In conclusion, DCX+ clus-

tered cells were rarely observed in WT DG after P10 and

normally disappeared during subsequent development.

However, BACE1 deficiency caused the retention of clus-

tered cells, which provides a unique opportunity to study

DCX+ cells in SPZ/MZ during neuronal development.

DCX+ Clusters Form Mature Neurons in Developing

BACE1-Null Mice

During embryonic stages, morphogenesis of the DG initi-

ates from neural stem cells (NSCs) located in the dentate

neuroepithelium (Li and Pleasure, 2007; Yu et al., 2014).

Normally, NSCs leave the dentate neuroepithelium and

move along the dentate migratory stream to form a tran-

sient neurogenic SPZ that is adjacent to the meninges (Li

et al., 2009). At P3 to P4, neural progenitor cells populating

the transient SPZ are redistributed and merge into the sub-

granular zone (SGZ) niche. DG is formed at P5–P7, and few,

if any, neural progenitor cells are normally found in the SPZ

after this stage (Li et al., 2009; Hodge et al., 2013).

DCX+ clusters in the SPZ of BACE1-nullmice likely derive

from NSCs, and some cells in these clusters may retain

dividing potential. To confirm this, we pulse-labeled P21

and 1-month-old mice with bromodeoxyuridine (BrdU)

and newborn cells incorporated with BrdU in DG were

labeled with BrdU antibody.While BrdU+ cells were mostly

enriched in the SGZ as expected, we also observed some

BrdU+ cells localized in SPZ/MZ, which was more evident

in BACE1-null mice (Figures 2A and 2B). Consistent with

a prior report (Hu et al., 2013), the number of BrdU+ cells

in WT mouse SGZ was not different from that in BACE1-

null SGZ, but BrdU+ cells were sparsely distributed in

SPZ/MZ ofWTmice at P21 or older. Further double labeling

of BrdU with DCX in 1-month-old BACE1-null mice

confirmed the presence of BrdU+ cells co-localized with

the DCX+ clusters (Figure 2C), indicating that the increased

size of DCX+ clusters is likely related to the proliferation of

neural progenitor cells in SPZ/MZ.

To understand whether these clusters could mature into

neurons, we co-labeled DCX+ clusters with an antibody

specific to NeuN, a widely usedmarker for mature neurons.



Figure 1. Expression of DCX+ Clusters in
the Dentate Gyrus during Mouse Develop-
ment
(A) Doublecortin (DCX) is expressed by
immature neurons in the dentate gyrus (DG)
after birth. No DCX+ clusters were readily
visible in either wild-type (WT) or BACE1-
null mice at early developmental stages
(postnatal day 3 [P3] and P6). At P8,
scatted DCX+ cells were detected in the
transient subpial zone (SPZ)/marginal zone
(MZ) in WT mice as well as small DCX+ clus-
ters in the SPZ/MZ in BACE1-null mice (ar-
row). From P10 to P20, more DCX+ clusters
were formed in the SPZ/MZ and were even
observed in the molecular layer (ML) of
BACE1-null DG, which are very rarely de-
tected in WT P10 mice. The expression
of DCX gradually decreased in DG during
development. DCX+ clusters were found in
close proximity to the granule cell layer
(GCL) (arrowhead) at P30. Nuclei were
labeled with TOPRO. Scale bars, 100 mm.
(B) Areas occupied by clustered cells were
quantified by ImageJ and divided by the
total DG area in the field. The percentage of
clustered cell area was plotted from mice at
the ages of P8, P20, and P30 (n = 5 pairs;
***p < 0.01, Student’s t test).
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Figure 2. Division of DCX+ Clusters in
BACE1-Null Mice
Mice were treated with BrdU (50 mg/kg,
intraperitoneally) twice in 1 day and then
euthanized after 24 hr. BrdU+ cells were
mostly restricted to SGZ in WT DG at P21 (A).
In BACE1-null brains, BrdU-labeled cells
also mostly resided in the SGZ, but were also
visible in the SPZ/MZ and ML (B). Dividing
cells were co-localized with DCX+ clustered
cells in SPZ/MZ of P30 BACE1-null mice (C).
It appeared that most DCX+ cells were
no longer dividing after P30. Dashed line
indicates SPZ/MZ or SGZ areas. Scale bars,
100 mm.
At P10 in BACE1-null brains, NeuN+ cells were sparsely de-

tected within the DCX+ clusters (Figure 3A), but small

NeuN+ clusters began to appear near DCX+ clusters at P20

(Figure 3B, arrows). In 2-month-old BACE1-null samples,

more DCX+ clustered cells appeared to mature into

NeuN+ neurons, while DCX+ immature neurons corre-

spondingly decreased (Figure 3C); no DCX+ immature neu-

rons were visible in the clusters of 6-month-old samples

(Figure 3D). NoNeuN+ clusters were ever detected in 2- (Fig-

ure 3E) or 6-month-old WT DG (Figure 3F). From moni-

toring DCX+ clusters during development, we conclude

that DCX+ clusters areNSCs in origin and appear tomigrate

toward and merge into the GCL (Figures 3B and 3C,

arrowheads).

DCX+ Clusters Form Dentate Granule Cells

In addition to the presence of DCX+ clusters in SPZ/MZ, we

also noted the presence of DCX+ clusters adjacent to the

mossy fiber side of the DG ML in some BACE1-null mouse

brains (Figure S1). Examinations of serial sections of one

mouse DG showed changes in the sizes of DCX+ clusters

(Figures S1A–S1H), reflecting the emergence of a ‘‘pseudo

DG’’ from this cluster, which was also positive for NeuN

in most of the clustered area and appeared to be partially

dissociated from the DG GCL (for an enlarged view see Fig-

ure S1I). This phenotype occurred at relatively low pene-

trance (6 out of 29 examined BACE1-null brains) and

appeared as a pseudo DG in this case (Figures S1A–S1H).

However, in another case it appeared to be breaking from

GCL or to be incomplete fusion to GCL (Figure S1J), sug-

gesting impaired GCL formation or mis-migration.

To determine whether these cells in the so-called pseudo

DG are truly related to DG granule cells, we stained the
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adjacent sections with Prox1, which is a mature granule

cell marker (Lavado and Oliver, 2007). While Prox1 pre-

dominantly labeled DG granule cells in the hippocampus,

we observed clear staining of the pseudo DG (Figure 4A),

which is more evident in the enlarged view in Figure 4B.

Moreover, we showed that clustered cells in the SPZ were

partially positive for Prox1 (clustered cells are circled in

Figure 4C), suggesting an origin related to DG formation.

Hence, clustered cells are neuronal precursor cells destined

to form DG granular cells.

DCX+ Clustered Cells in SPZ/MZ Are Neuronal

Precursor Cells

To further investigate the migration and differentiation of

newborn cells from SPZ in BACE1-null DG, we intraperito-

neally injected BrdU into P11 BACE1-null mice and WT

littermate controls for 5 consecutive days and then eutha-

nized the treatedmice at P21, 2months of age, or 6months

of age. In the example of P21 BACE1-null DG, two visible

DCX+ clusters in the SPZ/MZ were identified and the clus-

ters were partially labeled by BrdU (Figure 5B), suggesting

a proliferative capacity within the cluster. One of these

two clusters formed a stream and migrated toward the

GCL, while the other remained in the SPZ/MZ (Movie

S1). Several smaller DCX+ clusters were also found in

the ML (Figure 5B), and no DCX+ clusters were visible in

the same regions of WT controls. DCX+ cells in both

2-month-old WT and BACE1-null DG were significantly

fewer and mostly restricted to the SGZ, reflecting the

continuing differentiation into mature neurons during

development (Figures 5C and 5D). Only in BACE1-null

DG were BrdU+ clusters detected in the MZ and ML (Fig-

ure 5D). In 6-month-old BACE1-null mice, some BrdU+



Figure 3. DCX+ Clustered Cells Become
Mature Neurons in the Adult Mouse
(A–D) At P10 only a few cells in DCX+ clusters
were positive for NeuN, and this number was
significantly increased during development
(B–D). At P30, small NeuN+ clusters were
found near DCX+ clusters in BACE1-null DG
(arrows in B), but all DCX+ cells appeared to
be converted to NeuN+ clusters at 6 months
of age (D). Some clusters were in close
proximity to the GCL during development
(C and D). Arrows show clusters containing
NeuN+ mature neurons while arrowheads
refer to clusters containing mainly DCX+

neurons. Similar to the immature neurons
from SGZ, DCX+ clusters originating from SPZ
differentiated into mature neurons. It is
possible that DCX+ clustered cells are pro-
grammed to form DG granule cells.
(E and F) DCX+ or NeuN+ clusters in adult 2-
or 6-month-old WT DG were not detected.
Scale bars, 50 mm.
clusters in MZ andML were still visible (Figure 5F) but were

no longer positive for DCX. This is consistent with our

aforementioned observations that clusters became mature

neuronal clusters (NeuN+).

We also askedwhetherDCX+ clusters contained stemcells

that would differentiate into astrocytes. To address this, we

co-labeled clustered cells with glial fibrillary acidic protein

(GFAP), aproteinexpressedbybothDGradial glial stemcells

and mature astrocytes. We showed that a portion of DCX+

clustered cells, mostly on the rim, was co-labeled with
GFAP antibody in P20 BACE1-null SPZ (Figure 5G). For

BrdU-pulsed 1-month-old samples, GFAP co-labeled with

BrdU in the SPZ (Figure 5H), suggesting a potential differen-

tiation intoastrocytes fromtheclusters. InolderBACE1-null

samples more mature astrocytes were found in the SPZ,

mostly on the rimof the cluster (Figure 5I). In the SGZ, radial

stem cells are recognized as multi-potent NPCs (Doetsch,

2003; Malatesta et al., 2008), and these clustered cells in

the SPZpotentially contain cells that are capable of differen-

tiating into mature astrocytes and neurons.
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Figure 4. Neuronal Clusters Are Destined
to Form Dentate Granule Cells
(A and B) Brain sections from P11 BACE1-
null mice were labeled with Prox1 antibody.
Prox1+ cells were localized mainly in the DG
granule cell layer, but not CA pyramidal
neurons (A). The inset in (A) is shown in
(B), and clustered cells near the granule
layer were labeled by Prox1, indicating a
similar origin.
(C–F) The clustered cells in SPZ at P20 (C and
D) and 2 months (E and F) were also shown
to be labeled by Prox1. It is clear that Prox1
is expressed only by DG granule cells, but
not CA pyramidal cells, at different ages.
Scale bars, 100 mm.
DCX+ Clusters Differentiate into Glutamatergic

Neurons

To understand the types of neurons into which DCX+

clusters differentiate, we conducted double labeling

of DCX with various neuronal markers. We found that ve-

sicular glutamate transporter (VGlut1), which is mainly

expressed by excitatory glutamatergic neurons (Kaneko

and Fujiyama, 2002), partially co-labeled with DCX

in clusters as early as P20 (Figure 6A) and more intensely

in brain sections from older animals (Figures 6B and 6C).
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However, interneurons labeled by parvalbumin were

not found in clusters (Figure 6D; enlarged inset in 6E).

L-Glutamic acid decarboxylase (GAD) isoforms GAD65

and GAD67, predominantly expressed by inhibitory

GABAergic neurons (Dupuy and Houser, 1996), were

also scarcely found in the clusters (data not shown).

Hence, the immature DCX+ clustered neurons will mainly

differentiate into glutamatergic neurons, the major type

of neuron in the DG (Crawford and Connor, 1973; Ama-

ral et al., 2007).



Figure 5. Differentiation of DCX+ Cells Located in SPZ
(A–F) Mice were treated with BrdU at P11 once per day
(15 mg/kg, intraperitoneally) for 5 consecutive days. The
treated mice were then euthanized at P21 (A and B),
at 2 months of age (C and D), or at 6 months of age
(E and F). At P21, two BrdU+ clusters originating from
SPZ/MZ were clearly positive for DCX in BACE1-null DG
(B). One of these formed a stream and appeared to
migrate toward the GCL, while the other remained in the
SPZ/MZ. BrdU/DCX double-labeled clusters in MZ and
ML were still detected in 2-month-old BACE1-null mice
(D), but no double-positive clusters were observed in
6-month-old BACE1-null DG (F).
(G) A portion of DCX+ clustered cells, mostly on the rim,
was co-labeled with GFAP antibody in P20 BACE1-
null SPZ.
(H) DCX-clustered cells may contain cells that differen-
tiate and proliferate into GFAP+ astrocytes in SPZ/MZ of
1-month-old BACE1-null DG.
(I) GFAP+ cells were mostly seen on the rim of DCX+

clusters in P20 BACE1-null DG, and these were signifi-
cantly reduced in 6-month-old BACE1-null DG.
Scale bars, 100 mm (A–F) and 50 mm (G–I).
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Figure 6. DCX+ Clusters Differentiate
into Glutamatergic Neurons
Brain sections were co-labeled with anti-
bodies to DCX and either VGlut1 (A–C) or
parvalbumin (D and E). Clustered cells are
circled in E. Comparable with the SGZ, DCX+

clusters originating from the SPZ/MZ also
appeared to form VGlut1-positive gluta-
matergic neurons and not inhibitory neu-
rons. Ages of mice are specified and nuclei
were labeled with TOPRO. Scale bars,
100 mm.
In addition to normal differentiation, we also examined

whether apoptosis would occur in the clusters. By staining

brain sections with antibody to activated caspase-3 or per-

forming TUNEL (terminal deoxynucleotidyl transferase

dUTP nick-end labeling) assays, we found no significantly

increased apoptotic signals in association with changes in

the clustered cells in BACE1-null SPZ/MZ (data not shown).

Reelin Upregulation Potentially ‘‘Arrests’’ the

Migration of NPCs and Causes the Formation of

Neuronal Clusters in DG in BACE1-Null Mice

To explore the molecular mechanisms underlying the for-

mation of clustered NPCs in the SPZ, we examined the

expression of reelin, which is a secreted glycoprotein syn-

thesized by early-generated Cajal-Retzius cells in the MZ

that plays a critical role in neuronal migration and lamina-

tion during the development of the CNS, especially during

the morphogenesis of DG (Stanfield and Cowan, 1979; Pu-
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jadas et al., 2010; Forster et al., 2010; Li et al., 2009). In rela-

tion to this study, one of the remarkable phenotypes in

reelin-null mice is dispersed granule cells in the DG (Stan-

field and Cowan, 1979), while increased reelin also causes

neuronal migration defects (Kubo et al., 2010; Pujadas

et al., 2010; Jossin et al., 2007). Ectopic expression of reelin

induces neuronal aggregation in developing cortex (Kubo

et al., 2010), while transgenic mice overexpressing reelin

have phenotypes such as small neuronal clusters in the

hippocampus, wide distribution of BrdU-labeled prolifer-

ating cells in the ML of the DG, and abnormal positioning

of adult-generated neurons (Pujadas et al., 2010), similar to

the phenotypes identified in our mice.

Based on these observations, we tested reelin expression

in mouse DG during development. Our immunostaining

results showed that reelin+ cells were mostly restricted to

the SPZ/MZ in both WT and BACE1-null mice at P3, and

a small number of reelin+ cells were scattered in the ML



(legend on next page)
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region that is adjacent to theMZ (Figures 7A and 7B). This is

consistent with previous observations that reelin is ex-

pressed by Cajal-Retzius cells located in the MZ (Pesold

et al., 1998). The number of reelin+ cells was sharply

decreased in DG at P7, and BACE1 deficiency did not alter

these expression patterns (Figures 7C and 7D). At P20, only

small numbers of reelin+ cells located in the SPZ/MZ were

labeled (Figures 7E and 7F), and noticeably, DCX+ clusters

in SPZ/MZ were in close proximity with reelin+ cells in

BACE1-null DG. An enlarged view further shows no reelin+

cells in the clusters (data not shown). The numbers of

reelin+ cells were also counted from each captured image,

and average numbers of reelin+ cells in three age groups

were used for comparison (Figure 7G). Based on our quan-

tification, we found no significant differences in the

numbers of reelin+ cells between BACE1-null and WT con-

trols (n = 5 pairs, p > 0.05, Student’s t test).

However, by using a reelin-specific antibody (G10), we

showed that the active form of reelin was significantly

increased in the BACE1-null hippocampus (Figure 7H).

Further quantification confirmed significant upregulation

of reelin in BACE1-null DG (Figure 7I). Since BACE1 is ex-

pected to cleave membrane-anchored molecules (Yan

et al., 2001) and reelin is a secreted molecule (D’Arcangelo

et al., 1995), it is unlikely that reelin is a natural substrate of

BACE1. More likely, an indirect mechanism regulates the

levels of reelin in BACE1-null brain.
DISCUSSION

BACE1 is a critical enzyme for Ab generation, and the use of

specific BACE1 inhibitors is expected to reduce amyloid

deposition in humans (Yan, 2016; Vassar, 2014). However,

BACE1 is also important for various neurological functions

(Yan and Vassar, 2014). Here, we show that BACE1 defi-

ciency impairs neurogenesis and neuronal maturation in

the DG. Specifically, we observed abnormal neural clusters

in the BACE1-null SPZ, MZ, and ML, and these DCX+ clus-

ters were not readily detected in correspondingWTcontrol

regions (see summary in Table S1). This observation al-

lowed us to address the important questions of how

DCX+ clusters evolve, migrate, and mature into neurons.
Figure 7. Enhanced Expression of Reelin Resulting from BACE1 D
(A–F) Confocal staining of brain sections showed restricted expression
Scale bars, 50 mm.
(G) Numbers of reelin+ cells were counted from each captured image
section were used for comparison (n = 5 pairs of mice, Student’s t te
(H) Western blotting of hippocampal lysates showed that expression
(I) Bar graphs show the relative levels of reelin over b-actin. Quantifica
of P6, 8 pairs of P20, and 6 pairs of P30 mice; *p < 0.05, **p < 0.01
progenitor cells and may lead to the formation of neuronal clusters i
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The DCX-expressing cells in the developing and adult

brain are often multi-potential precursors, and a majority

are neuron-forming cells (Francis et al., 1999; Brown

et al., 2003). The appearance of DCX+ clusters in SPZ/MZ

of BACE1-null mice begins at P7–P8, a time point at which

theDGhas just fully formed. These clusteredDCX+ cells are

capable of formingmature neurons duringmouse develop-

ment, as demonstrated in BrdU labeling experiments and

co-labeling with NeuN antibody in adult brains. Shifting

from immature neurons to mature neurons between 1

and 2 months of age is evident (Figures 3C and S1I), and

no immature neurons are observed in 6-month-old

BACE1-null DG (Figure 3D). Clustered DCX+ cells in SPZ/

MZ appear to be mainly neuronal progenitor cells. How-

ever, we cannot not exclude the possibility that a small

fraction might be multi-potent with the ability to differen-

tiate into astrocytes, which are found adjacent to the clus-

ter (Figure 5H). We did not investigate whether they would

differentiate into oligodendrocytes in this study, as myeli-

nation is normally completed by 1month of age. Neverthe-

less, most of these DCX+ clustered cells are theoretically

neural progenitor cells residing in the SPZ/MZ, which

can differentiate into newborn neurons in adult BACE1-

null DG.

Collectively, our results indicate that the origin of NSCs/

neuroprogenitor cells residing in SPZ and SGZ in the devel-

oping DG are likely the same, both of which migrate from

embryonic dentate epithelium. While only few NPC clus-

ters are normally found in P10 or younger WT SPZ/MZ,

BACE1 deficiency significantly delays their maturation

andmigration, as these neuronal clusters weremore readily

observed in P20–P30 DG and were even detected in adult

BACE1-null mice. Like NPCs in the SGZ, these DCX+ cells

in SPZ/MZ and/or ML will mainly differentiate into mature

granule cells in the GCL, as evidenced by Prox1 staining

(Figure 4).

Where these clustered NPCs in the SPZ/MZ originate

is an important neural developmental question. Although

multi-potent NPCs in the subventricular zone (SVZ)

migrate into adjacent gray matter and differentiate into

different types of glia (oligodendrocytes and astrocytes)

and neurons (Goldman, 1995), no clustered NPCs were

found in SVZ and they are therefore unique to the DG. A
eficiency
of reelin by Cajal-Retzius cells located in the MZ at P3, P7, and P20.

in three age groups, and average numbers of reelin+ cells per DG
st).
of reelin in hippocampi gradually decreased after birth.
tion was performed from three independent experiments (n = 6 pairs
). Reelin upregulation potentially arrests the migration of neuro-
n DG of BACE1-null mice.



prior study identified a transient subpial neurogenic zone

by tracking nestin-GFP during development of the DG,

and showed that neurogenic precursors migrate initially

through a subpialmigratory stream to fimbriodentate junc-

tions in embryonic stages and then move across the hilus

and reside in the subpial region in neonatal stages (Li

et al., 2009). BACE1 deficiency clearly arrests NPCs in the

SPZ, as they fail to migrate to SGZ in a timely manner.

While most DCX+ clusters were found in the SPZ/MZ or

ML on the suprapyramidal side, we also noted the presence

of DCX+ clusters in the ML of the infrapyramidal side (Fig-

ure S1). NPCs in SPZ migrate to the SGZ, where they are

capable of self-renewal and are long lived. In this example

a pseudo DG was noted, which likely arises from the mis-

migration of NPCs to SGZ in a timely manner and from

failure to form an intact granule cell pool. Hence, BACE1

deficiency impairs normal neuronal migration and timely

maturation. This finding also raises the question as to

whether BACE1 inhibition causes defects in adult neuronal

migration, which will be answered by future studies.

We further explored how BACE1 deficiency causes

abnormal neurogenesis. Our previous studies suggested

that BACE1 cleaves Jag1 and regulates Jag/Notch signaling

during neurogenesis (He et al., 2014; Hu et al., 2013). How-

ever, this pathway appears to be restricted in the SGZ region

and is not directly involved in controlling neuronal migra-

tion, as Jag1 was not detected in the cluster (data not

shown). During embryonic development of brain lami-

nated structures, the protein reelin is known to be synthe-

sized by Cajal-Retzius cells located in the MZ and regulates

formation of the SPZ. Reelin is normally secreted into the

extracellular matrix of the cortex and hippocampus and

then binds to its receptor on cortical and hippocampal neu-

rons that do not synthesize reelin. This trans-signaling be-

tween cells contributes to the regulation of migration and

the positioning of targeted neurons. Reelin is a large pro-

tein with a molecular weight of approximately 385 kDa,

and is composed of eight consecutive repeat domains

(R1–R8); R3–R6 are necessary for its activity (D’Arcangelo

et al., 1995). Previous studies have shown that reelin is

cleaved by metalloproteinases at two sites after repeat do-

mains 2 and 6 to produce an R3–R6 fragment (Jossin

et al., 2007; Lambert de et al., 1999). Although reelin is un-

likely to be a substrate of BACE1 due to the lack of a trans-

membrane domain, we observed a clear increase in total

full-length reelin (Figure 7H). The active form of reelin

(full-length and N-R6) was also correspondingly increased,

and this increase likely allows broader diffusion to affect

neighboring cells. While it is not clear at this time how

BACE1 deficiency increases reelin protein levels, one possi-

bility is via the enhanced transcription of reelin by CREB,

as CREB binding sites are found in the reelin promoter

(Chen et al., 2002). In a previous study, BACE1 was found
to interact with adenylate cyclase via its transmembrane

domain, resulting in reduction of cellular cyclic AMP levels,

thus leading to protein kinase A inactivation and reduced

CREB phosphorylation (Chen et al., 2012). BACE1 defi-

ciency will increase CREB activation and subsequent reelin

expression. Alternatively, BACE1 deficiency may regulate

the translation of reelin. All of these possibilities will be

investigated in future studies. In mice overexpressing

reelin, BrdU+ cells are distributed more widely along the

GCL and in the ML (Figure 4A in Pujadas et al., 2010),

and this phenotype is similar to our results shown in Fig-

ures 5D and 5F. Hence, elevated reelin levels potentially

contribute to the abnormal distribution of NPCs in the

hippocampus.

How impaired neuronal migration affects brain function

remains to be established. We have previously observed

epileptic seizures in BACE1-null mice, and abnormal neu-

rogenesis has been linked to epileptic seizures (Jessberger

and Parent, 2015; Cho et al., 2015). It is likely that

abnormal neuronal migration and neurogenesis may also

contribute to seizure activity in BACE1-null mice. In

conclusion, we have demonstrated abnormal neuronal

clusters present in BACE1-null SPZ/MZ, and these clustered

cells likely form granule cells in the DG. Thus BACE1-null

mice will be useful tools for future studies of neuronal

migration andmaturation from SPZ to SVZ, as such pheno-

types are not seen during normal neuronal development.

It will be important to determine how such abnormal

changes lead to changes in brain functions and whether

sustained inhibition of BACE1 will significantly affect

neuronal migration.
EXPERIMENTAL PROCEDURES

Animals
BACE1-null mice were generated as described in the original pub-

lication (Cai et al., 2001) and maintained in a C57BL/6 back-

ground. All animal use and procedureswere first described and sub-

mitted for approval by the Institutional Animal Care and Use

Committee at the Lerner Research Institute and in compliance

with the guidelines established by the Public Health Service Guide

for the Care and Use of Laboratory Animals.

BrdU Administration
To test neurogenesis in our experiments, we injected BACE1-null

mice and littermate controls with BrdU (50 mg/kg, intraperitone-

ally) twice on the same day (at 6-hr intervals) and euthanized

them after 24 hr. For neuronal differentiation experiments, mice

were treated with BrdU (15 mg/kg/day, intraperitoneally) once

per day for 5 consecutive days and euthanized after 3 weeks. For

the investigation of neuronalmigration in the DG during develop-

ment, the BrdU administration protocolwas identical to that of the

neuronal differentiation experiments, beginning at P11.Micewere

then euthanized at P21, at 2 months of age, or at 6 months of age.
Stem Cell Reports j Vol. 9 j 217–230 j July 11, 2017 227



Western Blotting and Antibodies
Proteins were extracted from WT and BACE1-null mice in RIPA

buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% sodium deoxy-

cholate, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na3VO4,

and a protease inhibitor cocktail [Roche]). Equal amounts of pro-

tein (30 mg) were resolved on a NuPAGE Bis-Tris Gel (Invitrogen)

and transferred onto nitrocellulose membranes (Invitrogen) for

western blot analysis. Horseradish peroxidase-conjugated second-

ary antibodies were used and visualized using enhanced chemilu-

minescence (Thermo Scientific). Reelin (1:1,000) antibody was

purchased from Millipore; BACE1 (1:1,000) was purchased from

Proteintech; and b-actin (1:10,000) was purchased from Sigma.

Morphological Analyses
For confocal microscopy, the indicated genotypes of mice were

euthanized at various ages (see Results for details) during develop-

ment. The right halves of the brains were fixed in 4% paraformal-

dehyde for 24 hr, followed by 20% sucrose. The left halves of the

brains were used for protein analyses. Sagittal brain sections were

cut on a cryostat (Microm). The thicknesses of serial sections

were 14 mmor 50 mm (used for Figures 2C, S1G–S1I, and 5A–5F) ac-

cording to different aims in this study. The 14-mm brain sections

were bonded on glass slides for regular immunostaining, whereas

the 50-mm sections were used as free-floating sections. Doublecor-

tin (DCX; 1:500; #4604; RRID: AB_561007) was purchased from

Cell Signaling; NeuN (1:500; MAB377; RRID: AB_2298772),

parvalbumin (1:1,000; #MAB1572; RRID:AB_2174013), and Reelin

antibody (1:300; #MAB5364; RRID: AB_2179313) were purchased

from EMD Millipore; Prox1 (1:100; #ab101851; RRID:

AB_10712211) and BrdU (1:250; ab6326; RRID: AB_305426)

antibodies were from Abcam; GFAP (1:1,000; SMI22R; RRID:

AB_509980) antibody was from Covance; and VGlut1 (1:5; #73-

066, RRID: AB_10673111) antibody was from NeuroMab. The sec-

tions were incubated with primary antibody at 4�C overnight. Af-

ter washingwith PBS three times, sections were incubatedwith the

secondary antibody goat anti-mouse or anti-rabbit immunoglob-

ulin G conjugated with Alexa Fluor 488 or 568 (Molecular Probes).

All images were captured with a Leica SP5 confocal microscope.

Statistical Analyses
Statistical analyses were performed using GraphPad Prism 4.0

(GraphPad Software). All data were analyzed for statistical signifi-

cance using an F test for equal variance followed by a two-tailed

Student’s t test or a two-way ANOVA. Significant p values are de-

noted by the use of asterisks in the figures (*p < 0.05, **p < 0.01).

All data values are expressed as mean ± SEM.
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