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Abstract
Docosahexaenoic acid (DHA) has been shown to promote neuronal differentiation of neural stem
cells (NSCs) in vivo and in vitro. Previously, we found that N-docosahexenoyethanolamine
(synaptamide), an endogenous DHA metabolite with endocannabinoid-like structure, promotes
neurite growth, synaptogenesis and synaptic function. In this study, we demonstrate that
synaptamide potently induces neuronal differentiation of NSCs. Differentiating NSCs were
capable of synthesizing synaptamide from DHA. Treatment of NSCs with synaptamide at low
nanomolar concentrations significantly increased the number of MAP2 and Tuj-1 positive neurons
with concomitant induction of PKA/CREB phosphorylation. Conversely, PKA inhibitors or PKA
knockdown abolished the synaptamide-induced neuronal differentiation of NSCs. URB597, a fatty
acid amide hydrolase inhibitor, elevated the level of DHA-derived synaptamide and further
potentiated the DHA- or synaptamide-induced neuronal differentiation of NSCs. Similarly, NSCs
obtained from fatty acid amide hydrolase (FAAH) KO mice exhibited greater capacity to induce
neuronal differentiation in response to DHA or synaptamide compared to the wild type NSCs.
Neither synaptamide nor DHA affected NSC differentiation into GFAP-positive glia cells. These
results suggest that endogenously produced synaptamide is a potent mediator for neurogenic
differentiation of NSCs acting through PKA/CREB activation.
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Introduction
Docosahexaenoic acid (DHA, 22:6n-3), an omega-3 fatty acid highly enriched in the brain,
is essential to maintain proper brain function (Salem et al., 2001; McNamara et al., 2006).
Both human and animal studies have indicated that accretion of DHA at an early stage is
particularly critical for optimal neurodevelopment. DHA not only plays a significant role as
a structural component in neuronal membranes (Salem et al., 2001) but also participates in a
variety of cellular events such as transcriptional activation (de Urquiza et al., 2000), cell
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survival (Akbar et al., 2005) and maturation of developing neurons (Calderon and Kim,
2004; Cao et al., 2009).

It has been demonstrated that DHA promotes neurogenesis by stimulating neuronal
differentiation of NSCs (Kawakita et al., 2006; Katakura et al., 2009; Ma et al., 2010).
Kawakita et al. was the first to demonstrate that DHA promotes neurogenic differentiation in
rat fetal NSCs as well as an in vivo model of neurogenesis (2006). The involvement of DHA
in regulating expression of basic helix-loop-helix transcription factors and the cell-cycle has
been implicated in this process (Katakura et al., 2009). Consistent with these results, an
increase in hippocampal neurogenesis and improved spatial learning has been observed in
fat-1 transgenic mice where the DHA level is elevated (He et al., 2009). Although these
findings clearly demonstrated the neurogenic potential of DHA, it is not clear whether its
endogenous metabolites are at least in part responsible for the observed induction of
neuronal differentiation of NSCs.

N-docosahexaenoylethanolamine is a member of the N-acylated amino acid or
neurotransmitter class of lipid signaling molecules with endocannabinoid-like structure
(Connor et al., 2010). Recently, we have observed that DHA is metabolized to N-
docosahexaenoylethanolamine in fetal neuronal cultures, and demonstrated that this
metabolite is a potent mediator for neurite growth, synaptogenesis and glutamatergic
synaptic activity (Kim et al., 2011a). According to its synaptogenic property and amide
structure, the term ‘synaptamide’ was introduced for N-docosahexaenoylethanolamine (Kim
et al., 2011b). Synaptamide was detected in the brain and its endogenous level has been
shown to be affected by diet (Kim et al., 2011a; Berger et al., 2001). For example,
synaptamide increased in the brains of piglets after supplementation with DHA (Berger et
al., 2001) while its level decreased in the fetal hippocampus when pregnant mice were fed
an omega-3 fatty acid deficient diet (Kim et al., 2011a). Considering synaptogenic and
neuritogenic properties of synaptamide, the DHA-dependent modulation of endogenous
synaptamide levels may provide an explanation for the impediment in morphological
development of neurons (Cao et al., 2009) as well as functional deficits observed with DHA-
deficiency (Moriguchi et al., 2000). Nevertheless, the potential role of synaptamide in DHA-
induced neuronal differentiation of NSCs has not been explored.

The aim of the present study was to determine whether synaptamide contributes to neuronal
differentiation of NSCs. We found that first, DHA promotes neuronal differentiation of
NSCs; second, DHA is metabolized to synaptamide in the cultured NSCs; third,
synaptamide potently induces neuronal differentiation of NSCs; and fourth, the
synaptamide-induced neuronal differentiation is mediated through PKA/CREB signaling.

Materials and Methods
Chemicals and antibodies

Dulbecco’s Modified Eagle Medium/Ham’a F12 (DMEM/F12 1:1) and insulin were
purchased from Life Technologies Corporation (Carlsbad, CA, USA) and basic fibroblast
growth factor (bFGF) from R&D Systems (Minneapolis, MN, USA). Glucose, HEPES,
human apo-transferrin, progesterone, sodium selenite, putrescine, paraformaldehyde,
heparin and forskolin were purchased from Sigma-Aldrich (St. Louis, MO, USA), and
normal goat serum was acquired from Dako (Carpentaria, CA, USA). PKA inhibitor 6–22
amide was purchased from Calbiochem (EMD Millipore Bioscience, MA, USA) and H-89
was acquired from LC laboratories (Woburn, MA, USA). Anti- microtubule-associated
protein 2 (MAP2) antibody and anti-glial fibrillary acidic protein (GFAP) antibody were
purchased from Sigma-Aldrich (St. Louise, MO, USA). Antibodies to PKA, CREB and
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GAPDH were purchased from Cell Signaling, and Tuj-1 was acquired from Millipore (CA,
USA). Free fatty acids were obtained from Nuchek Prep Inc. (Elysian, MN).

Animals
Time pregnant female Wistar rats (gestation day 13) were obtained from Charles River
Laboratories (Portage, MI, USA) and acclimated for a day before fetal brain was collected
for NSC preparation. A minimum number of animals were used for the collection of fetal
neural stem cells from anesthetized rats. All experiments in this study were carried out in
accordance with the guiding principles for the care and use of animals approved by the
National Institute on Alcohol Abuse and Alcoholism (LMS-HK31).

Fetal neural stem cell culture
NSCs were cultured by the neurosphere method (Rietze and Reynolds, 2006) modified by
Katakura et al. (2009). Briefly, forebrain cortices of rats or FAAH wild type (+/+) or KO (−/
−) mice (C57BL6/J) (Cravatt et al., 2001) were isolated on embryonic day 14.5 and 12.5,
respectively. FAAH KO mice were kind gifts from Dr. Cravatt’s laboratory. The cortices
were mechanically disrupted into single cells by repeated pipetting in a serum-free
conditioned medium (N2 medium) containing DMEM/F12 (1:1), 0.6% (wt/vol) glucose,
0.1125% (wt/vol) sodium bicarbonate, 2 mM L-glutamine, 5 mM HEPES, 100 μg/mL
human apo-transferrin, 20 nM progesterone, 30 nM sodium selenite, 60 μM putrescine, and
25 μg/mL insulin. The dissociated cells were cultured in 6 cm dishes at a density of 1 × 105

cells/mL in N2 medium with 20 ng/mL bFGF and 2 μg/mL heparin in a humidified 5%
CO2/95% air incubator at 37 °C. Within 3–4 days, the cells grew as free-floating
neurospheres that were then collected by centrifugation, mechanically dissociated by
pipetting, and passaged. After the second passage, nestin- and SOX2-positive NSCs were
enriched in the neurosphere (Supplemental Fig. 1A) with minimal presence of differentiated
cells (MAP2-, Tuj-1 and GFAP-positive cells). The NSCs which were dissociated from the
neurospheres and cultured for 3 h in the absence of FGF were mostly nestin- and SOX2-
positive (Supplemental Fig. 1B), indicating the stemness of the NSC preparation.

Differentiation of NSCs
After the second passage neurospheres were mechanically dissociated and 5×105 cells/mL
were plated onto 15 μg/mL poly-L-ornithine coated 6- or 24-well plates in N2 medium
without bFGF and heparin to initiate the differentiation. The cultures were then treated with
N2 medium containing polyunsaturated fatty acids (PUFA) bound to 0.05% (wt/vol) bovine
serum albumin (BSA) and 40 μM vitamin E for 1–7 days as described earlier (Kim et al.,
2000; Calderon and Kim, 2004). As the vehicle control, N2 medium containing 0.05% (wt/
vol) BSA and 40 μM vitamin E was used.

Small hairpin RNA (shRNA) transfection
Transient transfections of NSCs were performed on the 4th day of plating under
differentiating conditions. Lipofectamine 2000 reagent (Life Technologies Corporation) was
used for this purpose according to manufacturer’s instruction. Prior to the transfection,
conditioned media from NSCs was removed, saved and replaced with fresh DMEM/F12.
Lipofectamine/shRNA plasmid mixture was prepared in DMEM and added to the cells.
After 4 h at 37 °C in a CO2 incubator, the medium containing lipofectamine/shRNA plasmid
mixtures was removed and replaced with original conditioned medium and the NSCs were
treated with synaptamide for 72 h. Pre-designed HusH-29 shRNA sequences (Origene) used
for PKAα catalytic subunit knockdown were:
GAGTGATGCTCGTGAAGCACAAGGAAAGT, and
CCGAGATTATCCTGAGCAAAGGCTACAAC. The effectiveness of these shRNAs in
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suppressing protein kinase A (PKA) expression was confirmed in NSCs by western blot
analysis at 24h after transfection.

Immunofluorescence staining
For immunofluorescence staining, 2.5 × 105 NSCs were cultured in 0.5 mL media unless
otherwise specified. Cultured cells were fixed with 4% (wt/vol) paraformaldehyde for 30
min at room temperature, washed with 0.1 M Tris-buffered solution (pH 7.5, TBS), blocked
with 10% (vol/vol) normal goat serum in TBS containing 0.3% (vol/vol) Triton X-100 at
room temperature for 60 min, and incubated with primary antibodies at 4 °C overnight. The
primary antibodies were mouse anti-MAP2 (1:1000), mouse anti-neuron-specific class III
beta-tubulin (Tuj-1, 1:1000), and rabbit anti-glial fibrillary acidic protein (1:2000). The cells
were washed with TBS and incubated with Alexa Fluor 488- and 555- conjugated secondary
antibodies (1:1000, Life Technologies Corporation) at room temperature for 60 min. To
visualize nuclei, the cells were counterstained with 2 μg/mL 4′,6-diamidino-2-phenylindole
(DAPI). Finally, the cells were mounted with 80% (vol/vol) glycerol, visualized under a
fluorescent microscope (IX81, Olympus Corp., Tokyo, Japan) and the image data were
processed using MetaMorph (Molecular Devices, Sunnyvale, CA, USA) for quantitative
information. The number of MAP2-, Tuj-1-, and GFAP-positive cells were counted from
three separate wells with six to eight random fields per well for each individual experiment.
At least three independent experiments were performed. The percentages of neuronal and
glia cell population were calculated against the DAPI-positive total cell numbers which
include undifferentiated stem cells and differentiated neurons and glia cells.

Western blot analysis
For western blot analysis, 1.25 × 106 NSCs were cultured in 2.5 mL media unless specified
otherwise. Proteins in cell lysates (15 μg protein) were separated via SDS–PAGE and
electroblotted onto a polyvinylidene difluoride (PVDF) membrane for 90 min at 100 V at 4
°C. The membranes were blocked with 5% BSA for 60 min in TBST (20 mM Tris–HCl, pH
7.5, 50 mM NaCl, 0.1% (vol/vol) Tween 20), and incubated overnight at 4 °C with primary
antibodies in TBST. After being washed in TBST buffer, the membranes were incubated for
60 min in anti-rabbit or anti-mouse IgG–horseradish peroxidase (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) secondary antibodies diluted (1:2000) in TBST, and the labeled
proteins were detected with chemiluminescence reagents (Thermo Fisher Scientific,
Rockford, IL, USA). Unless specified otherwise, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the loading control for all western blotting analyses.
Western blot bands were quantified using a Kodak Gel Logic 440 imaging system with
Image J software.

Cytotoxicity assay
To evaluate cytotoxicity, lactate dehydrogenase (LDH) released from NSCs was assayed
using CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega, Madison, WI)
according to the manufacturer’s protocol. NSCs (2.5 × 105 NSCs in 0.5 mL media) were
treated with different concentrations of synaptamide or DHA for 6 days. Fifty μL
supernatant was collected from the culture, transferred to 96-well plates, and 50 μL of
substrate solution was added. The enzymatic reaction was allowed to proceed for 30 min at
room temperature, protected from light. After stopping the reaction by adding 50 μL/well of
the stop solution, the absorbance was measured at 490 nm using a plate reader (Molecular
Devices, Sunnyvale, CA). The released LDH activity was normalized to the total LDH
activity determined from the cell lysate and supernatant. The final data were expressed as %
of untreated control.
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Analysis of synaptamide
For analysis of synaptamide, 2.5 × 106 NSCs were treated with 1 μM DHA in the presence
or absence of inhibitor. The cells and media were collected at the appropriate time points,
lipids were extracted (Bligh and Dyer, 1959) and analyzed by HPLC-electrospray mass
spectrometry using an Agilent 1290 UHPLC coupled to a TSQ Quantum Ultra mass
spectrometer (Thermo Scientific, San Jose, CA) as described earlier (Kim et al., 2011a).
Separation of synaptamide was achieved using a 50 mm × 2.1 mm BDS Hypersil C18
column with a solvent gradient that consists of 0.1% (vol/vol) acetic acid in water/methanol
varying from 70/30 to 0/100 over 1 min, and was then held for an additional 6 min. The
column was re-equilibrated with 30% (vol/vol) methanol for 3 min between injections. For
quantitation, the mass spectrometer was operated in the positive ion multiple reaction
monitoring (MRM) mode using d4-synamptamide as an internal standard. Collision-induced
dissociation (CID) was performed using argon as the collision gas at 1.5 mTorr with relative
collision energy set at 15 V. Specific mass transitions were monitored based on the loss of
ethanolamine (m/z 372→62, 376→66 and 394→62 for endogenous, d4- and 13C22-
synamptamide, respectively) (Kim et al., 2011a).

Preparation of synaptamide
Stock solutions of DHA were made by dissolving the fatty acid in methanol. Synaptamide
(d0-and d4-synaptamide) was prepared as described previously (Kim et al., 2011). In brief,
100 mg of DHA-chloride (Nuchek Prep Inc., Elysian, MN) was dissolved in cold methylene
chloride (Sigma-Aldrich, St. Louis, MO) followed by drop-wise addition of 100 μL of d0-
(Sigma-Aldrich, St. Louis, MO) or d4-ethanolamine (Cambridge Isotope Laboratories,
Andover, MA). The mixture was allowed to react 20 min on ice, washed 4 times with 20 mL
LC/MS grade water, dried under nitrogen, and resuspended in LC/MS grade methanol.
Product purity (>98%) was assessed using positive and negative ion mode ESI mass
spectrometry and by gas chromatographic analysis after transmethylation with BF3 (Sigma-
Aldrich, St. Louis, MO) as described earlier (Wen and Kim 2004).

Statistical analysis
The results are expressed as means ± SD for triplicate samples and represent at least three
independent experiments. Statistical analyses were conducted using Student’s t test and in
some cases one-way ANOVA followed by Bonferroni-corrected pairwise comparisons.
Unless indicated otherwise, a p value of less than 0.05 (Student’s t test) or 0.01 (Bonferroni)
was considered significant.

Results
Effects of long chain PUFA on differentiation of NSCs

The nervous system is highly enriched with long chain PUFAs including DHA and
arachidonic acid (AA). Also, when the DHA level is reduced in the brain by dietary
omega-3 fatty acid depletion, a compensatory increase of docosapentaenoic acid (DPAn-6)
is known to occur (Galli et al., 1971). Therefore, we first examined the effects of DHA, AA
and DPAn-6, on the neuronal differentiation of NSCs in comparison to oleic acid (OA)-
treated or unsupplemented NSCs. Cultured NSCs were incubated with 1 μM long chain
PUFA in the absence of bFGF for 7 days and the expression of MAP2 and Tuj-1 (neuron
markers), and GFAP (astrocyte marker) were examined by immunocytochemistry (Fig. 1A
and B) and western blot analysis (Fig. 1C and D). The number of MAP2 and Tuj-1 positive
cells was significantly increased after incubation with DHA (from 10.5 ± 2.5 to 25.2 ± 3.6
%, p < 0.001 for MAP2 and from 13.8 ± 3.3 to 30.0 ± 4.5 %, p < 0.001 for Tuj-1 positive
cells, respectively) and to a lesser degree with DPAn-6 (to 19.9 ± 2.8 %, p < 0.01 for MAP2
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and 23.2 ± 3.7 %, p < 0.05 for Tuj-1 positive cells, respectively). However, AA or OA
produced no effects. None of these fatty acids affected the number of GFAP positive cells.
The expression pattern for MAP2, Tuj-1 and GFAP proteins shown by the western blot
analysis (Fig. 1C and D) was consistent with the microscopic data. DHA was more effective
than DPAn-6 in increasing MAP2 and Tuj-1 protein levels while AA and OA showed no
significant effects (Fig. 1C and D). None of these lipids altered the GFAP protein level.
These data confirmed the established effects of DHA on neuronal differentiation of NSCs
while demonstrating DPAn-6 as a considerably weaker substitute for DHA in terms of
neurogenic function.

Metabolism of DHA to synaptamide in cultured NSCs
Since the conversion of DHA to synaptamide has been observed in hippocampal neuronal
cultures (Kim et al., 2011a), we examined whether this also occurs in NSC cultures under
differentiating conditions. When the NSCs were incubated with unlabeled DHA or 13C22-
DHA, the formation of synaptamide was detected from both substrates (Fig. 2). The MRM
approach using mass transition from the intact molecule (MH+) to ethanolamine based on
the specific fragmentation at the amide bond allowed quantitative determination of
synaptamide with high specificity in the presence of the deuterium labeled internal standard.
The production level of synaptamide was estimated to be 40.2 ± 3 fmol when approximately
one million NSCs were treated with total 1 μM DHA and 13C22-DHA for 4 days under
differentiating conditions.

Neuronal differentiation of NSCs induced by synaptamide
Once the production of synaptamide from DHA by NSCs was confirmed, we examined the
effect of synaptamide on the neuronal differentiation of NSCs. NSCs were treated with
synaptamide in the 1–500 nM range for 7 days, and differentiation was evaluated by
immunostaining coupled to fluorescence microscopy along with western blot analysis. The
immunofluorescence staining data (Figs. 3A and B) showed significant increases in MAP2
(from 9.9 ± 1.0 to 14.9 ± 2.1 %, p < 0.01) and Tuj-1 positive cells (from 10.3 ± 1.1 to 16.9 ±
3.5 %, p < 0.01) after treatment with synaptamide at a concentration as low as 1 nM, while
differentiation into GFAP positive cells was not affected. Consistent with these results,
western blot analysis showed significant increases in both MAP2 and Tuj-1 protein levels
after treatment with as low as 1 nM synaptamide (Figs. 3C and D), indicating that
synaptamide is a potent neurogenic factor. No significant differences in the GFAP protein
level were observed. Neuronal differentiation examined over a wide range of synaptamide
concentration revealed a bell shaped dose-response relationship (Fig. 3B). The maximum
effect of synaptamide on neuronal differentiation was reached at a concentration of 10 nM,
and the response gradually diminished above this concentration. The western blot analysis
also confirmed the immunostaining results as MAP2 and Tuj-1 protein levels were lower at
100 nM in comparison to 10 nM synaptamide (Figs. 3C and D, Supplemental Fig. 2C and
D). The DHA-induced neuronal differentiation also showed a similar bell shaped dose-
response relationship with the peak response at around 1 μM (Supplemental Fig. 2).
Synaptamide was by 50–100 fold more effective than DHA in inducing NSC differentiation
into Tuj-1 and MAP2-positive neurons (Supplemental Fig. 2A, B). Consistently, Tuj-1
protein expression peaked at 10 nM and 1 μM of synaptamide and DHA, respectively, and
decreased at higher concentrations (Supplemental Fig. 2C, D). Since the maximal effect of
synaptamide was observed at 10 nM, this concentration was used to test neuronal
differentiation of NSCs in most of the experiments.

Involvement of PKA/CREB activation in synaptamide-induced differentiation of NSCs
To explore the mechanisms underlying the synaptamide-induced neuronal differentiation of
NSCs, we screened several key kinase pathways using the kinome profiling approach
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(Parikh et al., 2009) and found that synaptamide increases phosphorylation of PKA
substrates (data not shown). Synaptamide showed negligible effects on the substrates for
other kinases such as Akt, PLK, CKII and ATM, although possible involvement of these
pathways cannot be completely excluded (data not shown). To determine whether the PKA
signaling pathway is involved in synaptamide-induced neuronal differentiation, NSCs were
treated with 10 nM synaptamide for 7 days in the absence or presence of PKA inhibitors,
H89 or PKA inhibitor 6–22 amide, and differentiation was evaluated by
immunocytochemistry and western blot analysis. Forskolin, an activator of adenylate
cyclase and thus PKA signaling (Seamon et al., 1981), was used as a positive control. The
immunocytochemical analysis (Fig. 4A and B) showed that synaptamide at 10 nM and
forskolin at 1 μM similarly increased the percentage of MAP-2 (by 1.6- and 1.9-fold,
respectively) and Tuj-1 positive cells (by 2.0- and 2.3-fold, respectively), but the observed
increases were abolished by the PKA inhibitors H89 or PKA inhibitor 6–22 amide. Western
blot results also indicated that MAP2 and Tuj-1 expression as well as cAMP response
element binding protein (CREB) and PKA phosphorylation were upregulated by
synaptamide and forskolin and this increase was prevented by the PKA inhibitors (Figs 4C
and D). None of these treatments significantly altered the percentage of GFAP positive cells
or GFAP protein level. These results indicate that synaptamide-induced neuronal
differentiation of NSCs requires activation of the PKA/CREB signaling pathway.

Effects of PKA knockdown on synaptamide-induced neuronal differentiation of NSCs
To provide further evidence for the involvement of PKA in synaptamide-induced NSC
differentiation, the effects of PKA knockdown on neuronal differentiation was examined
(Fig. 5). We used vectors coexpressing green fluorescent protein (GFP) and shRNAs that are
targeted to knockdown the PKAα catalytic subunit (GFP-PKAα shRNA) or scrambled
shRNA (GFP-Sc shRNA). We first validated the effectiveness of these shRNAs in
suppressing PKA expression by western blot analysis using Neuro 2A cells after 24h of
transfection (Fig. 5A). In comparison to the scrambled shRNA, both PKA shRNAs clearly
decreased the PKA level. NSCs were transfected with these silencing vectors and
subsequently treated with either vehicle (DMSO) or 10 nM synaptamide for 72h, and
differentiated neurons were immunostained using MAP2 antibody (visualized in red) (Figs.
5B and 5D). Neuronal differentiation was evaluated by the percentage of MAP2-positive
neurons among at least 100 shRNA-expressing cells (visualized in green) per sample (Fig.
5C). As shown in the representative micrographs (Fig. 5B, far left panel; Fig. 5D top panel),
GFP-Sc shRNA expressing cells were identified in both neuronal (GFP, MAP2-overlapping
cells which were circled in white) and non-neuronal cell populations. Synaptamide treatment
significantly increased MAP2-positive neurons within the GFP-Sc shRNA-expressing cell
population (from 16% at the basal condition to 32% after synaptamide treatment, p < 0.001)
(Fig. 5A, second panel from left; Fig. 5D, second panel from top). PKAα knockdown did
not alter the percentage of MAP2 positive neurons in vehicle-treated control (16 and 15%
for Sc shRNA- and PKAα shRNA-expressing cells, respectively; micrographs not shown).
However, PKAα shRNA abolished the synaptamide-induced increase in MAP2 positive
cells seen in the Sc shRNA-expressing cells (12 % vs. 32% for PKAα shRNA- vs. Sc
shRNA-expressing cells, p < 0.001) (Fig. 5A, third and fourth panels from left; Fig. 5D,
third and fourth panels from top). Both PKAα shRNA plasmids produced similar inhibitory
effects. These results further established the critical role of PKA signaling in synaptamide-
induced neuronal differentiation of NSCs.

Effects of fatty acid amide hydrolase on DHA-derived synaptamide levels during
differentiation

Because synaptamide is a substrate for fatty acid amide hydrolase (EC 3.5.1.99, FAAH)
(Kim at al., 2011a), the level of synaptamide and its neurogenic capacity can be regulated by
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the FAAH activity. Therefore, we first examined the expression profile of FAAH in NSCs
by western blotting, and the effect of FAAH inhibition on DHA-derived synaptamide
accumulation using tandem mass spectrometry (Fig. 6). FAAH was detected in NSCs from
the first day of differentiation, and its expression level increased considerably by the day 4
in culture (Fig. 6A). Accordingly, the level of synaptamide derived from 1 μM DHA
gradually declined during the course of differentiation (from 148.6 ± 3.8/fmol/2.5 × 106

NSCs on day 1 to 95.6 ± 10.7, p < 0.001 and 49.4 ± 0.4, p < 0.001 fmol/2.5 × 106 NSCs for
day 4 and 7, respectively). Addition of 20 nM URB597 to the culture media to prevent the
hydrolysis significantly elevated the synaptamide level at all time points examined. The
synaptamide level peaked on day 4, and then decreased by day 7 to a level similar to that on
day 1 even in the presence of URB597, suggesting that degradation pathways other than
hydrolysis by FAAH are operational during the course of NSC differentiation. Alternatively,
it is possible that the production rate of synaptamide was reduced by day 7.

Effects of FAAH inhibition on DHA- or synaptamide-induced NSC differentiation
Significant FAAH activity identified in NSCs suggested that elevating the synaptamide level
by suppressing FAAH activity may enhance synaptamide-induced neuronal differentiation
of NSCs. We tested this proposition by two different approaches; employing FAAH
inhibitors or a FAAH KO mouse model (Fig. 7). To this end, less than optimum
concentrations of DHA (100 nM) and synaptamide (5 nM) were deliberately chosen to
examine the effects of elevated synaptamide levels on neuronal differentiation
(Supplemental Fig. 2A, B). The NSC cultures were treated with URB597 for 30 min, and
subsequently with DHA or synaptamide for 7 days, and neuronal differentiation was
evaluated by immunocytochemistry (Fig. 7 A and B) and western blotting (Fig. 7C and D).
Immunocytochemical analysis showed that both DHA and synaptamide significantly
increased MAP2 positive neurons (approximately 1.7- and 2.3-fold increase compared to
control, respectively). The percentage of MAP2 positive cells was further increased when
URB597 was included in the culture (approximately 2.2- and 3.1-fold increase compared to
control, respectively) without affecting GFAP positive cells. Consistent results were
obtained by western blot analysis; pretreatment with 20 nM URB597 significantly enhanced
the DHA-and synaptamide-induced increase in MAP2 and Tuj-1 levels, as well as the
phosphorylation of PKA and CREB.

The effect of FAAH was further confirmed using NSCs prepared from a mouse model
devoid of FAAH expression. As observed with rat NSCs, the NSCs from fetal mouse brains
also showed significant increases in neuronal differentiation in response to DHA and
synaptamide. The NSCs from FAAH KO mice showed more MAP2-positive cells (Fig. 7E
and F) and enhanced PKA phosphorylation (Fig. 7G) after 7 days of incubation with DHA
or synaptamide in comparison to those from the wild type animals. The observation that the
neurogenic differentiation capacity of synaptamide or DHA is regulated by FAAH activity
together with the NSCs’ ability to produce synaptamide (Figs. 2 and 6) from DHA as well as
potent neurogenic activity of synaptamide (Fig. 3) provides strong evidence that
synaptamide is a mediator for DHA-induced neuronal differentiation of NSCs.

Discussion
In the present study, we demonstrated that synaptamide is a potent neurogenic factor,
mediating DHA-induced neuronal differentiation of NSCs. We found that NSCs can
metabolize DHA to synaptamide that induces neuronal differentiation at a significantly
lower concentration than DHA. We also demonstrated that PKA-CREB signaling is
necessary for the synaptamide-induced neuronal differentiation of NSCs. Schematic
depiction of the signaling pathway for DHA-induced neuronal differentiation of NSCs is
shown in Figure 8.
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Among the several fatty acids examined, DHA and DPAn-6 specifically induced neuronal
differentiation of the NSCs (Fig. 1). Treatment of tertiary neurospheres, termed as gliogenic
neural stem cells, with 0.1 μM of DHA has been reported to increase the number of Tuj-1
positive cells but not GFAP positive cells (Sakayori et al., 2011). We used secondary
neurospheres where MAP2- or Tuj-1 positive cells were derived at 8–17% of NSCs, while
15–24% developed into GFAP positive cells after 7 days of differentiation. Apparently, the
properties of NSCs used in the present study were similar to those of the tertiary
neurospheres from the previous study in that increases in neuronal differentiation were
observed after DHA treatment (Lim et al., 2005). DPAn-6 is known to reciprocally replace
DHA when DHA is lost in the brain as in the case of dietary deprivation of omega-3 fatty
acids (Galli et al., 1971).

Nevertheless, numerous findings indicated that DPAn-6 can sufficiently support neither
neuronal survival and development nor brain function (Moriguchi et al., 2000; Calderon and
Kim, 2004; Akbar et al., 2005; Lim et al., 2005). Our observation that DPAn-6 is less
effective than DHA despite its ability to induce neuronal differentiation of NSCs (Fig. 1)
also suggests an adverse impact of DHA-depletion on neurodevelopment.

We have previously found that synaptamide is synthesized from DHA in hippocampal
neuronal cultures and its content in the fetal hippocampus is decreased by feeding pregnant
mice an omega-3 fatty acid deficient diet (Kim et al; 2011a). We also demonstrated that
synaptamide is the principal mediator for DHA-induced neuritogenesis and synaptogenesis
in primary hippocampal neurons (Kim et al; 2011a). The present study demonstrates the
metabolism of DHA by NSCs to synaptamide (Fig. 2) which potently increases the
percentage of MAP2 and Tuj-1 positive cells and the expression levels of these neuronal
marker proteins (Fig. 3). The effective concentrations of synaptamide (low nM range)
appear to be attainable under physiological conditions. Although the exact cellular
concentration of synaptamide at a given moment cannot be determined, 4–12 nM can be
reached based on 50–150 fmole synaptamide produced from 1 μM DHA incubated with 2.5
million NSCs (Fig. 6B) if the estimated cell volume of 5 pL/cell is applied (Korchev et al.,
2000). Moreover, the basal DHA concentration in the brain was found to be low μM
(Contreras et al., 2000), sufficient to produce nM concentrations of synaptamide. In
addition, suppression of synaptamide hydrolysis by using URB597 or FAAH KO increased
the synaptamide content (Fig. 6) and potentiated DHA- and synaptamide-induced neuronal
differentiation (Fig. 7). Taken together, these findings indicate that synaptamide is likely an
endogenous and physiologic neurogenic factor which is dependent on DHA availability.

DHA-derived neuroprotection has been well-documented (Akbar et al., 2005; Bazan, 2006;
Kim et al., 2010), and therefore, the promoted neuronal differentiation observed in DHA-
treated NSCs may be due to its neuroprotective effects. However, significant reduction of
cytotoxicity was observed only at 1 μM DHA among many effective concentrations while
decreased LDH activity was not observed at any of the synaptamide concentrations tested
(Supplemental Fig. 3), suggesting that synaptamide and DHA promote neurogenic
differentiation via mechanism other than neuroprotection. In addition, the bell shaped dose-
response relationship was similar for both synaptamide and DHA with the former more
effective than the latter by approximately 50–100 fold (Supplemental Fig. 2). These data
strongly support the interpretation that synaptamide production at least in part mediates the
DHA-induced neuronal differentiation of NSCs. The LDH assay indicated that cytotoxicity
increased only at the highest concentrations tested, i.e., 1000 nM synaptamide and 5000 nM
DHA (Supplemental Fig. 3). It was intriguing to observe that the response declined above 10
nM synaptamide and 1 μM DHA even though there was no significant increase in
cytotoxicity. The reason for the diminished capability to induce neuronal differentiation at
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higher concentrations of synaptamide and DHA is not clear at present and warrants further
investigation.

Numerous studies have indicated the involvement of cAMP/PKA/CREB signaling pathway
in NSC differentiation (Kim et al., 2002; Lonze et al., 2002; Chu et al., 2006; Wang et al.,
2007; Lepski et al., 2010). Many upstream signaling pathways including cAMP-PKA,
Mitogen-activated Protein Kinase, Phospholipase C/protein kinase C and Ca2+/calmodulin-
dependent protein kinases II/IV can lead to CREB activation (Johannessen et al., 2004).
Apparently, cAMP/PKA signaling was responsible for the synaptamide-induced neuronal
differentiation of NSCs observed in this study, since synaptamide increased phosphorylation
of PKA and CREB, while inhibiting PKA activation or PKA knock down virtually abolished
synaptamide-induced neuronal differentiation (Figs. 4 and 5). The observed induction of
neuronal differentiation by forskolin, a cAMP/PKA activator (Fig. 4), also supports the
involvement of this pathway. Previously, increasing cAMP by forskolin has been reported to
increase the number of progenitor cells adopting a neuronal phenotype (Palmer et al., 1997).

Potential target genes of CREB include the brain derived neurotrophic factor (BDNF) which
is known to enhance the survival of newborn neurons in vitro and in the adult dentate gyrus
(Lee and Son, 2009) and NeuroD, a neurogenic transcription factor (Lee, 1997; Jagasia et
al., 2009). It has been reported that DHA improves learning and memory function via BDNF
and CREB activation (Wu et al., 2011) and increases NeuroD mRNA expression in cultured
NSCs (Katakura et al., 2009). Consistent with these results, DHA depletion in the brain has
been shown to reduce the proteins which are downstream targets of CREB (Sidhu et al.,
2011). These previous findings as well as our current data support a role of DHA-derived
synaptamide in neuronal differentiation of NSCs via CREB-dependent transcriptional
activation.

The endogenous receptor mediating synaptamide effects is currently unknown. Several
receptors for synaptamide-induced differentiation could be considered such as G protein
coupled receptor (GPR) 40, cannabinoid receptor type 1 (CB1), retinoid X receptor (RXR)
and peroxisome proliferator-activated receptors (PPARs), however, there are factors that
tend to exclude each of these possibilities. It has been reported that GPR40 is expressed in
the brain and pancreas in the human and monkey, and its ligands are medium- and long-
chain fatty acids including DHA, EPA, and AA. GPR40 is also expressed in the subgranular
zone of the adult monkey hippocampus where neurogenesis is stimulated by GPR40-CREB
signaling (Ma et al., 2008). Although DHA has been shown to increase neuronal
differentiation in rat NSCs transfected with GPR40 (Ma et al., 2010), GPR40 expression has
not been demonstrated in rodents thus far.

Synaptamide has structural similarity with anandamide (AEA), an endogenous ligand for
CB receptors. Therefore, it is possible that CB1, the major CB receptor form expressed in
the brain, may mediate synaptamide induced-PKA-CREB activation. It has been shown that
CB1 is expressed in neural progenitor cells (NPCs) from post-natal day 4 mouse brain where
AEA stimulates CREB phosphorylation and increases neuronal differentiation of NPCs in 7
days (Soltys et al., 2010). However, HU210, a potent CB agonist, and AEA are reported to
promote proliferation but exert no significant effects on neuronal differentiation of NSCs
obtained from fetal brains at embryonic day 17, at which time CB1 expression was detected
(Jiang et al., 2005). The NSCs used in our study were obtained from rat fetal brain at
embryonic day 14.5 when CB1 expression was minimal. Furthermore, the affinity of CB
receptors for synaptamide is much weaker than for AEA (Sheskin et al., 1997), suggesting
unlikely involvement of CB1 in the potent action of synaptamide on neuronal differentiation
of NSCs observed in the present study.

Rashid et al. Page 10

J Neurochem. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PPARs are expressed in the NSCs and may also play a role in proliferation and
differentiation of NSCs (Cimini and Ceru, 2008). Involvement of PPARγ in NSC
proliferation and differentiation has been reported; however, a PPARγ agonist was found to
inhibit neuronal differentiation of NSCs (Morales-Garcia et al., 2011; Wada et al., 2006). N-
acylethanolamines (NAE) activate PPARα, but synaptamide showed rather minor activity in
comparison to oleoylethanolamide, linolenoylethanolamide and AEA (Artmann et al., 2008).
Furthermore, we found no effects of OA and AA on neuronal differentiation of the NSCs at
low μM concentrations (Fig. 1), despite the capability of NSCs to convert these fatty acids to
the corresponding NAEs (data not shown). These findings argue against the role of PPARs
in synaptamide-induced neuronal differentiation of NSCs.

DHA is an endogenous ligand for RXR (de Urquiza et al., 2000), and other fatty acids
including AA have been shown to bind to RXR (Lengqvist et al., 2004). RXRs are
expressed in the NSCs, and pre-activation of retinoid signaling has been shown to facilitate
neuronal differentiation of mesenchymal stem cells (Bi et al., 2010). Nonetheless, AA did
not affect the neuronal differentiation of NSCs in our study. Moreover, according to the
RXR ligand binding assay, the DHA concentration that enables RXR activation is much
higher than the concentration that induces hippocampal neurite growth (Calderon and Kim,
2007) or neuronal differentiation of NSCs seen in this study. However, ligand binding
assays may not be adequate to address the cellular signaling transmitted through RXR
activation. It is possible that RXR signaling depends on not only the extent of ligand binding
but also the type of ligands and dimerization partners, which in turn may determine
sensitivity and characteristics of RXR transcriptional activity in vivo. Therefore, the possible
role of RXR activation in DHA- or synaptamide-induced neuronal differentiation of NSCs
may need to be further investigated.

In conclusion, the present study demonstrates that synaptamide is a potent mediator for
promoting neuronal differentiation of NSCs. The neurogenic property of synaptamide was
found to be transmitted through PKA-CREB signaling. Although the biosynthetic pathway
is yet to be determined, synaptamide is derived from DHA in NSCs. Therefore, the
neurogenic capacity of NSCs during development can be directly linked to the endogenous
synaptamide level which in turn is dependent on the dietary omega-3 fatty acid intake that
influences the brain DHA content. Obviously, further research efforts are necessary to
determine the specific receptor and downstream target genes of synaptamide, as well as the
biosynthetic mechanisms for this DHA-derived potent neurogenic factor.
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AEA anandamide

AA arachidonic acid

bFGF basic fibroblast growth factor

BDNF brain derived neurotrophic factor
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BSA bovine serum albumin

CREB cAMP response element binding protein

CB1 cannabinoid receptor type 1

DAPI 4′,6-diamidino-2-phenylindole

DHA docosahexaenoic acid

DPAn-6 docosapentaenoic acid

DMEM/F12 Dulbecco’s Modified Eagle Medium/Ham’a F12

FAAH fatty acid amide hydrolase

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GFAP glial fibrillary acidic protein

GPR G protein coupled receptor

GFP green fluorescent protein

MH+ protonated molecular ion

NAE N-acylethanolamines

MAP2 microtubule-associated protein 2

NSCs neural stem cells

Tuj-1 neuron-specific class III beta-tubulin

OA oleic acid

PPARs peroxisome proliferator-activated receptors

PUFA polyunsaturated fatty acids

PVDF polyvinylidene difluoride

PKA protein kinase A

RXR retinoid X receptor

shRNA small hairpin RNA

TBS Tris-buffered solution
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Figure 1.
Effects of long chain PUFA on differentiation of NSCs. NSCs were treated with 1 μM long
chain PUFA bound to 0.05% BSA for 7 days and subjected to immunofluorescence and
western blot analyses. NSCs were stained for MAP2 (green, mature neuron marker), Tuj-1
(green, early neuron marker), GFAP (red, glia marker) and nuclei (blue, DAPI), and
visualized by fluorescence microscopy (A). The percentage of Tuj-1 and GFAP positive
cells was evaluated using MetaMorph software (B). Western blot analysis was performed for
MAP2, Tuj-1 and GFAP (C) and quantified by densitometry (D). The data are expressed as
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the mean ± SD of triplicates or quadruplicates, representing three to four independent
experiments. a–c, Bars with different letter superscripts are significantly different
(Bonferroni’s multiple comparison test, p<0.01).
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Figure 2.
Identification of synaptamide production from DHA by NSCs. NSCs were incubated with 1
μM DHA and 13C22-DHA for 4 days under a differentiating condition (in the absence of
FGF). Lipids were extracted from the cultures and analyzed by mass spectrometry for
synaptamide using MRM. Both non-labeled and 13C22-labeled synaptamide were detected at
the same retention time, indicating that DHA and 13C22-DHA were metabolized to
synaptamide by NSCs. Synaptamide-d4 was used as an internal standard.
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Figure 3.
Induction of neuronal differentiation of NSCs by synaptamide. NSCs were treated with
various concentrations of synaptamide for 7 days, stained for MAP2 (green), Tuj-1 (green),
GFAP (red) and DAPI (nuclei), and visualized by fluorescence microscopy (A), and the
percentage of MAP2, Tuj-1 and GFAP positive cells was evaluated using MetaMorph
software in the 1–500 nM range (B). Effects of synaptamide on the expression of MAP2,
Tuj-1 and GFAP for selected concentrations were evaluated by western blot (C) which was
quantified by densitometry (D). Representative photomicrographs (A) and western blot data
(C, D) are shown for 1, 10 and 100 nM concentrations. The data are expressed as the mean ±

Rashid et al. Page 19

J Neurochem. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SD of triplicates, and represent at least three independent experiments. *, p<0.05; **,
p<0.01; ***, p<0.001; #, p<0.05; ##, p<0.01; ### p<0.001 for Tuj-1 (*) and MAP2-positive
cells (#) compared to vehicle control. a–c, Bars with different letter superscripts are
significantly different (Bonferroni’s multiple comparison test, p<0.01).
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Figure 4.
Critical role of PKA/CREB activation in synaptamide-induced neuronal differentiation of
NSCs. NSCs were treated with PKA inhibitor, H89 (1 μM) or PKA inhibitor 6–22 amide (1
μM) for 30 min, and then incubated with synaptamide (10 nM) or forskolin (1 μM) for 7
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days. NSCs cells were stained for Tuj-1 (green), GFAP (red) and nuclei (DAPI), and
visualized by fluorescence microscopy (A), and the percentage of Tuj-1 and GFAP positive
cells was evaluated using MetaMorph software (B). Western blot analysis was performed for
CREB and PKA phosphorylation along with MAP2, Tuj-1 and GFAP (C). Phosphorylated
CREB and PKA level was normalized to the total CREB and total PKA, respectively, and
compared to their basal levels (D). Micrographs for MAP2 staining are not shown. The data
are expressed as the mean ± SD of triplicates, representing three independent experiments.
**, p<0.01; ***, p<0.001 compared to DMSO control.
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Figure 5.
Inhibition of synaptamide-induced neuronal differentiation of NSCs by PKA knockdown.
NSCs were transfected on the on 4th day of culture under differentiation condition with
GFP-coexpressing scrambled shRNA (Sc) or shRNA targeting PKAα catalytic subunit (0.8
μg of plasmid DNA/5×106 cells). After 4 h, the transfection medium was removed and
NSCs were treated with vehicle (DMSO control) or 10 nM synaptamide for the next 72h.
(A) Western blot analysis confirming effectiveness of shRNAs in suppressing PKA
expression. Decreased PKA expression is clearly indicated after Neuro 2A cells were
transfected with shRNAs for 24 h. (B) Representative photomicrographs showing the GFP-
tagged shRNA transfected cells (green) and neurons stained with MAP2 (red). Cells which
are both MAP2- and GFP-positive are displayed as orange and marked with circles. (C)
Quantitative results indicating that synaptamide-induced neuronal differentiation was
significantly decreased by PKAα shRNA transfection. (D) Representative photomicrographs
with lower magnification (X10) showing that synaptamide-induced neuronal differentiation
of NSCs is blocked by PKAα knockdown. Two separate PKAα shRNA plasmids produced
similar inhibition. The quantified values represent the percent of MAP2 positive cells
detected among at least 100 GFP-positive transfected cells per sample, and are averages of
results from three independent experiments ± SD. ***, p<0.001 compared to DMSO control.
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Figure 6.
Effects of FAAH on synaptamide levels during NSC differentiation. (A) The FAAH protein
expression profile during NSC differentiation evaluated by western blot analysis. (B)
Synaptamide levels quantified by mass spectrometry after NSCs were supplemented with 1
μM DHA with or without 20 nM URB597 for the indicated time period during
differentiation. The data are expressed as the mean ± SD of triplicates, representing three
independent experiments. ***, p<0.001 compared to the synaptamide level on day 1.

Rashid et al. Page 25

J Neurochem. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Rashid et al. Page 26

J Neurochem. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Effects of FAAH suppression on neuronal differentiation of NSCs. NSCs were treated with
URB597 (20 nM) for 30 min, and then with synaptamide (5 nM) or DHA (100 nM) for 7
days. NSCs were stained for MAP2 (green), GFAP (red) and nuclei (DAPI), and visualized
by fluorescence microscopy (A). Percentages of MAP2 and GFAP positive cells were
evaluated using MetaMorph software (B). The protein levels of MAP2, Tuj-1 and GFAP,
pCREB and pPKA were evaluated by western blot analysis (C) and quantified by
densitometry (D). The NSCs from FAAH KO mice showed increased capacity for DHA- or
synaptamide-induced neuronal differentiation as indicated by the representative
photomicrographs (E) and quantification of MAP2-positive cells (F), along with enhanced
PKA phosphorylation detected by western blot analysis (F). Inset: Absence of FAAH
protein expression in FAAH KO mice. WT: wild type. The data are expressed as the mean ±
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SD of triplicates representing two independent experiments. *, p<0.05 **; p<0.01; ***,
p<0.001 compared to DMSO control.
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Figure 8.
Scheme for DHA-induced neural stem cell differentiation into neurons
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