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SUMMARY

In the adult brain, new dentate granule cells integrate
into neural circuits and participate in hippocampal
functioning. However, when and how they
initiate this integration remain poorly understood.
Using retroviral and live-imaging methods, we find
that new neurons undergo neurite remodeling for
competitive horizontal-to-radial repositioning in the
dentate gyrus prior to circuit integration. Gene
expression profiling, lipidomics analysis, and molec-
ular interrogation of new neurons during this period
reveal a rapid activation of sphingolipid signaling
mediated by sphingosine-1-phosphate receptor
1. Genetic manipulation of this G protein-coupled
receptor reveals its requirement for successful repo-
sitioning of new neurons. This receptor is also acti-
vated by hippocampus-engaged behaviors, which
enhances repositioning efficiency. These findings
reveal that activity-dependent sphingolipid signaling
regulates cellular repositioning of new dentate
granule cells. The competitive horizontal-to-radial re-
positioning of new neurons may provide a gating
strategy in the adult brain to limit the integration of
new neurons into pre-existing circuits.

INTRODUCTION

The subgranular zone of the adult hippocampus continuously
gives rise to new dentate granule cells (DGCs) (Altman and
Das, 1965; Christian et al., 2014; Eriksson et al., 1998; Kemper-
mann et al., 1997). A proportion of these survive an initial devel-
opmental phase, termed the “critical survival period,” and func-
tionally integrate into the pre-existing hippocampal circuit
(Esposito et al., 2005; Ge et al., 2006; Gongalves et al., 2016;
Gu et al., 2012; Overstreet Wadiche et al., 2005; Sahay et al.,
2011; Song et al., 2013; Tashiro et al., 2006; van Praag et al.,
2002). The survival of these cells during their first 2 weeks is
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enhanced by hippocampus-engaged environmental exploration
(EE) (Kempermann et al., 1997; Kirschen et al., 2017).

Recent studies from our laboratory and others using either
retroviral or transgenic labeling showed that newly generated
DGCs are positioned similar to existing DGCs and form stable
functional synapses as early as 14 days after birth (Espdsito
et al., 2005; Ge et al., 2006; Overstreet Wadiche et al., 2005).
Morphological analyses revealed that most of these newly
generated DGCs were initially positioned horizontally, parallel
to the DGC layer (Sun et al., 2015). Thus, since mature DGCs
are oriented radially, the newly generated DGCs must transition
from a horizontal to a radial orientation during early phases of
integration. However, the mechanism for this repositioning and
the influence this has on the survival and initial integration of
DGCs into the circuit remain poorly understood.

In this study, we used live imaging to birthdate (i.e., determine
date of birth) and monitor the development of newly generated ret-
rovirally labeled DGCs. A competitive horizontal-to-radial reposi-
tioning of newly generated DGCs occurs involving dynamic neu-
rite remodeling prior to functional synapse formation.
Hippocampus-engaged activities affect the efficiency of reposi-
tioning, and these processes involve metabolically regulated
sphingolipid signaling critical for integration.

RESULTS

Circuit Integration Initiation of Newly Generated DGCs
Starts with Horizontal-to-Radial Repositioning

To investigate the development of newly generated DGCs prior to
functional circuit formation in the adult brain, we infected newborn
DGCs in mice with a retrovirus to express green fluorescent pro-
tein (GFP). These cells became post-mitotic around 4 days post-
infection (dpi), at which time the mitotic marker minichromosomal
maintenance (MCM) is turned off (Wang et al., 2019). Consistent
with previous work (Sun et al., 2015), most GFP* cells were posi-
tioned horizontally (parallel to the DGC layer) at 5 dpi, whereas
none were horizontal at 14 dpi (Figure 1A). Accordingly, the angles
of the cellular axis of orientation (relative to the DGC layer) of most
GFP* cells at 5 dpi were between 15° and 20°, whereas all GFP*
cells were at angles between 30° and 90° at 14 dpi, similar to
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Figure 1. Newly Generated DGCs Undergo Horizontal-to-Radial Repositioning via Neurite Remodeling

(A) (Top) Schematic showing the procedure and timeline for retroviral labeling of newly generated DGCs in adult mice. (Bottom) Representative images of new
DGCs at 5 and 14 dpi. Scale bar, 20 um.

(B) (Top) Schematic showing the strategy for angle measurement. (Bottom) Summary plot of angle distributions of newly generated DGCs at 5, 7, 14, and 56 dpi. 5
dpi, 37 cells from 4 mice; 7 dpi, 59 cells from 5 mice; 14 dpi, 31 cells from 3 mice; 56 dpi, 26 cells from 3 mice. Komolgorov-Smirnov test, *p < 0.05, left. One-way
ANOVA followed by post hoc LSD tests, *p < 0.05, right.

(C) (Left) DCX and Prox1 immunostaining of horizontal new DGCs at 5 dpi. (Right) Sample recording traces of Na* currents from horizontal GFP* cells at 5 dpi.
Scale bar, 10 pm.

(D) Summary plots of the numbers (left) and lengths (right) of neurites from new DGCs at 5 and 7 dpi. Both groups were not statistically significant. Student’s t test
(n = 3-4 mice).

(E) Plot of total neurite length of DGCs at 14 and 56 dpi. Student’s t test, *p < 0.05 (n = 3-4 mice).

(F) lllustration showing the experimental slice culture procedure.

(legend continued on next page)
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mature DGCs (Figure 1B). At 7 dpi, the angles for only a small pro-
portion of the GFP™ cells were similar to those of 5 dpi cells, sug-
gesting that horizontal-to-radial cellular repositioning occurred
between 5 and 7 dpi. Given that the transition from 5 to 7 days ap-
peared to be centered on a shift from less than 20° to greater than
or equal to 20°, we defined 20° as the threshold delineating the
horizontal versus radial dichotomy.

The horizontally positioned GFP* cells at 5 dpi expressed both
prospero homeobox protein 1 (Prox1; DGC marker) and double-
cortin (DCX) (Figure 1C, left), suggesting immature DGC identity.
This was further validated by the presence of Na* currents (as
neuronal fate is sealed, a depolarizing component of the action
potential representing the Na* current appears; He et al., 2015)
recorded from 5/7 horizontally positioned GFP* cells at 5 dpi,
as well as other electrophysiological parameters (Figure 1C,
right; Table S1). None of the horizontally positioned DGCs at 5
dpi responded to stimulation of local dentate gyrus (DG) neural
circuits (Ge et al., 2006), indicating a lack of functional synapses.
By contrast, 4/11 radially positioned GFP* cells showed synaptic
GABAergic responses with an amplitude of ~3 pA at 7 dpi (Table
S2), consistent with our previous observation (Ge et al., 2006).
Morphological measurements of the neurites of horizontally
positioned DGCs revealed similar numbers of branches and total
process lengths at 5 and 7 dpi, with expansion from 14 dpi to 56
dpi (Figures 1D and 1E), suggesting minimal structural remodel-
ing during this initial phase that occurs substantially soon after
repositioning (Ge et al., 2006).

At 4 dpi, newly generated DGCs were live imaged every 30 min
in culture for 2 days with a high-throughput live imaging system
comprising a spinning disk confocal microscope and incubator
(Figure 1F). We imaged using a large field of view (200 x
200 um) to guard against the possibility that cells might have
migrated away during the imaging period. Most GFP* DGCs
were horizontally positioned relative to the DGC layer in the
neurogenic zone. As shown in Figure 1G and Video S1, these
GFP* DGCs dynamically extended and retracted processes in
the neurogenic zone, with a bias toward the DGC layer. During
the 2-day imaging period, ~56% (30/54) of these cells formed
neurites from the leading expansion that rapidly extended into
the DGC layer before establishing a radial orientation. This lead-
ing process may develop into the apical dendrite (Rao et al.,
2018) and thus was termed the primary neurite. The remaining
24 cells ceased to grow, and most disappeared from the field
of view during the imaging period (Figure 1H), suggesting the
death of these cells. Further analyses revealed that very few of
the repositioned cells were successful on the first attempt, with
most requiring two or three tries involving reformation of the
leading process in different locations before successfully transi-
tioning to a radial orientation (Figure 1lI). Once repositioned,
these new DGCs with apical neurites radially migrate into the
DGC layer (Video S2) for synaptic integration (Ge et al., 2006).
We tracked 14 cells after repositioning for another 5 days, among

which only two ceased to grow and disappeared, suggesting
successful repositioning may be essential for new DGCs to
survive.

Thus, horizontally positioned new DGCs extend newly formed
neurites into the DGC layer to reposition from a horizontal to a
radial orientation between 5 and 7 dpi, before circuit integration.
That these cells extend multiple primary neurites suggests the
cells might compete for the best location for repositioning, and
those that do not reposition are eliminated.

S1PR1 Is Activated in Newly Generated DGCs Prior to
Repositioning

To begin to explore the cellular mechanisms underlying the hor-
izontal-to-radial repositioning of newly generated DGCs, we per-
formed RNA sequencing (RNA-seq) analysis of cultured adult
hippocampal neural stem cells (NSCs) at 1 day after neuronal dif-
ferentiation. Neuronal stem cell cultures were derived from
NSCs, and cultures were treated with retinoic acid and forskolin
to achieve neuronal differentiation, as described in the STAR
Methods. Given that active cell growth and neurite remodeling
likely have high metabolic demands (Figures 1F-1H), we focused
on changes in metabolic-signaling-related genes. We identified
pronounced changes in sphingolipid-signaling-related gene
expression. Among these, there was a prominent increase in
the expression of the sphingosine-1-phosphate receptor 1
(S1PR1) (Figure 2A), shown to be involved in cellular growth in
many cell lines, as well as of sphingosine kinase 1 (SPHK1),
the enzyme that phosphorylates sphingosine into the active
ligand sphingosine-1-phosphate (S1P) (Hannun and Obeid,
2008). Based on this suggestive screen, we chose to investigate
the possible role of S1TPR1 on the horizontal-to-radial reposition-
ing of new DGCs, given that this cell-membrane-bound receptor
may be more directly implicated in the cells’ sensing of their local
microenvironment, which may help orient them for proper posi-
tioning in order to establish circuit integration.

Since metabolic demands of in vitro cultures differ from those
in vivo, we looked at the gene expression profiles of 14-day-old
GFP-labeled immature neurons in wild-type (WT), pilocarpine-
induced seizures, and chemo-genetically silenced (DREADD)
conditions (unpublished data). It has been shown that seizures
accelerate the functional integration of newborn neurons and
also lead to the production of ectopic granule cells (Overstreet-
Wadiche et al., 2006; Scharfman et al., 2007). Therefore, if sphin-
golipid molecules are involved in the proper maturation and
repositioning of newborn neurons under physiological condi-
tions, dysregulation of the same pathways should occur in path-
ological conditions such as seizures. We find that S1PR1 is
downregulated with seizures and seems to be restored (upregu-
lated) with silencing of the immature neurons after pilocarpine-
induced seizures. These lines of evidence from both in vitro
and in vivo studies led us to investigate a possible role of
S1PR1 in the neurite remodeling of newly generated DGCs.

(G) Sequential views of two typical newborn DGCs repositioning during the first day of imaging (5 dpi). The full video is presented in Video S1.
(H) Summary plot showing the proportion of analyzed cells that have either succeeded or failed in repositioning.
(I) Summary plot for the attempts of cells to transit and succeeded in repositioning. From attempt to attempt, the interval is ~2 h. The parentheses indicate the

proportion of cells that made the transition during that attempt to do so.
Error bars represent standard error of mean.
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Figure 2. Newly Generated DGCs Highly Ex-
press S1PR1

(A) (Top) Procedure for RNA-seq analysis of new
neurons 1 day after differentiating from adult hip-
pocampal neural stem cells. (Bottom) Expression

- profiling of sphingolipid signaling-related genes.
Mann-Whitney U test, SPHK1 p =0.064, S1PR1 p=
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SPNS2 p = 1.000, SGMS1 p = 0.064, S1PR2 p =
0.165, CERS2 p = 0.064, CERS5 p = 0.355, CERK
p = 0.355, SPHK2 p = 0.064, SPTLC1 p = 1.000,
FAR1 p = 0.064, ASAH2 p = 0.643, DEGS1 p =
0.060, RAC p = 0.165, CERS4 p = 0.064, FHL2 p =
1.000, UGCG p = 0.06, ACER2 p = 0.643.

(B) (Left) Region of dentate gyrus dissected.
(Right) S1PR isoform mRNA detection (S1PR5

RAC -1.283325043
CFEHFIlii -1.444357787 was not detected). Scale bar, 100 um.
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We first confirmed that STPR1 mRNA is expressed in the DG
(Figure 2B). We then immunostained hippocampal sections for
the protein and observed a particularly strong signal in the in-
ner DG cell layer, where the neurogenic niche is located.
S1PR1 immunoreactivity was present on virtually all DCX* neu-
rons, including the horizontally positioned ones (Figure 2C).
The S1PR1 expression on new DGCs was further confirmed
using retrovirus-labeled cells at 7 dpi (Figure 2D). S1PR1
expression peaked at 5 dpi, decreased by 7 dpi, and was mini-
mally expressed by 56 dpi (Figure S1). Consistent with a po-
tential role of S1PR1 in facilitating the horizontal-to-radial tran-
sition, we observed lower levels of S1PR1 in radial cells,
compared to horizontal cells at the same developmental age
of 7 dpi (Figure S2).

As S1PR1 is activated by an endogenous biologically active
metabolite ligand S1P (Hannun and Obeid, 2008), we performed
a lipidomics analysis to measure sphingolipid metabolites in
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staining in the DG. Scale bar, 10 um. (Right).
Quantification of the proportion of DCX* cells
immunopositive for P-S1PR1 (n = 3-4).

Error bars represent standard error of mean.

acutely dissected hippocampal subfields, as well as in neocortex
for comparison (Figure 2E). A complete set of lipid metabolites in
the S1P synthesis pathway was detected in these tissues (Fig-
ure 2F). We noted a significant difference in lipid profiles between
the DG and the neocortex (used as a control region) (Figure 2F).
We then confirmed pathway activation in the DG by immuno-
staining for the activated form of the receptor, which is phos-
phorylated on residue Thr236 (Lee et al., 2001). We found that
approximately 36% of DCX* cells (31/85) were activated under
basal conditions (Figure 2G); ~55% (17/31) of these were hori-
zontally positioned DGCs.

Altogether, our results from gene expression profiling, lipido-
mic, and immunostaining analyses of hippocampal sections
reveal that sphingolipid signaling, especially via S1PR1, is
promptly activated in newly generated DGCs prior to circuit inte-
gration, suggesting a potential role of this pathway in regulating
initial development of newly generated DGCs.
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Figure 3. S1PR1 Knockdown Reduces Neurite Growth and Horizontal-to-Radial Repositioning

(A) Description of shRNA expression vector and experimental timeline of shRNA viral injection and doxycycline induction.

(B) (Left) Representative images of S1PR1 expression in shS1PR1* and shLuc* DGCs at 5 dpi. (Right) Summary plot of the STPR1 fluorescent signal intensity. *p <
0.05 (two-tailed unpaired t test).

(C) Representative images of shS1PR1* and shLuc* newborn DGCs and their morphological maturation at 5 and 7 dpi.

(D) Cumulative distribution plots of positioning angles of shS1PR1* and shLuc* DGCs at 5 and 7 dpi. *p < 0.05 (n = 5 for shLuc group and n = 7 for shS1PR1;
Kolmogorov-Smirnov tests).

(E) Summary of the proportions of cells with an angle <20° at 5, 6, and 7 dpi. “p < 0.05 (n = 5 for shLuc group and n = 7 for shS1PR1; two-way ANOVA followed by
post hoc LSD tests).

(legend continued on next page)
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S1PR1 Regulates the Horizontal-to-Radial

Repositioning of Newly Generated DGCs

To determine whether S1PR1 signaling is required for the hori-
zontal-to-radial repositioning of newly generated DGCs, we in-
fected the cells of the DG with retroviral vectors encoding
short-hairpin RNA against S1PR1 (shS1PR1) to knockdown
expression or against luciferase (shLuc) as a control (Figure 3A).
We designed four shS1PR1 vectors, of which two were found to
be highly efficient at knockdown, although viral titers were low,
with approximately 10-15 cells labeled per injected mouse. To
avoid any confounding effects on the proliferation and differenti-
ation of neural progenitors, we included doxycycline (DOX)-
inducible elements in the retroviral vectors as illustrated in
Figure 3A or as recently reported (Rao et al., 2018). After viral
infusion into the DG, we induced short hairpin RNA (shRNA)
expression starting at 3 dpi using 5 mM DOX added to the drink-
ing water (Kumamoto et al., 2012; Rao et al., 2018). Knockdown
of S1PR1 was detectable at 5 dpi in cells infected with shS1PR1,
compared to expression in cells infected with shLuc, verified by
immunostaining for S1PR1 (Figure 3B). Whereas shLuc* DGCs
underwent a horizontal-to-radial transition from 5 to 7 dpi similar
to that observed in Figure 1B, the angle distribution of shS1PR1*
DGCs did not change (Figures 3C and 3D). Note that at 5 dpi,
both groups showed similar percentages of horizontally posi-
tioned new DGCs, but this percentage declined only in the
shLuc™ cells (Figure 3E). Accordingly, the newly generated
DGCs with S1PR1 knockdown had fewer neurites at 6 and 7
dpi than did control cells (Figure 3E). In line with these findings,
knockdown cells exhibited fewer spontaneous excitatory post-
synaptic currents (sEPSCs) at 21 dpi, although the amplitude
of these currents was unaffected, suggesting decreased synap-
tic input onto knockdown cells versus control cells without
changes in cell-intrinsic properties (Figure 3F).

To further exclude the possibility that the effects of S1PR1
knockdown resulted from delayed neuronal development, we
performed whole-cell recordings at 5 and 7 dpi. The membrane
potentials and resistances were similar between the shS1PR1*
and shLuc* DGCs at 7 dpi (Table S3). Although we did not statis-
tically analyze the number of new DGCs in this set of experi-
ments, we did not observe obvious differences in the numbers
of labeled cells at 5 dpi, suggesting that S1PR1 knockdown
might not affect their survival.

To examine whether S1PR1 activity is sufficient to promote re-
positioning, we expressed mouse S1PR1 in newly generated
DGCs using a DOX-inducible retroviral vector (Kumamoto et al.,
2012; Figure 3G). We administered these injected mice with
DOX from 4 dpi to induce the expression of STPR1 or GFP only
(control) in infected newborn DGCs. Overexpression was induced

at 4 dpi and substantially decreased the proportion of horizontally
positioned DGCs at 6 and 7 dpi (Figures 3H and 3l). Additionally,
DGCs overexpressing S1TPR1 had more neurites (Figure 3l), impli-
cating neurite remodeling in repositioning. Furthermore, cells
overexpressing S1PR1 exhibited more sEPSCs without a change
in sEPSC amplitude, suggesting increased synaptic input without
changes in cell-intrinsic properties.

Together with the findings from knockdown experiments,
these results reveal that S1PR1 is necessary and sufficient for re-
positioning and neurite growth of newly generated DGCs. S1PR1
expression in newly generated DGCs is likely essential for suc-
cessful cellular repositioning prior to circuit integration.

Hippocampus-Engaged Enriched EE Promotes the
Horizontal-to-Radial Repositioning of Newly Generated
DGCs through S1PR1 Activation

Only a portion of newborn DGCs succeed in repositioning prior
to circuit integration during the early stage of development. We
therefore asked whether hippocampus-engaged behaviors,
shown to regulate the survival of newborn DGCs during this crit-
ical phase (Kempermann et al., 1997), influence the repositioning
efficiency to control the number of new neurons surviving prior to
circuit integration.

Hippocampus-engaged EE robustly promotes the survival of
newly generated DGCs during the first 2 weeks after birth (Kem-
permann et al., 1997; Kirschen et al., 2017). The repositioning of
DGCs at 5 to 6 dpi was examined in mice housed in their home
cage (HC) or one containing 4 to 6 novel objects (EE) to assess
the impact of hippocampal engagement on the efficiency of repo-
sitioning (Figure 4A). There were substantially more GFP* DGCs
with primary neurites extending into the DGC layer in animals
housed in EE cages than in HCs (Figure 4B). The proportion of
GFP* DGCs with primary neurites with angles ranging from 20°
to 90° was 2-fold higher in animals housed in EE cages than in
the HC group (Figures 4C and 4D). The percentage of radial
GFP* DGCs increased from 5 dpi to 8 dpi, with radial
repositioning of new DGCs in the EE group almost complete by
7 dpi versus 10 dpi in the HC group (Figure S3). These results
demonstrate that the repositioning of newly generated DGCs is
facilitated by hippocampus-engaged EE, which may be mediated
by increased neurite growth.

These latter experiments document the roles of EE and
S1PR1 on the repositioning of newly generated DGCs. Thus, we
hypothesized that EE may induce S1PR1 activity to regulate
DGC development. Indeed, we found that 1 h of hippocampus-
engaged exploration enhanced the phosphorylation of the
S1PR1 G-protein-coupled receptor in newly generated (DCX*)
DGCs, including horizontally positioned cells, although total levels

(F) Glutamatergic synaptic transmission recorded from shLuc and shS1PR1 adult-born DGCs at 21 dpi (n = 6 neurons from 3 mice for each, unpaired t tests, *p <

0.05).

(G) Schematic for examining the effect of S1PR1 expression on the repositioning of newly generated DGCs.
(H) Representative images of new DGCs with GFP only or STPR1 expression. Scale bar, 15 um.
(l) Plot of the numbers of position angles and neurite branches of control and shRNA-expressing cells at 5, 6, and 7 dpi. The statistics are the same as described

for (E) (n = 3 for GFP and n = 6 for S1PR1-GFP).

(J) Glutamatergic synaptic transmission recorded from GFP and GFP-S1PR1 newly generated DGCs at 14 dpi (n = 7 neurons from 3-4 mice, *p < 0.05).

Expts, experiments.
Error bars represent standard error of mean.
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Figure 4. Environmental Enrichment Accelerates the Horizontal-to-Radial Repositioning of Newly Generated DGCs via S1PR1 Activation
(A) Schematic showing the experimental design, including the timeline for viral labeling and experiments (top) and two environments, HC and EE (bottom). HC,
home cage; EE, enriched environment.

(B) Sample images of GFP* newly generated DGCs at 5 and 6 dpi from both HC and EE conditions. Scale bar, 10 um.

(C) Plot of the distribution of primary neurite angles of newly generated DGCs under either HC or EE conditions. *p < 0.05 (n = 5 mice for HC and n = 6 for EE;
Kolmogorov-Smirnov test).

(D) Summary plot of the proportion of newly generated DGCs with radial primary neurites of 20°-90° at 6 dpi under HC and EE conditions. *p < 0.05 (n = 3—4 mice;
two-tailed unpaired t test).

(legend continued on next page)
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of S1PR1 did not change (Figure 4E). This activation was short-
lived, decaying after several hours (data not shown). To determine
whether the elevated phosphorylation of S1PR1 causes increased
neurite development, we induced S1PR1 activation in vitro to
confirm the effects on neurite remodeling in cultured hippocampal
neurons. The cells were cultured for 2 days with various doses of
S1P ranging from 0 to 100 nM (on the basis of the amounts
measured in tissues in the lipidomics analysis, which were calcu-
lated for the weight and volume of DG tissue). S1PR1 activation,
as assessed by levels of immunoreactivity for the phosphorylated
receptor, increased with increasing doses of S1P (Figures S4A and
S4B). Application of as little as 1 nM S1P substantially promoted
the phosphorylation and neurite arborization, evidenced as in-
creases in the numbers of branch points and total neurite length.
All were enhanced further at higher doses of S1P (Figures S4B
and S4C). The increase in branching with S1P-induced receptor
activation was abrogated in cells expressing shS1PR1 (Fig-
ure S4D), confirming that the activation of S1TPR1 regulates DGC
neurite remodeling and consistent with the effects of EE in vivo.
Notably, peak activation in vitro occurred with 10 nM S1P and
was similar to the effect with 100 nM. Previous findings from endo-
thelial cells indicated that a high dose of S1P decreases S1PR1 ac-
tivity, possibly due to receptor internalization (Chavez et al., 2015).

To determine whether the repositioning of newly generated
DGCs that was enhanced under EE conditions required S1PR1
activation, we induced the expression of retroviral vectors encod-
ing shS1PR1 or shLuc at 3 dpi and then housed the animals in
either HC or EE cages at 5 dpi; the orientation of GFP* DGCs
was then assessed at 6 dpi (Figure 4F). The increase in the propor-
tion of DGCs angled between 20° and 90° was not observed in the
cells with S1PR1 knockdown (shS1PR1%) (Figure 4G). Similarly,
the increase in neurite number was abrogated by S1PR1 knock-
down (Figure 4G). Furthermore, the angle distributions of these
cells under both conditions were similar up to 10 dpi (i.e., EE no
longer facilitated the radial repositioning of these cells) (Figure 4H).
There was no obvious difference in the numbers of horizontally or
radially positioned new DGCs (Figure 4H). We should point out
that although we found no obvious increase of the repositioning
rate in shS1PR1+ cells, the trend of increased radial angling for
these cells in the context of EE remains, suggesting the possible
involvement of other regulatory mechanisms. The presence of
the trend may also be from incomplete knockdown. These results
indicate that S1PR1 activation by hippocampus-engaged explo-
ration regulates neurite remodeling and thus DGC repositioning
from horizontal to radial.

Altogether, this line of evidence suggests that as they remodel
their neurites, newly generated DGCs undergo an essential
developmental stage of repositioning that is experience regu-

lated and partially reliant on sphingolipid signaling. Such experi-
ence, in the form of hippocampus-engaged activities, may serve
as a gating mechanism to control the success rate of new DGCs
competing to initiate circuit integration.

DISCUSSION

Local circuit activity is important for neurite growth, integration,
and neurogenesis (Gongalves et al., 2016). New DGCs begin to
form synapses at 1 week of age (Ge et al., 2006). Repositioning
and neurite remodeling observed at 5 and 7 dpi are likely prereqg-
uisites for functional integration and survival, as most horizontal
cells failing to reposition appear to die. Indeed, approximately
half of the analyzed cells successfully repositioned, similar to
the survival rate from bromodeoxyuridine (BrdU) labeling ana-
lyses (Ge et al., 2006). Hippocampus-engaged EE enhanced re-
positioning of newborn DGCs, and the increase in neurite
branches in animals exposed to EE, is consistent with recent
studies showing that hippocampal-engaging experience in-
creases neurite growth in these cells during synapse integration
(Gongalves et al., 2016).

Genes associated with metabolism are activated during the
proliferation and differentiation of NSCs (Goncalves et al.,
2016). Therefore, the generation and integration of new
DGCs—which include dynamic neurite genesis, neuronal migra-
tion, and circuit formation—likely entail high metabolic demands.
Recent metabolomics analyses revealed there is an accumula-
tion of sphingolipids in early brain development (Olsen and Faer-
geman, 2017). Here, we observed an upregulation of sphingoli-
pid-related gene expression, particularly S1PR1, in newly
generated DGCs, which was necessary and sufficient for neurite
arborization and horizontal-to-radial repositioning of these cells.
Although based on our lipidomics data, we observed significant
lipid profile differences between the neurogenic region of the DG
and the non-neurogenic region of the neocortex, one limitation of
this finding is that it represents a single snapshot in time. Lastly,
the S1PR1 pathway largely accounted for activity-induced
cellular repositioning of new DGCs. However, S1PR1 expression
decreases during DGC development (Figure S1), and whether
S1PR1 regulates mature DGC activity remains to be determined.
We investigated whether forced overexpression of S1PR1 at the
earliest developmental stage (e.g., 3 dpi) could facilitate the hor-
izontal-to-radial transition but found that early S1PR1 overex-
pression influences cell fate determination (data not shown).
Related to the timing of expression of S1PR1, we found that
expression of S1PR1 is largely turned down after 7 dpi (Fig-
ure S1); however, at this time point, cells with lower S1PR1
expression are more likely to be radially oriented, and thus

(E) (Left) Representative images showing phosph-S1PR1 in DCX* new DGCs under HC and EE conditions. (Right) Summary of STPR1 and P-S1PR1 levels in
DCX™ cells. *p < 0.05 (n = 4 mice for HC and n = 3 for EE; two-tailed unpaired t tests).

(F) Experimental outline (top) and representative images of GFP* shS1PR1- and shLuc-expressing DGCs at 6 dpi (bottom) under HC conditions. Scale bar, 20 pm.
(G) Summary of the portion of DGCs with angles between 20° and 90° at 6 dpi from mice under HC and EE conditions. *p < 0.05 (shLuc), p = 0.330 (shS1PR1) (two-
tailed unpaired t test) (top). Summary of the numbers of neurites from DGCs at 6 dpi from mice under HC and EE conditions. *p < 0.01 (shLuc), p > 0.05 (shS1PR1)

(n = 5 mice; two-tailed unpaired t test) (bottom). Related to Figures S3 and S4.

(H) Summary of percentages of radially positioned GFP* DGCs at 5, 6, 7, 8, and 10 dpi under HC and EE conditions (n = 3-5 mice per group and developmental stage).
(I) Summary of the numbers of GFP* DGCs (shS1PR1) at 5, 6, 7, 8, and 10 dpi under HC and EE conditions (n = 3-5 mice per group and developmental stage).

Error bars represent standard error of mean.
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S1PR1 levels may also serve as a functional cellular biomarker
predicting which cells are likely to successfully integrate in sub-
sequent days to weeks (Figure S2).

The low levels of S1P we observed in the DG (Figure 2) were
surprising. Perhaps S1P that is generated is rapidly bound to
the receptor, internalized, and metabolized by S1P lyase, or it
is recycled to sphingosine via cytoplasmic S1P phosphatase
(Le Stunff et al., 2004). As activated S1PR1 is normally rapidly
internalized or trafficked, it is plausible that an increased expres-
sion of its level leads to increased S1P degradation and a conse-
quent facilitation of the horizontal-to-radial repositioning.

One limitation of our knockdown approach is that we cannot
entirely exclude the possibility that the effects of STPR1 knock-
down on repositioning (Figure 3) could have been partially ac-
counted for by off-target effects on infected neighboring neu-
rons. This possibility is unlikely, however, given the low-titer
shS1PR1 used for knockdown experiments; thus, neighboring
cells were rarely targeted together. We also observed signifi-
cantly lower levels of S1PR1 in radial versus horizontal WT
DGCs of the same age (Figure S2), supporting our hypothesis.
Finally, this study leaves unresolved the potential influence of
other S1P receptors expressed in the adult DG (S1PR2-
S1PR4) on DGC development.

The discovery of S1P signaling as an essential component of
DGC development leads to new questions regarding how this
signaling pathway governs the process of circuit integration
and what other roles it may play in the developing and adult
brain. This signaling pathway is not exclusive to the hippocam-
pus in the adult brain. For example, we recently reported that
S1P, as well as its metabolites, are present throughout the adult
brain, including the cerebellum, where loss of intrinsic S1P ho-
meostasis induces Purkinje cell degeneration and ataxia (Wang
et al., 2015). Future studies will clarify the range of actions by
which the S1P signaling pathway affects neuronal development
and physiology.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit polyclonal anti-GFP Sigma-Aldrich Cat# SAB4301138; RRID: AB_2750576
Millipore mouse monoclonal anti-Prox1 Millipore Cat# MAB5654; RRID: AB_2170714
goat polyclonal anti-DCX Santa Cruz Biotechnology, Dallas, TX Sc-8066

rabbit polyclonal anti- S1PR1 Abcam, Cambridge, UK Cat# ab77076; RRID: AB_1523525
Rabbit polyclonal anti-S1PR1 phospho Abcam, Cambridge, UK Ab111571

T236

Bacterial and Virus Strains

pUX-pTet-Ubi-shLuc This manuscript Available on request
pUX-pTet-Ubi-shS1PR1-GFP This manuscript Available on request
pUX-pTet-Ubi-DF-S1PR1-GFP This manuscript Available on request
Lenti-GFAP-Cre This manuscript Available on request

Chemicals, Peptides, and Recombinant Proteins

Forskolin Sigma-Aldrich 66575-29-9

Retinoic acid Sigma-Aldrich 302-79-4

Experimental Models: Cell Lines

Hippocampal neural stem cells derived Charles River Laboratories, Wilmington, MA C57BL/6 Mouse
from Wildtype C57BL/6 mice

Experimental Models: Organisms/Strains

6-8-week-old male and female wildtype Charles River Laboratories, Wilmington, MA C57BL/6 Mouse
C57BL/6 mice

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr.
Shaoyu Ge (shaoyu.ge@stonybrook.edu).

Viruses generated for this study (see Key Resources Table) have been archived in Dr. Ge’s laboratory and are available upon
request with no restrictions.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments

All surgeries and experimental procedures were approved by the Stony Brook University Animal Use Committee and were in accor-
dance with the guidelines of the National Institutes of Health. Experiments were conducted using 6-8-week-old C57BL/6 mice of
both sexes (Charles River Laboratories, Wilmington, MA). For all surgeries, mice were anesthetized with a ketamine/xylazine cocktail
(200 mg/kg body weight, intraperitoneal [i.p.]) and administered buprenorphine HCI (0.05 mg/kg, i.p.) for immediate postsurgical
analgesia. Mice were placed on a 37°C heating pad immediately after surgery for 2 h to recover. For EE, 4 to 6 novel objects
were placed in the animals’ cages, if not specified in the text, for 2 days beginning 4 days after retroviral infection, as previously
described (Kirschen et al., 2017). For phospho-S1PR1 staining experiments, the animals were housed in home cages and the EE
group was then exposed to an EE containing 6 novel objects for 1 hour while the control group was exposed to a fresh home
cage for 1 hour. Both groups were sacrificed at 90 minutes.

METHOD DETAILS
Viruses and infection

Retroviral and lentiviral production was performed as previously described (Gu et al., 2012; Wang et al., 2019). High titer viruses
were infused (0.5 plL/injection site) into the dentate gyrus at two sites (stereotaxic coordinates: —2.0 mm from bregma, +
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1.6 mm lateral, 2.5 mm dorsoventral; —3.0 mm from bregma, + 2.6 mm lateral, 3.2 mm dorsoventral) as described previously
(Ge et al., 2006; van Praag et al., 2002). For S1PR1 overexpression, lenti-GFAP-Cre was co-infused with pUX-DF-S1PR1 in or-
der to deliver Cre recombinase and double floxed STPR1 into active NPCs, similar to what we previously described (Wang et al.,
2019). Expression of shRNAs in the knockdown experiments was induced at 3 dpi and overexpression of S1PR1 was induced at
4 dpi by adding 5 mM doxycycline (2 mg/mL in a 0.4 M sucrose solution) to the animals’ drinking water (Kumamoto et al., 2012;
Rao et al., 2018).

Slice physiology and imaging

Electrophysiological recordings were obtained at 32°C — 34°C. Labeled newborn DGCs were identified by their fluorescence, location
within the subgranular zone or granule cell layer. We monitored the resting membrane potential using the Axopatch 200B instrument
right after the establishment of whole cell recording mode. Microelectrodes (4-6 M) were filled in general if not specified in the text
with the following (in mM): 120.0 potassium gluconate, 15 KCI, 4 MgCI2, 0.1 EGTA, 10.0 HEPES, 4 MgATP, 0.3 Na3GTP, 7 phospho-
creatine (pH 7.4, 300 mOsm). Additional drugs were used with the following final concentrations in the bath: bicuculline (5 uM), TTX
(1 uM), CNQX (50 uM) and AP5 (50 uM). Data were collected via a DigiData 1322A (Axon Instruments) at 10 kHz. The series and input
resistances were monitored and only those with changes less than 20% during experiments were analyzed. The series resistance
ranged between 10-30 ohm and was uncompensated. For stimulation, a bipolar electrode (World Precision Instruments) was
used to stimulate (100 ps duration) the perforant pathway input to the dentate gyrus for evoked glutamatergic transmission, and
granule cell layer for GABAergic synaptic transmission. The stimulus intensity (~30 pA) were maintained for all experiments. To
examine the evoked synaptic transmission, a train of 20 stimuli were delivered at 0.1 Hz. To confirm a lack of evoked synaptic trans-
mission, the stimulation intensity was then increased to 200 pA.

For live imaging, mice received injections of a GFP retrovirus as described above in the section Viruses and infection and were then
perfused with chilled (4 °C) slice culture medium (50% Eagle’s Base 1 essential medium, 25% Eagle’s balanced salt solution, 25%
horse serum, 25 mM HEPES-Na, 0.5 mM I-glutamate, 25 mM glucose, 100 x penicillin/streptomycin) at 4 dpi, as previously
described (Kleine Borgmann et al., 2013). The brains were extracted and sectioned into 100-mm coronal sections and placed in a
CV1000 (Olympus) incubator at 37°C with 5% CO, for imaging with a spinning disc confocal microscope at 30-min intervals with
a high-throughput live imaging system. A 20X objective was used and imaged a 200X200 um field of view.

Tissue processing, imaging, and quantification
Mice were deeply anesthetized with urethane (200 mg/kg) and perfused transcardially with phosphate-buffered saline followed by
4% formaldehyde. The brains were removed, fixed overnight in 4% formaldehyde, transferred to a 30% (wt/vol) sucrose solution,
and stored at 4°C. The brains were sectioned into 80-mm coronal sections to avoid disrupting cell clusters, covering the entire ante-
rior/posterior axis of the DG. Immunohistochemistry was performed by blocking sections in 1% donkey serum in phosphate-buffered
saline with 0.025% Triton for 1 h at room temperature and then incubating them overnight with shaking at 4°C with the following pri-
mary antibodies: GFP (rabbit polyclonal antibody, 1:1,000; Sigma-Aldrich, St. Louis, MO), Prox1 (mouse monoclonal, 1:500; Milli-
pore, Burlington, MA), DCX (goat polyclonal antibody, 1:1,000; Santa Cruz Biotechnology, Dallas, TX), S1PR1 (rabbit polyclonal anti-
body, 1:500; Abcam, Cambridge, UK), phospho-S1PR1 (rabbit polyclonal antibody, 1:500, Abcam, Cambridge, UK- requires antigen
retrieval protocol as previously described (Rao et al., 2018)). The sections were then incubated for 3 h with shaking at room temper-
ature with the following secondary antibodies: Alexa 488-conjugated donkey anti-rabbit antibody (1:1,000; The Jackson Laboratory,
Bar Harbor, ME), and Alexa 594-conjugated donkey anti-goat (1:1,000; Abcam).

Images were obtained on an Olympus FV1000 confocal microscope. The neurite morphology of the newly generated DGCs was
determined in Imaris or Imaged. The angle of the cellular axis with respect to a line parallel to the granule cell layer was measured
using the angle tool in ImagedJ. Confocal images of dendritic trees were analyzed in Imaged using the Neuron J plugin.

RNA-seq analysis of in vitro differentiated neurons

The neuronal stem cell (NSCs) cultures were derived from hippocampal neural stem cells based on previously published protocols.
To induce neuronal differentiation, we treated hippocampal neural stem cells with retinoic acid (1 M) and forskolin (5 M) as previ-
ously described in a study in which neuronal differentiation was characterized by upregulation of Neurod1 and downregulation of
Sox2 by western blotting in NSCs and neuronal cultures (Gao et al., 2011; Kuwabara et al., 2009). Twenty-four hours after differen-
tiation, RNA was isolated and RNA-seq was performed as previously described (Mukherjee et al., 2016). Two replicates of differen-
tiated neurons and four replicates of proliferating neural stem cells were used for RNA-sequencing and data analysis. Differential
gene expression analysis was performed using R package DESeq2 (Love et al., 2014).

Lipidomics

Animals were first transcardially perfused with PBS to clear blood from the system. Their brains were collected, acutely dissected,
flash frozen in a dry ice ethanol bath, and stored at —80°C. Protein levels were measured via bicinchoninic acid assay to normalize
samples to total protein content. Samples were then submitted to the Lipidomics Core at Stony Brook University for lipid species
quantification by high-performance liquid chromatography and mass spectrometry, as previously described (Bielawski et al.,
2006).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed with independent-samples Student’s t tests, one-way and two-way analyses of variance (ANOVAs) followed by
least significant difference tests, one-way ANOVAs with repeated-measures followed by the Pearson correlation analysis, Mann-
Whitney U test and the Kruskal-Wallis test. Two-tailed P values of < 0.05 were considered the cutoff for statistical significance. All
data are represented as the mean + standard errors. Samples sizes (n) represent the numbers of animals unless otherwise specified.

DATA AND CODE AVAILABILITY

This study did not generate any original code or databases. Original datasets are available on request (lead contact: Dr. Shaoyu Ge,
shaoyu.ge@stonybrook.edu).
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Figure S1. S1PR1 expression profile along DGC development (related to Figure 2).
Normalized fluorescence intensity of SIPR1 signal at various time points. One-way ANOVA
followed by post-hoc LSD tests, *P < 0.05. (n = 30 cells from 3-6 mice each condition)
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Figure S2. Radial new DGCs express lower levels of S1IPR1 compared to horizontal ones at 7 dpi
(related to Figure 2).

Normalized fluorescence intensity of S1PR1 signal comparing horizontal-to-radial GFP-labeled new DGCs
at 7dpi. Unpaired t-test, *P < 0.05. (n = 18 cells from 3 mice).
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Figure S3. Number of radially positioned new DGCs (related to Figure 4).
The numbers of radially positioned GFP+ DGCs at 5, 7, 8, 10 dpi were counted from cohorts
of 5-9 mice at each stage under HC and EE conditions. *P < 0.05 (one-way ANOVA).

(n =40-50 cells from 3-4 mice).
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Figure S4. S1P increases dendritic outgrowth of cultured DGCs (related to Figure 4).

A) (Top) Experimental procedure of plating E18 hippocampal cells, adding S1P (or medium or BSA only

as controls), and fixing cells at 48 h in vitro. (Bottom) Representative images of cultured cells from the

various conditions. Scale bars, 20 pm.

B) (Top) Representative images of P-S1PR1 immunostaining on hippocampal cells with or without S1P.
(Bottom) Plot of the relative fluorescence of P-S1PR1 signals normalized to total S1PR1 signal for control
(BSA only) from cells cultured with various concentrations of S1P. **P < 0.001 (n = 30—40 cells; one-way ANOVA).
C) Plot of the numbers of branch points and neurite lengths of cells cultured in medium only, BSA only, and with
1 nM, 10 nM, and 100 nM S1P. **P < 0.001 (n = 60-70 cells; one-way ANOVA).

D) (Left) Representative images of cultured neurons with either shLuc or shS1PR1 expression for 2 days.
(Right) Plots of the lengths and numbers of branch points in cells cultured in DMSO or 10 nM S1P.

**P < 0.001 (n = 50-60 cells; one-way ANOVA).



Horizontal Horizontal Radial Radial Outermost
granule cell
layer (Radial)

5dpi (8) 7dpi (6) 5dpi (9) 7dpi (11) Mature

Membrane 602 £ 51 589 £ 49 618 + 64 611 +37 247 + 51
resistance

(ohm)

Membrane -65+8 -67+ 15 -68 £ 16 -64+ 11 -71+£8
potential

(mV)

Membrane -10+£2 -10+1 -12+3 -11+£2 14+3
capacitance

(pF)

Action Lack Lack Lack Lack 3.8 spikes
potential with

200ms-50pA

injection

Action Lack Lack Lack Lack 10.5 spikes

potential with
200ms-
100pA
injection

Table S1. Membrane properties of new and mature DGCs (related to Figure 1).




Horizontal Horizontal Radial Radial
5dpi (9) 7dpi (6) 5dpi (9) 7dpi (11)
Detected 0 0 2 4
synaptic activity
that can be
blocked by SuM
Bicuculine
Lack of synaptic | 9 6 7 7
activity

Table S2. GABAergic responses of horizontal and radial DGCs (related to Figure 1).



Supplementary Table 3. Membrane properties of 7dpi new DGCs

shLuc shS1PR1
Membrane resistance (ohm) 523 £45 541 +37
Membrane potential (mV) -67+7 -63+ 11

Table S3. Membrane properties of 7dpi new DGCs (related to Figure 3).




	CELREP7191_annotate_v30i4.pdf
	Circuit Integration Initiation of New Hippocampal Neurons in the Adult Brain
	Introduction
	Results
	Circuit Integration Initiation of Newly Generated DGCs Starts with Horizontal-to-Radial Repositioning
	S1PR1 Is Activated in Newly Generated DGCs Prior to Repositioning
	S1PR1 Regulates the Horizontal-to-Radial Repositioning of Newly Generated DGCs
	Hippocampus-Engaged Enriched EE Promotes the Horizontal-to-Radial Repositioning of Newly Generated DGCs through S1PR1 Activ ...

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Animal experiments

	Method Details
	Viruses and infection
	Slice physiology and imaging
	Tissue processing, imaging, and quantification
	RNA-seq analysis of in vitro differentiated neurons
	Lipidomics

	Quantification and Statistical Analysis
	Data and Code Availability






