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A novel non-canonical Notch 
signaling regulates expression 
of synaptic vesicle proteins in 
excitatory neurons
Yukari Hayashi1,2, Hiroshi Nishimune3, Katsuto Hozumi4, Yumiko Saga5,6, Akihiro Harada7, 
Michisuke Yuzaki2, Takeshi Iwatsubo8, Raphael Kopan9,10 & Taisuke Tomita1,9

Notch signaling plays crucial roles for cellular differentiation during development through γ-secretase-
dependent intramembrane proteolysis followed by transcription of target genes. Although recent 
studies implicate that Notch regulates synaptic plasticity or cognitive performance, the molecular 
mechanism how Notch works in mature neurons remains uncertain. Here we demonstrate that a 
novel Notch signaling is involved in expression of synaptic proteins in postmitotic neurons. Levels of 
several synaptic vesicle proteins including synaptophysin 1 and VGLUT1 were increased when neurons 
were cocultured with Notch ligands-expressing NIH3T3 cells. Neuron-specific deletion of Notch genes 
decreased these proteins, suggesting that Notch signaling maintains the expression of synaptic vesicle 
proteins in a cell-autonomous manner. Unexpectedly, cGMP-dependent protein kinase (PKG) inhibitor, 
but not γ-secretase inhibitor, abolished the elevation of synaptic vesicle proteins, suggesting that 
generation of Notch intracellular domain is dispensable for this function. These data uncover a ligand-
dependent, but γ-secretase-independent, non-canonical Notch signaling involved in presynaptic 
protein expression in postmitotic neurons.

Notch receptors are highly conserved single-pass transmembrane proteins1,2 and play essential roles in prolifera-
tion and cell fate determination of progenitor cells during the development of central nervous system3,4. Notch is 
activated when binding of transmembrane DSL ligands (Delta-like (Dll) 1, Dll4, Jagged1 and Jagged2) expressed 
on a neighboring cell triggers unfolding and subsequent sequential proteolysis of the receptor. The mature Notch 
receptor exists as a heterodimer of proteolytically cleaved extracellular Notch (ECN) and transmembrane and 
intracellular (TMIC) domain. The ligand binding to ECN triggers the S2 cleavage in the juxtamembrane region of 
the TMIC to generate NEXT (for Notch extracellular truncation). NEXT undergoes intramembrane S3 cleavage, 
which is executed by PS/γ -secretase to release the Notch intracellular domain (NICD)5. This sequence is become 
known as the canonical Notch pathway in which NICD is the signal transducer, translocating into the nucleus to 
bind a DNA binding partner RBPjκ  and activate transcription of target genes6.

Notch and its ligands are also expressed in adult brains7,8, albeit at a lower level. Notch signaling inhibits and 
enhances the outgrowth and branching, respectively, in neuronal cultures9–13, and is implicated in the synaptic 
plasticity in vivo14–18. Notably, CamKII-Cre-driven conditional deletion of Notch1 in mature neurons showed 
defects in long-term synaptic plasticity and short-term memory8. However, molecular basis of Notch signaling 
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in the mature nervous system remains elusive. In addition, neurodegeneration that was caused by conditional 
ablation of γ -secretase in mature brains were not observed in conditional Notch- or RBPjκ -null mice19–22. These 
observations raise a possibility that an alternative Notch signaling which requires neither RBPjκ  nor γ -secretase 
mediates synaptic functions or plasticity in mammalian neurons.

Here we examined the mechanism of mammalian Notch signaling in the postmitotic neurons. We found that 
activation of the endogenous Notch receptor with the DSL ligands in cultured neurons increased the expression 
levels of several synaptic vesicle proteins such as synaptophysin 1 and VGLUT1. Stimulus-dependent recycling 
of functional presynaptic terminals was also upregulated in the co-cultured neurons. Unexpectedly, γ -secretase 
activity is not required for the DSL ligand-dependent increment of synaptic vesicle proteins, suggesting that the 
canonical Notch signaling is not involved in these effects. Finally, we found that protein kinase G inhibitors abol-
ished this Notch signaling. Our findings indicate that a novel, non-canonical Notch signaling may contribute to 
the synaptic formation or function in neurons.

Results
Notch proteins in postmitotic neurons.  We first characterized the expression pattern of Notch receptors 
in postmitotic neurons. To gain the detection sensitivity of immunostaining, we took advantage of Notch1-Venus 
knock-in (N1V-KI) mouse, which expresses chimeric Notch1 polypeptide fused with Venus protein at most C 
terminus of Notch1 under the endogenous Notch1 promoter. Homozygous N1V-KI mice were fertile and showed 
no gross developmental defect, suggesting that C-terminal fusion of Venus protein did not affect the Notch1 sign-
aling in vivo. Immunoblot analysis of cerebral cortices from neonatal N1V-KI mice using antibodies against GFP 
or ECN showed expected size of bands, suggesting that N1V proteins were successfully expressed (Fig. 1a). Then 
we performed immunohistochemical analysis of cerebral cortical slices from NIV-KI and wild type mice. Venus 
immunoreactivity was predominantly observed in the subventricular zone and the hippocampal dentate gyrus 
of neonatal N1V-KI mouse brain, which was not detected in wild type tissue (Fig. 1b). We found an antibody 
(EP1238Y, Novus Biologicals) against the intracellular domain of Notch1 showed a similar staining pattern in the 
brain of wild type mouse (Fig. 1c). These results indicate that Notch1 protein is highly expressed in the subven-
tricular zone and the hippocampal dentate gyrus. In addition, punctate immunoreactivity of Venus (in N1V-KI) 
or Notch1 proteins was present within the cell body of a fraction of cortical neurons (asterisks, Fig. 1b,c). Double-
immunostaining with the presynaptic marker synaptophysin 1 revealed that some of N1V-positive puncta in 
cerebral cortex colocalized with synaptophysin 1, suggesting that Notch1 at least partially localized at synapses 
(arrowheads, Fig. 1b).

We next examined the expression pattern of Notch receptors in dissociated cortical neurons from N1V-KI 
mice. At 2 days in vitro (2 DIV), strong expression of Notch1-Venus protein was observed at the cell body of 
postmitotic neurons (Fig. 1d). Also, we detected the endogenous Notch1 TMIC and NICD in wild type neuronal 
culture by immunoblot analysis (Fig. 1e). In addition, Notch2 TMIC and DSL ligands (Jagged1 and Dll1/4) were 
detected as well. Treatment with γ -secretase inhibitor DAPT caused accumulation of Notch1/Notch2 NEXT pol-
ypeptides and disappearance of the Notch1 NICD. Taken together, these results suggest that Notch proteins are 
expressed in postmitotic neurons, and are constitutively activated by ligands in the neuronal culture.

Notch ligand-expressing NIH3T3 cells increased the levels of synaptic vesicle proteins.  To 
examine the role of Notch signaling in postmitotic neurons, we aimed to activate Notch receptor by ligands 
employing coculture assay23. Jagged1 is considered to be one of the physiological ligands for Notch receptor 
at synapse8. We thus prepared Jagged1-IRES-EGFP-overexpressing NIH3T3 cells (Jag1-3T3) and cocultured 
them with cortical neurons at 5 or 6 DIV (Fig. 2a). Immunoblot analysis showed that the generation of Notch1 
NICD was increased in neuronal culture when cocultured with Jag1-3T3 but not with EGFP-expressing 3T3 cells 
(EGFP-3T3) (Fig. 2b), confirming that canonical Notch signaling was activated in neuronal culture by interaction 
with Jag1-3T3. In addition, we found that coculture with Jag1-3T3 dramatically increased the levels of several 
synaptic vesicle membrane proteins, including synaptophysin 1, synapsin 1, SV2 and synaptotagmin 1 (Fig. 2c,d). 
By contrast, the levels of neuron-specific β -III-tubulin did not show any change. Intriguingly, Jag1-3T3 increased 
the protein levels of vesicular glutamate transporter 1 (VGLUT1), but not vesicular GABA transporter (VGAT). 
These results suggest that Jag1 upregulates the expression levels of synaptic vesicle membrane proteins exclusively 
in glutamatergic but not GABAergic neurons. NIH3T3 cells which overexpress Delta-like1 (Dll1-3T3) signif-
icantly increased the levels of synaptophysin 1 as well (Fig. 2d), suggesting that this effect is common to DSL 
ligands and not restricted to a specific ligand/receptor pair. Notably however, DAPT treatment did not abolish 
this augmentation (see below). We further tested the coculture with NIH3T3 cells overexpressing Neuroligin 1 
(NLG1), a adhesion molecule23 which is involved in synapse differentiation. Unlike Notch ligands, NLG1 failed 
to affect the amount of synaptophysin 1 protein in coculture assay (Fig. 2d). Furthermore, we cultured neurons 
and Jag1-3T3 without direct cell-cell contact in the same culture medium. In contrast to the mixed coculture, 
Jag1-3T3 failed to increase synaptic vesicle protein (Fig. 2e,f), suggesting that the direct interaction of Notch with 
its ligands is responsible for increase in the presynaptic vesicle proteins.

Next, we performed immunocytochemical analysis of neurons cocultured with Jag1-3T3 or EGFP-3T3 cells. 
Punctate immunostaining by anti-synaptophysin 1 antibody was significantly increased on neurons cocultured 
with Jag1-3T3 relative to EGFP-3T3 (Fig. 3a,b). During the synaptogenesis, accumulation of synaptic vesicles 
at presynaptic active zones is the final process in the functional synapse formation24. To explore whether the 
increased synaptic vesicle proteins contributes to presynaptic functions, we visualized the recycling synaptic ves-
icles by high potassium-induced internalization of antibodies against the lumenal domain of synaptotagmin 125. 
High potassium stimulation induces exocytosis of the synaptic vesicles, and anti-synaptotagmin 1 antibodies are 
incorporated in the functional presynaptic terminals (Supplementary Fig. S2). Immunofluorescence of internal-
ized antibodies was observed more frequently and intensely in the axons of coculture with Jag1-3T3 cells than 
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EGFP-3T3 cells (Fig. 3c,d). These data suggest that Jag1-induced increase in synaptic vesicle proteins may rein-
force functional presynaptic formation.

Neural Notch regulates synaptic vesicle protein expression.  To investigate whether the increase in 
synaptic vesicle proteins caused by Notch ligands requires their cognate Notch receptors, we utilized neuronal 
culture from NTKO mice, in which Notch1 and Notch2 genes were both floxed and Notch3 genes are deleted 
(Notch1flox/flox;Notch2flox/flox;Notch3−/−)26,27. The loci coding for Notch proteins was deleted following infection with 
recombinant adenovirus encoding Cre recombinase (Fig. 4a). The protein levels of synaptophysin 1 and VGLUT1 
in Cre-expressed NTKO neuronal culture, but not wild type neurons, were no longer increased by coculture with 
Jag1- or Dll1-3T3 (Fig. 4b,c). Because Notch ligand expressing cells were still capable of increasing presynaptic 
protein levels in Notch3-deficient NTKO primary neurons infected with control adenovirus, this effect is medi-
ated by Notch1 and/or Notch2. In addition, cultured hippocampal neurons from NTKO mice overexpressed with 

Figure 1.  The expression of Notch and Notch ligands in mouse brain and primary neuronal culture.  
(a) Immunoblot analysis of Notch1-Venus protein in N1V-KI mouse brain. Brains of wild type or homozygous 
N1V-KI mice at postnatal day (P) 1 were homogenized and analyzed by immunoblotting using antibodies 
against GFP (left, TMIC of Notch1-venus) and Notch1 extracellular domain (right, ECN). (b) Representative 
images of sagittal sections of cerebral cortex from P1 wild type mouse or P0 homozygous N1V-KI mouse 
immunostained with anti-GFP (green) and anti-synaptophysin 1 (syp, red) antibodies. The bottom two panels 
of N1V-KI show a magnified image of cerebral cortical region. Asterisks indicate Notch1-positive cell bodies. 
Arrowheads indicate N1V-positive puncta colocalized with synaptophysin 1. Scale bars, 200 μm (the top two 
panels) and 10 μm (the bottom two panels). (c) Representative images of sagittal sections of cerebral cortex 
from wild type mouse at P0 immunostained for Notch1 intracellular domain (green) and synaptophysin 1 
(red). Scale bar, 200 μm. The bottom panels are a magnified image of cerebral cortex. Scale bar, 10 μm. Asterisks 
indicate Notch1-positive cell bodies. (d) Expression of Notch1-Venus protein in 2 DIV cultured cortical 
neurons obtained from homozygous N1V-KI mouse immunostained with antibodies against GFP (green), 
neuron-specific β -III tubulin (red). Nuclei are co-stained with DAPI (blue). Notch1-Venus-positive puncta in 
soma are shown by arrowheads. Scale bar, 10 μm. (e) Immunoblot (IB) analyses of Notch1, Notch2, Jagged1 and 
Delta-like1/4 in 6 DIV primary neuronal culture obtained from wild type brains. Note that treatment with the 
γ -secretase inhibitor DAPT caused accumulation of NEXT of Notch1 and Notch2 and diminished the Notch1 
NICD production.



www.nature.com/scientificreports/

4Scientific Reports | 6:23969 | DOI: 10.1038/srep23969

Figure 2.  Coculture of neurons with Notch ligand-overexpressing cells. (a) Schematic depiction of the 
coculture of neurons and NIH3T3 cells. 5 or 6 DIV neurons were cocultured with Notch ligand-expressing 
NIH3T3 cells for 24 hours and subjected to the analyses. (b) Immunoblot analysis of primary neurons 
cocultured with NIH3T3 cells expressing either EGFP or Jagged1 with antibodies against Notch1 intracellular 
domain (upper), cleaved Notch1 (middle) and Jagged1 (bottom). The gels have been run under the same 
experimental conditions, and representative blots are cropped and used in this figure. Full-length gels are 
presented in Supplementary Fig. S1. (c) Immunoblot analysis of the cocultured neurons with antibodies 
against several synaptic membrane proteins. syp, synaptophysin 1; syn, synapsin 1; syt, synaptotagmin 1; 
β IIItub, neuron-specific β -III-tubulin. The gels have been run under the same experimental conditions, and 
representative blots are cropped and used in this figure. (d) Densitometric analysis of synaptophysin 1 levels 
in neurons cocultured with NIH3T3 cells expressing EGFP, Jagged1 (Jag1), Delta-like1 (Dll1) or Neuroligin 1 
(NLG1). The band intensities of synaptophysin 1 were normalized to β -III-tubulin for each sample (n =  5–17, 
means ±  SEM, **P <  0.01, ***P <  0.001, compared with EGFP by Steel-Dwass test). (e) Schematic depiction of 
co-culture without direct cell-cell contact where neurons on the coverslips and neuron cocultured with NIH3T3 
cells at the bottom of culture dish. (f) Immunoblot analysis of lysates of neurons on coverslip shown in  
(e). Jag1-3T3 did not affect the protein levels of synaptophysin 1 and VGLUT1 in neurons on the coverslips, 
which do not interact with NIH3T3 cells in the same conditioned media of the coculture. The gels have been 
run under the same experimental conditions, and representative blots are cropped and used in this figure.



www.nature.com/scientificreports/

5Scientific Reports | 6:23969 | DOI: 10.1038/srep23969

Cre recombinase contained significantly lower VGLUT1 levels along their axons (Fig. 4d), relative to wild type 
neurons (Fig. 4e). These results indicates that neuronal Notch1 and/or Notch2 regulate VGLUT1 protein levels in 
postmitotic hippocampal neurons.

To assess the significance of these observations in vivo, we bred NTKO mice with tauCrePR knock-in 
mice28 and Gt(ROSA)26Sortm1(EYFP)Cos EYFP mice29 to generate neuron-specific conditional Notch1/Notch2 
double-knockout mice (Notch1flox/flox;Notch2flox/flox;Notch3+/−;tauCrePR;Rosa26stopfloxEYFP or N1N2DcKO), Notch2 
knockout mice (Notch1flox/+;Notch2flox/flox;Notch3+/−;tauCrePR;Rosa26stopfloxEYFP or N2cKO) and control mice 
(Notch1flox/+;Notch2flox/+;Notch3+/−;tauCrePR;Rosa26stopfloxEYFP). As previously described, tauCrePR mice produced a 
leaky Cre protein that acted in the absence of the agonist RU48630 in the brains of 23–28 week old mice (Fig. 5a)31. 
The efficiency of recombination was not improved by RU486 injection in our experiments (data not shown). We 
found that immunostaining for synaptophysin 1 produced a weak signal in N1N2DcKO mice compared with 
control mice or N2cKO mice (Fig. 5a). Synaptophysin 1 immunofluorescence intensity in the hippocampal CA1 
region was significantly lower in the N1N2DcKO mice (Fig. 5b,c). These data suggest that either Notch1 or both 
Notch1 and Notch2 are essential to maintain the expression of synaptophysin 1 in vivo. Taken all together, our 
data demonstrate that Notch acts cell-autonomously to regulate the expression of synaptic vesicle proteins in 
postmitotic neurons.

γ-Secretase-independent non-canonical Notch signaling increases synaptic vesicle pro-
teins.  In canonical Notch pathway, ligand-induced Notch endoproteolysis by γ -secretase gener-
ates NICD, which transduces the Notch signal. However, DAPT32, a γ -secretase inhibitor, did not affect 
Notch ligands-dependent elevation of synaptic vesicle proteins (Fig. 2c). To elucidate the necessity of the 
NICD-dependent canonical signaling, we quantified mRNA levels of a Notch target gene, Hes533, which is 
expressed in the neuronal culture. Quantitative real time PCR analysis (qRT-PCR) revealed that transcription of 

Figure 3.  Induction of functional presynaptic terminals by Jagged1. (a) Primary cortical neurons cocultured 
with EGFP-3T3 or Jag1-3T3 were immunostained with antibodies against synaptophysin 1 (red) and β -III-
tubulin (green). Note that Jag1-3T3 cells also express EGFP by IRES-mediated translation (green). (b) 
Quantification of immunofluorescence signals of synaptophysin 1 (n =  4, means ±  SEM. *p <  0.05 by student’s 
t-test). (c) Immunostaining of internalized antibody against synaptotagmin 1 (red) after depolarization in 
cocultured primary neurons. (d) Quantification of immunofluorescence signals of synaptotagmin 1 (n =  5, 
means ±  SEM. *p <  0.05 by student’s t-test). Scale bars, 10 μm.
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Hes5 was upregulated in neuronal cultures cocultured with Jag1-3T3 and blocked by addition of 10 μM DAPT 
(Fig. 6a). In contrast, mRNA levels of synaptophysin 1 or VGLUT1 were unchanged in cocultures with Jag1-3T3 
(Fig. 6b). Moreover, the elevated protein levels of synaptophysin 1 and VGLUT1 by Jag1-3T3 were induced even 
in the presence of DAPT (Figs 2c and 6c), indicating that the increase in presynaptic proteins by Jag1/Notch 
interaction was not the consequence of NICD-dependent transcription. To investigate this mechanism further, 
we employed a mutant Jagged1, Slalom (Slm). Slm is a mutation in Jagged1 with a single amino acid substitution 
(P269S) that was originally identified in mutant mice with abnormalities in the patterning of the organ of Corti 
in the inner ear34, similar to headturner mutant mouse35, suggesting that Slm represents a loss-of-function allele 
of Jagged1 (Fig. 6a). Consistent with this notion, Jagged1Slm failed to upregulate Hes5 transcription in cocultured 
neurons (Fig. 6b). Aforementioned results that DAPT did not affect Jagged1 function raised the possibility that 
Slm mutation might still be capable of elevating synaptic vesicle protein levels despite loss of ability to activate 
canonical Notch signaling. In agreement with this hypothesis, the levels of synaptophysin 1 and VGLUT1 were 
still augmented in neurons cocultured with Jagged1Slm-expressing NIH3T3 cells (Fig. 6c). These data indicate that 
Notch-ligand interaction-dependent, but NICD-independent, Notch signaling increased the expression levels of 
synaptic vesicle proteins.

Finally, we addressed the question what is the non-canonical signal mechanism that underlies the increase in 
synaptic vesicle proteins by screening of several known enzyme inhibitors. Among them, H-9 dihydrochloride, an 
inhibitor of cAMP- and cGMP-dependent protein kinase (PKA and PKG, respectively), is found to attenuate the 

Figure 4.  Notch proteins are indispensable to DSL ligand-induced increase in synaptic vesicle proteins.  
(a) Immunoblot analysis of neuronal culture from NTKO (Notch1flox/flox; Notch2flox/flox; Notch3−/−) mice. 
Infection of the recombinant adenovirus (AdV) encoding Cre recombinase (Cre) reduced the protein levels of 
Notch1 and 2 compared to that in cells infected with control adenovirus (LacZ). The gels have been run under 
the same experimental conditions, and representative blots are cropped and used in this figure. Full-length 
gels are presented in Supplementary Fig. S3. (b) Immunoblot analysis of AdV-infected neurons cocultured 
with NIH3T3 cells. The increase in the levels of synaptophysin 1 (syp) and VGLUT1 by Jagged1 or Delta-like1 
was abolished by the infection of Cre AdV. The gels have been run under the same experimental conditions, 
and representative blots are cropped and used in this figure. (c) Immunoblot analysis of wild type primary 
neuronal culture infected with Cre AdV were cocultured with NIH3T3 cells. (d, e) Hippocampal neurons from 
NTKO mice (d) or wild type mice (e) were transfected with myristoylated Venus (green) with or without Cre 
recombinase and fixed at 10 DIV. The intensities of VGLUT1 immunofluorescence (red) along axon of neurons 
overexpressing Venus were quantified and shown below the panels (n =  5–10, means ±  SEM, *p <  0.05 by 
student’s t-test). Scale bars, 5 μm.
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Jagged1-induced increase in synaptophysin 1 protein without affecting Jagged1 expression (Fig. 7a). We further 
tested a more selective inhibitor against PKG (KT5823, 10 μM), which abolished the synaptophysin 1 increment 
induced by Jagged1 as well as Jagged1Slm (Fig. 7b,c). NICD generation by Jagged1 was not blocked by KT5823 
(Fig. 7b), suggesting that KT5823 did not compromise Jag1-Notch interaction or γ -secretase-dependent signal-
ing. Collectively, these findings suggest that PKG activity is required for Notch-dependent increase of the synaptic 
vesicle proteins.

Discussion
In this study, we found that DSL ligand-induced stimulation upregulated the levels of several synaptic vesicle 
proteins in cultured neurons. Deletion of both Notch1 and Notch2 diminished the expression of VGLUT1, sug-
gesting that Notch receptors regulate the expression of the presynaptic proteins in the glutamatergic neurons in a 
cell-autonomous manner. Loss of synaptophysin 1 in hippocampal CA1 area of neuron-specific N1N2 double KO 
mice but not of N2 cKO mice pointed out the possibility that Notch1 is responsible for synaptic formation, while 
Notch2 deletion is tolerated. Intriguingly, the Notch-dependent increment of synaptic vesicle proteins was insen-
sitive to the treatment of γ -secretase inhibitor and thus did not require NICD release. Furthermore, a mutant 
Jagged1 that failed to activate NICD signaling retained the ability to increase synaptic vesicle proteins. Finally, 
our data suggest that a PKG-dependent pathway is the candidate downstream mechanism of this non-canonical 
Notch signaling.

Several lines of evidences suggested that Notch signaling has important roles not only in development, 
but in synaptic functions of brains. Synthetic peptide-induced activation of Notch signaling has been shown 
to facilitate the formation of LTP36, suggesting that ligand-Notch interaction modulates synaptic responses. 
CamKII-Cre-driven deletion of Notch1 in excitatory neurons disrupted synaptic plasticity in hippocampus and 
memory acquisition8. However, the molecular mechanism underlying the Notch signaling which modulates syn-
aptic functions remains largely uncertain. Our study for the first time demonstrated that neuronal Notch is impli-
cated in expression of essential proteins for presynaptic assembly.

A previous report demonstrated that most of the Notch mRNAs in adult brains derived from the cells other 
than excitatory neurons19. In contrast, we detected neuronal Notch1 proteins both in immature neurons of the 
dissociated culture and the neonatal brains in vivo, which might indicate that Notch protein is more enriched in 
young neurons. Moreover, our findings implicate a role for non-canonical Notch signaling in postmitotic neu-
rons, which is consistent with a previous study showing that impaired cognitive performance was not observed 
in RBPjκ -cKO mice22, indicating a possibility that neurons may prefer the γ -secretase/NICD-independent 
non-canonical Notch signaling rather than canonical pathway for cognitive function. However, we also detected 
NICD in our coculture assay. A previous study reported that neuronal activity generates NICD in Arc-dependent 
manner in hippocampal neurons8. Additionally, it is shown that overexpression of NICD in pyramidal neu-
rons in the visual cortex resulted in reduced spine density and LTP37. These observations suggest that the 
NICD-dependent signaling may also play a certain role in neurons. How non-canonical and canonical pathways 
are controlled in neurons for synaptic function would be determined by future studies.

To date, certain non-canonical Notch signaling has been reported, while no common pathway was identi-
fied38–40. There had been no study that examined a non-canonical pathway in mammalian nervous system. We 
found that PKG inhibition can block the increase of synaptophysin 1 induced by ligands without affecting NICD 
generation, suggesting that PKG activity is required as a downstream factor for this non-canonical Notch sign-
aling. PKG is a kinase that is activated by cGMP in the nitric oxide (NO) pathway and harbors critical function 

Figure 5.  Levels of synaptophysin 1 in Notch conditional knockout mouse brains. (a) The representative 
hippocampal images of adult neuron-specific Notch1/Notch2 double-knockout mice (N1N2DcKO), 
Notch2 knockout mice (N2cKO) and control mice. Sagittal sections of 23–28 week-old mice brains were 
immunostained for EYFP (green) and synaptophysin 1 (syp, red). Inactivation of Notch1 and Notch2 genes 
were achieved by endogenous tau promoter-driven CrePR protein. EYFP signals indicate neuronal cells with 
successful recombination at Rosa26stopfloxYFP allele. Scale bar, 200 μm. (b) Magnified images of CA1 region in (a). 
Scale bar, 100 μm. (c) Quantitative analysis of synaptophysin 1 immunoreactivity. The immunofluorescence 
signals of CA1 were calculated (n =  4 mice each, means ±  SEM, *p <  0.05 by Tukey’s test).
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Figure 6.  Non-canonical Notch signaling increased the levels of synaptic vesicle proteins. (a) Induction of 
Hes5 mRNA expression quantified using qRT-PCR analysis (n =  4–5, means ±  SEM, **P <  0.01, ***P <  0.001, 
compared with EGFP control by Tukey’s test). Expressed proteins in NIH3T3 cells were indicated below the 
panels. DAPT was used at 10 μM. Schematic depiction of Slm mutation (P269S) in the murine Jagged1 at 
right. (b) Relative mRNA levels of synaptophysin 1 (syp) and VGLUT1 in the cocultures. (c) Relative protein 
expression levels of synaptophysin 1 (syp) and VGLUT1 quantified from the band intensities in immunoblot 
analyses of the coculture (n =  5–17, means ±  SEM, *P <  0.05, **P <  0.01, ***P <  0.001, compared with EGFP 
control by Steel-Dwass test).
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in long term memory formation41. Notably, it was reported that PKG activity correlates with the presynaptic 
function42 as well as expression of presynaptic membrane proteins43, the latter being an important role in the fear 
memory consolidation. In this model, retrograde NO signaling from the postsynaptic sites to activate PKG signa-
ling in the presynaptic terminal is critical for the increased production of synaptic vesicle protein and homeostatic 
control of neurotransmission. Several studies have been reported that Notch signaling interacts with NO/PKG 
pathway in non-neuronal cells through distinct mechanisms44–46. Our study provides evidence for a novel mode 
of signal crosstalk between NICD-independent Notch signaling with PKG pathway in neurons. Since the neu-
ronal non-canonical Notch signaling does not require receptor proteolysis, ligand-Notch interaction might trig-
ger NO/PKG signaling via protein-protein interaction with intracellular domain of Notch receptor just beneath 
the plasma membrane. Notch and its ligand interaction might function as a local cue to the retrograde NO sign-
aling in neurons, or loss of NO signaling may be epistatic to signal activation. Our observations are reminiscent 
chronic treatment with brain-derived neurotrophic factor (BDNF), which also increased the levels of specific 
synaptic vesicle proteins47,48. Thus it would be intriguing to test whether PKG inhibition affects chronic BNDF 
effect and if either participates in non-canonical Notch signaling at the presynaptic membrane.

Recently many synaptic cell-adhesion molecules including NLGs have been identified as synaptic organiz-
ers49, which trans-synaptically interact with their ligands or receptors and induce differentiation or functional 
modulation of synapses. Coculture with NLG1-overexpressed non-neuronal cells is known to induce formation 
of presynaptic properties in the contacting axons. In the present study, we described that Notch ligand augmented 
the levels of the synaptic vesicle proteins. Since mRNA levels were not affected, non-canonical Notch signal-
ing might regulate either translation or protein stabilization of these synaptic molecules. In contrast, NLG1 did 
not have this effect, suggesting that NLGs accumulate presynaptic proteins rather than increase the expression 
of them. Interestingly, however, deletion of NLGs in vivo resulted in impaired synaptic transmission as well as 
decreased levels of several synaptic proteins including synaptophysin 1, synaptotagmin 1 and VGLUT1, although 
synaptogenesis was not disturbed50, suggesting that chronic loss of NLG functions lead destabilization of synaptic 
vesicle proteins. On the other hand, non-canonical Notch signaling regulates synaptic vesicle protein expres-
sion, which might augment the functional synaptic vesicles and affect synaptic formation and transmission51. 
Or otherwise, Notch may cooperatively function with NLGs/neurexins or other synaptic cell-adhesion mole-
cule in modulation of synaptic function. Many synaptic adhesion molecules including NLGs are associated with 
cognitive disorder52,53. Involvement of disturbed Notch signaling in cognitive disorders had been implicated by 
the evidences that mental retardation is associated with some cases of Alagille syndrome, which is caused by 
loss-of-function-mutation in JAGGED1 gene54. Our study shed light on a novel mode of DSL ligand-dependent 
Notch signaling, giving a new insight for understanding the mechanism for neural Notch signaling and its contri-
butions on synaptic or cognitive functions.

Materials and Methods
Animals.  All experimental procedures were performed in accordance with the guidelines for animal experi-
ments of the University of Tokyo, were approved by the Institutional Animal Care and Use Committees (IACUC)/
ethics committee of the Graduate School of Pharmaceutical Sciences, the University of Tokyo (Protocol No. 
P25-3). N1V-KI mice were originally generated at National Institute of Genetics, Japan. Briefly, a gene encoding 
green fluorescence Venus protein and floxed PGK-neo cassette was inserted into mouse Notch1 locus to fuse the 
Venus at most C terminus of Notch1 polypeptide. ES cells were selected by G418 resistance and injected into 
the blastocyst. Heterozygous knock-in mouse was obtained from chimeric mouse and crossed with CAG-Cre 
mouse to excise PGK-neo cassette region. Homozygous N1V-KI mice are viable and fertile with no observed 
gross developmental defects. NTKO mice described previously27 were maintained as homozygous lines. TauCrePR 

Figure 7.  PKG inhibitor repressed Jagged1-induced increase in synaptophysin 1. (a) Representative 
immnoblot images of rat primary neuronal culture cocultured with NIH3T3 cells for synaptophysin 1 (syp), 
β -III-tubulin (β IIItub) and Jagged1 (Jag1). Coculture was maintained for 18 hours with or without several 
inhibitors: Rp-cAMPS triethylamine (#1), H-9 dihydrochloride (#2) and Ro 20-1724 (#3) (representative 
data from 4 experiments). Jag1-induced increase in the levels of synaptophysin 1 was blocked by H-9 
dihydrochloride. (b) Representative immunoblot images for synaptophysin 1 (syp), β -III-tubulin (β IIItub) and 
Notch1 NICD in the coculture of murine primary neuronal culture and NIH3T3 cells. DAPT or KT5823 is 
treated at 10 μM. The gels have been run under the same experimental conditions, and representative blots are 
cropped and used in this figure. Full-length gels are presented in Supplementary Fig. S4. (c) Relative protein 
levels of synaptophysin 1 (syp) quantified from the immunoblot analyses of the coculture with Jag1-expression 
NIH3T3 cells (n =  4, means ±  SEM, *P <  0.05 by Steel-Dwass test).
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knock-in mice28 and Gt(ROSA)26Sortm1(EYFP)Cos EYFP reporter mice29 (The Jackson Laboratory) were crossed and 
maintained as tauCrePR/CrePR;Rosa26stopfloxEYFP/stopfloxEYFP double reporter homozygous mice. NTKO mice and double 
reporter mice were crossed to generate quintuple heterozygous parents, and finally N1N2DcKO, N2cKO and 
control mice used in Fig. 6 were obtained.

Plasmids.  Retroviral vectors encoding Jagged1-IRES-EGFP and Delta-like1-IRES-EGFP were reported previ-
ously55. The Jagged1 Slm mutant vector was generated by long PCR-based protocol using following primer pairs: 
5′ -AAG TGC ATC CCG CAC TCA GGA TGT GTC CAC GGT ACC TGC AAT GAA-3′  as a sense primer and 
5′ -TTC ATT GCA GGT ACC GTG GAC ACA TCC TGA GTG CGG GAT GCA CTT-3′  as an antisense primer. 
A cDNA encoding HA-NLG123 was gift from Dr. Peter Scheiffele (University of Basel, Switzerland) and inserted 
into pMIGR156. pCAG-Cre:GFP was purchased from Addgene (#13776). pCX-Myristoylated Venus57 vector was 
gifted from Dr. Anna-Katerina Hadjantonakis (Sloan-Kettering Institute).

Cell culture, retroviral and adenoviral infection and transfection.  Primary dissociated corti-
cal neuronal cultures were prepared from mice at embryonic day (E) 16-17 or E18 Wistar rat and maintained 
in Neurobasal medium (Invitrogen) supplied with B27 supplement (Invitrogen) as previously described56., 
Dissociated cells were plated on poly-l-ornithine (SIGMA)-coated plastic plates or glass coverslips at 2.5 ×  105 
cells/cm2 for immunoblot analysis, and at 1.25 ×  105 cells/cm2 for immunocytochemistry. At 4 DIV, 100 μM 
D-AP5 (SIGMA) was added. For coculture with NIH3T3 cells, NIH3T3 cells was added at the density of 
1.25 ×  105 cells/cm2 (for immunoblot analysis) or 6.25 ×  105 cells/cm2 (for immunocytochemistry) at 5 or 6 DIV. 
Except for Fig. 7, 10 μM DAPT32 was added 24 hours before the coculture with NIH3T3 cells. For Fig. 7, inhibi-
tors were treated 40 min after adding NIH3T3 cells. Enzyme Inhibitor LIGAND-SET, Rp-cAMPS triethylamine, 
H-9 dihydrochloride, Ro 20-1724 and KT5823 were purchased from SIGMA. For hippocampal culture, cells are 
dissociated from E16-18 hippocampi of wild type or NTKO mice and plated at 4000 cells/cm2 on glass coverslips 
coated with poly-l-ornithine. The coverslips were cultured in the astrocyte culture dish. Astrocytes were pre-
pared from P1 wild type Balb/C mice cortices. For Fig. 4d,e, neurons were transfected using LipofectAMINE2000 
(Invitrogen) at 5 or 6 DIV then treated with 100 μM D-AP5. For Fig. 4a–c, adenoviral infection was performed 
at 2 DIV by adding diluted (1:20 in culture medium) adenoviral stock solutions at 100 μl/cm2. After incubating 
for 1 hour, fresh medium were added by 250 μl/cm2. Retroviral infection into NIH3T3 cells were performed as 
previously described58.

Visualization of recycling synaptic vesicles by antibody uptake.  Cultures were incubated at 37 °C 
for 8 min with isotonic Tyrode high K solution (20 mM HEPES pH7.2–7.5, 64 mM NaCl, 90 mM KCl, 2 mM 
MgCl2, 10 mM glucose, 2 mM CaCl2, 50 μM D-AP5 and 10 μM CNQX) containing rabbit anti-synaptotagmin 
1 lumenal domain antibodies (1:200, #105002, synaptic systems). After incubation, cultures were washed with 
modified Tyrode solution (20 mM HEPES pH 7.2–7.5, 150 mM NaCl, 4 mM KCl, 2 mM MgCl2, 10 mM glucose), 
fixed and processed for immunocytochemistry.

Adenovirus preparation.  Plasmids for generation of recombinant adenovirus encoding LacZ or Cre 
recombinase were provided from Dr. Rita Balice-Gordon59 (The University of Pennsylvania). For large scale 
purification of adenoviruses, HEK293 cells was infected with adenoviral medium and cultured until cytopathic 
effect was observed. Adenoviral was purified from 150 ml medium using Vivapure Adenopack 100 (Vivascience) 
according to manufacturer’s instructions. The eluted virus were concentrated using vivaspin 20 (Vivascience) to 
~5 ×  1012 optical particle units/ml. Viral concentration was estimated by measuring OD260. Final tock solutions 
were preserved at − 80 degree before use and never underwent freeze-and-thaw cycles.

Quantitative Real-time PCR analysis.  Total mRNAs were isolated and purified from cell cultures using 
ISOGEN reagent (Nippon Gene). 0.5 or 1 μg of purified mRNAs from each sample were reverse-transcribed into cDNA 
using Rever Tra Ace qPCR RT kit (TOYOBO). The 1 μl of cDNA templates were used for real-time PCR reaction and 
relative quantification using LightCycler 450 (Roche) with SYBR Green I protocol. The amount of Hes5 mRNA was 
normalized to Gapdh mRNA in each sample. The amount of mRNAs of Synaptophysin 1 (Syp), VGLUT1 (Slc17a) and 
VGAT (Slc32a1) were normalized to the β -III-tubulin (Tubb3) mRNA. The following primer pairs were used to detect 
the indicated target genes: 5′ -agtacccattcaggctgcac-3′  (forward) and 5′ -ccgaggaggagtagtcacca-3′  (reverse) for Syp, 
5′ -cccactccatgtgagtcca-3′  (forward) and 5′ - caacataaatacagaggtggctaaaa-3′  (reverse) for Tubb3, 5′ -actgcaccccagcatctc-3′   
(forward) and 5′ - ccagggtgtgttaaacttcgt-3′  (reverse) for Slc17a, for 5′ -atgccattcagggcatgt-3′  (forward) and 
5′ -ggcgaagatgatgaggaaca-3′  (reverse) Slc32a1, 5′ -tggagatgctcagtcccaag-3′  (forward) and 5′ -tgctctatgctgctgttgatg-3′  
(reverse) for Hes5 and 5′ -ctgcaccaccaactgcttag-3′  (forward) and 5′ -actgtggtcatgagcccttc-3′  (reverse) for Gapdh.

Antibodies.  Following antibodies were used: Notch1 (EP1238Y, NOVUS), intracellular domain of Notch1 
(C-20, Santa Cruz), extracellular domain of Notch1 (#07-218, Upstate Biotechnology), Jagged1 (C-20, Santa 
Cruz), Delta-like1/4 (C-20, Santa Cruz), cleaved Notch1 (V1744) (#2412, Cell signaling technology), synapto-
physin 1 (MAB5258, Chemicon), VGLUT1 (#135303, Synaptic Systems), VGAT (#131002, Synaptic Systems), Cre 
recombinase (#18771, IBL), GFP (A6455, Invitrogen), synapsin1 (#AB1543 Chemicon) and β -III-tubulin (TUJ1, 
SIGMA). Antibodies against synaptotagmin 160 were gift from Dr. Masami Takahashi (Kitasato University). 
The monoclonal antibodies against Notch2 (C651.6DbHN) and SV2 were obtained from the Developmental 
Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, 
Department of Biology, Iowa City, IA 52242.
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Immunoblot analysis and quantitation of immunoblot band densities.  Total cells were lysed in 
2% SDS, briefly sonicated and then incubated at 37 °C for 30 min with 1% 2-mercanptoethanol. After SDS-PAGE, 
samples were transferred to polyvinylidene difluoride membrane. The membranes were incubated in 5% Slim 
milk and 0.2% Tween-20, treated with primary antibodies and then probed with HRP-conjugated secondary 
antibodies (GE Healthcare) and chemiluminescent signals were acquired. Band intensities were measured using 
MultiGauge software (GE Healthcare) or ImageJ software (NIH). The ratio of synaptophysin 1 or VGLUT1 to 
β -III-tubulin were acquired and normalized to the value of control.

Quantitative immunofluorescence analysis.  For Fig. 3, immunostained images were acquired in a 
blind manner to experimental condition using fluorescence microscope. Using the ImageJ software, background 
was subtracted and the averaged immunofluorescent signals per total area were obtained and normalized to the 
mean values of control experiments. For Fig. 3c,d, non-specific signals were removed manually before analyses. 
For Fig. 4d,e, co-expression of Cre-GFP and Myristoylated Venus was confirmed by comparing the emission 
wavelength from somata (Cre-GFP) and distal neurites (Myristoylated Venus) using lambda scanning mode 
according to manufacturer’s instruction (TCS-SP5, Leica). The isolated axonal tracts which do not contact with 
other cells were selected, and the signal intensities of VGLUT1 immunofluorescence of z-stack images were nor-
malized to the axonal length. For Fig. 5, z-stack images of hippocampi from each mouse were analyzed by ImageJ. 
The signals of synaptophysin 1 in hippocampal CA1 stratum radiatum were obtained by subtracting the signals 
in subventricular zone as background and compared.

Immunocytochemisty.  Cells were fixed with 4% paraformaldehyde/4% sucrose in PBS for 15–30 min, incu-
bated in PBS containing 0.1% TritonX-100/3% BSA and stained with primary antibodies. The cells were washed 
and incubated for 1 h with Alexa Fluor-conjugated secondary antibodies (Invitrogen) and/or DAPI (WAKO 
Chemicals). The cells were washed and mounted and imaged with a fluorescence microscope (Axio observer Z1, 
Zeiss) or a confocal laser-scanning microscope (TCS-SP5, Leica).

Immunohistochemistry.  Newborn (P0-1) mice were killed by decapitation and the heads were fixed by 
soaking in PBS containing 4% paraformaldehyde overnight. The tissues were serially rinsed in PBS containing 10, 
20, and 30% Sucrose, covered by OCT compound (Sakura Finetek Japan) and frozen in liquid nitrogen. Frozen 
sections (10 μm) were prepared using Cryostat. Adult mice were anesthetized and fixed by cardiac perfusion with 
PBS containing 4% paraformaldehyde. The brain was post-fixed at 4 °C overnight. Sagittal slices (100 μm) were 
prepared using a microslicer (DTK-2000; D.S.K.; Dosaka, Kyoto, Japan). Sections were blocked with PBS contain-
ing 10% cow serum. Adult samples were permeabilized with 0.2% Triton X-100. The sections were then incubated 
with primary antibodies overnight, followed by incubation with Alexa 546 or 647 conjugated secondary antibod-
ies (Invitrogen) for 2 hrs. The samples were viewed using a confocal laser-scanning microscope (TCS-SP5, Leica).

Statistical analysis.  For analyses of immunofluorescence and qRT-PCR, student t-test was used for com-
parisons between two-group data and Tukey’s test was used for multiple group comparisons. For quantitative 
immunoblot analysis, Steel-Dwass test was used. In figures, statistical significance is indicated by (*) for p <  0.05, 
(**) for p <  0.01, and (***) for p <  0.001. All data are presented as mean ±  SEM.
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