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Title: Distinctive effects of eicosapentaenoic alodosahexaenoic acids in regulating neural

stem cell fate are mediated via endocannabinoithfligg pathways

Emerging evidence suggests a complex interplaydmivthe endocannabinoid system,
omega-3 fatty acids and the immune system in tbmption of brain self-repair. However,

it is unknown if all omega-3 fatty acids elicit slar effects on adult neurogenesis and if such
effects are mediated or regulated by interactiomis the endocannabinoid system. This study
investigated the effects of DHA and EPA on neuratrscell (NSC) fate and the role of the

endocannabinoid signalling pathways in these effect

EPA, but not DHA, significantly increased prolifaca of NSCs compared to controls, an
effect associated with enhanced levels of the emtlwabinoid 2-arachidonylglycerol (2-AG)
and p-p38 MAPK, effects attenuated by pre-treatmetit CB1 (AM251) or CB2 (AM630)
receptor antagonists. Furthermore, in NSCs deffinged IL-1[3 deficient mice, EPA
significantly decreased proliferation and p-p38 MAIRvels compared to controls,
suggesting a key role for ILBlsignalling in the effects observed. Although DHMAarly
increased 2-AG levels in wild-type NSCs, there wasoncomitant increase in proliferation
or p-p38 MAPK activity. In addition, in NSCs frorh-IL deficient mice, DHA significantly
increased proliferation without effects on p-P38 RKA suggesting effects of DHA are
mediated via alternative signalling pathways. Theselts provide crucial new insights into
the divergent effects of EPA and DHA in regulati§C proliferation and the pathways
involved, and highlight the therapeutic potentidheir interplay with endocannabinoid

signalling in brain repair.

Keywords:CB1 cannabinoid receptor, CB2 cannabinoid receptmrpsahexaenoic acid,

endocannabinoids, eicosapentaenoic acid, neuragenes



1 Introduction

Neurogenesis has consistently been shown in twone@f the adult brain, the
subventricular zone (SVZ) of the olfactory bulb @hd subgranular layer of the hippocampal
dentate gyrus, where it occurs in all mammals stlith date, including man (Ehninger and
Kempermann, 2008). Ageing is the greatest negagigelator of hippocampal neurogenesis
(Kuhn et al., 1996), and adult neurogenesis maggeired for hippocampal-dependent
learning and memory (Zhao et al., 2008). Increameaogenesis in rodents is seen following
ischaemia (Takagi et al., 1999), stroke (Darsdle.e2005) and after seizures (Parent et al.,
1997). These increases may be an attempt at letirepair and treatments that enhance
neurogenesis and survival of new neurons in adudig provide a novel therapeutic approach

to the treatment of neurodegenerative diseases.

Omega-3 polyunsaturated fatty acids (PUFAS) arereisd for brain development and
function and an elevated intake of docosahexaawit(DHA) and eicosapentaenoic acid
(EPA) may provide benefit in a range of neurolobarad neurodegenerative conditions
(Dyall and Michael-Titus, 2008). EPA and DHA enhardult hippocampal neurogenesis in
a variety of animal models (Dyall, 2011b) and DH#sltonsistently been shown to promote
differentiation of neural stem cells (NSCs) (Kateket al., 2009; Kawakita et al., 2006; Ma
et al., 2010; Rashid et al., 2013). Elucidatingrtrechanisms behind these effects has been
complicated by the convergent pathways involveegulating neurogenesis and the
pleiotropic effects of omega-3 PUFAs. However, enbar of potential targets have been
identified including enhancing neurotrophin levaigl regulating transcription factors (Dyall,
2011b).

The endocannabinoid system plays a key regulatdeyim adult hippocampal neurogenesis
(Jin et al., 2004; Rueda et al., 2002). Moreoves,@ndocannabinoid system directs cell fate
specification of NSCs in the CNS (central nervoysteam) via interleukin{1 associated
signalling pathways (Molina-Holgado and Molina-Hadtp, 2010). The two main
endocannabinoids, N-arachidonylethanolamide (AEanaamide), and 2-
arachidonylglycerol (2-AG), which are derivativestlee omega-6 PUFA, arachidonic acid
(AA) exert most of their biological effects by bing to the CB1 and CB2 cannabinoid
receptors. The CBL1 receptor is widely expressdbarbrain, with high levels in the
hippocampus, cerebellum and basal ganglia (Herkenh@91; Herkenham et al., 1991,

Moldrich and Wenger, 2000). CB2 receptors weredlijtdescribed in the immune system,

Abbreviations:AA, Arachidonic acid, AEA, anandamide, DHA. Docosahexaenoic acid; ERA,

eicosapentaenoic acid, 2-AG, 2-arachidonylglycerol




but have more recently been identified in glia andsets of neurons the CNS (Onaivi et al.,
2012). Activation of cannabinoid receptors stineganeurogenesis through a mechanism
dependent on diacylglycerol lipase (DAGL.: the eneymimarily responsible for the
synthesis of 2-AG) and the phosphoinositide-3 lavidkt pathway, an effect more

pronounced in older animals (Goncalves et al., 2008ina-Holgado et al., 2007).

Studies into the pro-neurogeneic effects of endoahmoids in the dentate gyrus have
produced conflicting results. Adult rats treatedhvan AEA analogue show significantly
decreased neurogenesis in dentate gyrus, andtinsreased by a CB1 antagonist (Rueda et
al., 2002). However, other evidence indicates thabnic treatment with an endocannabinoid
agonist increases hippocampal neurogenesis in edsl{Jiang et al., 2005), and CB1
receptor-knockout mice show significant reductionseurogenesis (Jin et al., 2004).
Pharmacological blockade CB2 inhibits the prolifena of NSC, and the proliferation of
progenitor cells in young animals (Goncalves et24108). A similar response is seen with a
fatty acid amide hydrolase (FAAH) inhibitor thamnits degradation of endocannabinoids
(Aguado et al., 2005). Overall, the effects of ¢éimelocannabinoid system on neurogenesis

appear a fine balance of receptor activation.

A number of independent lines of evidence suggeshaplex crosstalk between omega-3
PUFAs and the endocannabiniod system. For examplanalogous series of ethanolamide
endocannabinoids derived from omega-3 PUFAs has ideatified (Berger et al., 2001,
Wood et al., 2010), and omega-3 PUFA deficiencylishes endocannabinoid-mediated
neuronal functions in mice (Lafourcade et al., 201tImay therefore be that some of the
effects of omega-3 PUFAs on hippocampal neurogserasi mediated via interaction with
endocannabinoid signaling pathways. Furthermopgntevidence suggests EPA and DHA
have independent and divergent effects in the bnaoth normal aging and
neurodegenerative conditions (Dyall, 2015). Theesfthe aim of this study was to evaluate
the effects of DHA and EPA on NSC fate and the mpitdérole of endocannabinoid

signalling pathways in these effects.

2 Material and methods
2.1 Neural stem cell (NSC) cultures
All experiments were conducted in accordance WwithWK Animals (Scientific Procedures)

Act 1986 and with international guidelines on thi@aal use of animals. Cultures of NSCs
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were prepared from the cortex of day 16 (ED16) nii6&BL6 mice Wild Type (WT,
Charles River, UK), or interleukinBl(IL-1[3) deficient (KO) C57BL/6 mice (obtained from
Prof. Yoichiro lwakura, University of Tokyo, Tokydapan), as described previously
(Reynolds and Weiss, 1992; Rubio-Araiz et al., 20B8efly, the NSCs were manually
dissociated and the cell suspension centrifug&®@tg for 5 min. The cells were then
cultured as free-floating neurospheres at a den$i®p cells/pL in Dulbecco’s Modified
Eagles Medium (DMEM) / F12 plus B27 and 20 ng/ratdiblast growth factor (FGF) and
epidermal growth factor (EGF) (Pepro-Tech, UK) nkary neurospheres were cultured for 7-
10 days before secondary cultures were establisitbdnechanical dissociated cells. Cell
cultures were maintained by adding 6 pL of FGF BGdF every three days. Thereafter, the
neurospheres were passaged every 5-7 days andnegptr were performed after three to

seven passages.

2.2 Fatty acid analysis

The incorporation of DHA and EPA into the membrahespholipids of the NSCs from wild
type and IL-B knock-out mice was assessed as described preyidgll et al., 2007).
After 3 days in culture, DHA or EPA (10 nM) was addo the cells and incubated for 24 hr
at 37C. DHA and EPA stock solutions (1 mg/mL as fregyfacids, Sigma-Aldrich, U.K.)
were prepared in ethanol and stored at€0nder nitrogen until dilution to final
concentrations in ethanol. The cellular pellet waldected by centrifugation at 500 x g for 3
min. Four determinations were made for AA, DHA &MIA for each cell type. The lipids
from the pellets were extracted using the methdéod¢h and co-workers (Folch et al.,
1957). The pellets were weighed and heneicosaralq@21:0, 50 ug) was added as an
internal standard. Fatty acid composition was megkafter transesterification with 14%
boron trifluoride in methanol (v/v) at 100 (Morrison and Smith, 1964). Individual fatty
acids were identified by gas chromatography wimi ionization detector (GC-FID)
(7820A Agilent Technologies, USA) using a Omegawagillary column (30 nx 0.25um x
0.25 mm i.d., Supelco, U.S.A.). Fatty acid metlstke identity was confirmed by retention
times compared to known standards. Quantificatiqeak area was by ChemStation
software (Agilent Technologies, U.S.A.). The fadtyid concentrations were quantified
against the C21:0 internal standard and correctiare made for variations in the detector

response, determined previously.



2.3 Neural stem cell proliferation assays

NSCs from wild type mice were treated with DHA d?Aat final concentrations of 0.01,
0.1, and 1 uM as free fatty acids (Sigma-AldrickKYin order to identify the optimum
dose. DHA and EPA were diluted to final concentriagiin ethanol from the stock solutions.
The number of spheres formed was counted afteyd ideculture From these experiments it
was determined that 10 nM DHA and EPA producediitenum effects and this dose was

used in all subsequent analyses.

In the dilution assays, dissociated NSCs weredceaith 10 nM DHA or EPA and the cells
progressively diluted from 4000 to 500 cells inWél plates. The number of spheres formed
was counted after 7 days in culture. In experimentploying the selective cannabinoid
antagonists AM251 (0.5 uM) and AM630 (0.5 pM), digated neurospheres were treated
with either antagonists and then diluted, as aband,number of spheres counted after 7
days in culture. In this experiment, the numben@i neurospheres was plotted against the
initial number of cells plated, and the slope & lines obtained after the linear regression
was used to compare the experimental conditions) fwhich the behaviour of the NSCs was

evaluated (Campos et al., 2004; Tropepe et al9)199

2.4 5-Bromo-2’-deoxyuridine (BrdU) incorporation asays

The effects of DHA and EPA on cell proliferationr@ssessed using a colorimetric assay,
based on the measurement of BrdU incorporatiomdudNA synthesis following the
manufacturer instructions (Cell Proliferation ELISBrdU (colorimetric), Roche, Germany).
Prior to experimentation, the NSCs were passageating a single cell suspension. A 96
well plate was then pre-treated with poly-ornithfoe4 hr. The NSCs were plated at a
density of approximately 20,000 cells per well B0LL of medium. The plate was then
incubated for three days at°87 Following this, the cells were exposed to tHecae
cannabinoids antagonists AM251 or AM360 (both pM) for approximately 15 min prior
to the addition of DHA or EPA (10 nM) and the platas incubated for 24 hr at®7. The
BrdU labelling solution was diluted to a final cemtration of 20QuM. 10 uL per well BrdU
labelling solution was added to the cell culturd #re plate was re-incubated for 6 hr. After
this time, the plate was removed from the incubatat the labelling solution was removed
from each well. 20@/well of FixDenat was then added to the cells whiere then
incubated for 30 min at 15°C. The FixDenat solutias then removed and 1(bwell of
anti-BrdU-POD working solution added and the platabated for a further 90 min at 15°C.
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The antibody conjugate was removed and the plash@dthree times and 1Q0well of
substrate solution added. The plate was left fpr@pmately 30 min and then measured at

405 nm. This method was repeated for NSCs fromflkiock-out mice.

2.5 Quantitation of endocannabinoid concentrationgn NSCs using liquid
chromatography — tandem mass spectrometry (LC-MS/MP

Quantitation of endocannabinoids was essentialjeasribed previously (Henry et al., 2014;
Kerr et al., 2012; Kerr et al., 2013a; Kerr et 2013b). In brief, cell pellets (1.5 x 3Qvere
homogenised for 2 sec in 400 pL 100% acetonitolgaining deuterated internal standards
(0.014 nmol anandamide-d8 and 0.48 nmol 2-AG-d8mbigenates were centrifuged at
14,000 x g for 15 minutes at 4°C and the supernataa collected and evaporated to
drynessLyophilised samples were re-suspended in 40 pl &88tonitrile and separated on a
Zorbax® C18 column (150 x 0.5 mm internal diamebgryeversed-phase gradient elution
initially with a mobile phase of 65% acetonitrileda0.1% formic acid which was ramped
linearly up to 100% acetonitrile and 0.1% formiedaaver 10 min and held at this for a
further 20min. Analyte detection was carried ouglectrospray-positive ionisation and
multiple reaction monitoring (MRM) mode on an Agitel100 HPLC system coupled to a
triple quadrupole 6460 mass spectrometer (Agilaahnologies Ltd, Cork, Ireland).
Quantification of each analyte was performed bipnagtric analysis using Masshunter
Quantitative Analysis Software (Aligent Technolagi&K). The amount of each analyte in
unknown samples was calculated from a standarceaifriRelative response vs. Relative
concentration for each analyte i.e. (Peak Areayd®@liecuteraedPeak area analyi@uteratedy's
(Concentration analyl@ndeuteratedfOncentration analyRuteraed@nd expressed as nmol or
pmols per 1.5 x 10cells.

2.6 MAP Kinases cell signalling ELISA

The effects of DHA and EPA on mitogen-activatedi@ro(MAP) kinases cell signalling
pathways were investigated in the NSCs (PathScaA® Kinase multi-target sandwich
ELISA, Cell Signaling Technology, USA). The levelsphospho-p44/42 MAPK
(Thr202/Tyr204) (phosph-ERK1/2), phospho-p38 MARKI(180/Tyr182), MEK1/2,
phospho-MEK1/2 (Ser217/221), SAPK/INK and phospA&&/JINK (Thr183/Tyr185) were
analysed. The NSCs were treated with cell cultunreglia, excluding EGF and FGF, as they
may influence the activation of cell signalling Ipatiys. After 3 days, some NSCs were
treated with selective cannabinoid antagonists AM@5AM360 (both 1 uM) for



approximately 15 min at 8C. After the incubation period EPA or DHA was ada@ea final
concentration of 10 nM for a 5 min incubation pdrai 37C. The controls for EPA and
DHA were not treated. The NSC cultures from [kKihock-out mice were prepared as
above, but without the addition of AM251 or AM63&fter incubation the samples were
centrifuged for 3 min at 508 g. The MAP kinase activation was analysed follayine

manufacturer’s instructions and the absorbanceread at 450 nm within 30 min.

2.7 Statistical Analysis

Results are presented as means (SD) of 3-6 indepeagperiments, each carried out in
triplicate or quadruplicate. Statistical analyseswarried out using one-way analysis of
variance (ANOVA), followed by the Bonferroni postdymultiple comparison test, or
unpaired two-tailed Student’s t-test. Statistieghgicance was set at P<0.05. Statistical
analyses were performed using IBM SPSS statisécsion 21 (Chicago, USA). The tables
and graphs of the original data were produced uSirsgphPad Prism software version 6.00
for Windows (GraphPad, USA).

3 Results

3.1 The effects of DHA and EPA on NSC cell viabilt

To examine the effects of DHA and EPA on the NS&bwity neurospheres were cultured
with various concentrations DHA and EPA (Fig. 1heTonly significant increases in the
mean number of neurospheres were seen with 10 M(E522% vs. control, P<0.05).
However, both DHA and EPA significantly decreadeeirtnumber at higher concentrations
(all at P<0.05 vs. control). These findings suggest both DHA and EPA promote the
maintenance NSCs at nM concentrations, whereas #féects are not seen at higher
concentrations. Therefore, all subsequent expetsneeare performed with DHA and EPA at
concentrations of 10 nM.

3.2 DHA and EPA incorporation into NSCs from wild type and IL-1p knock out mice.
The AA, DHA and EPA contents of the NSCs from thielwype and IL-B knock-out mice
and media were analysed from cultures after 24shimaubation with 10 nM DHA or EPA
(Supplementary Table 1). The addition of DHA sigrahtly increased the levels of DHA in
both wild type and IL-f knock out cells, by 22.0% and 20.3% respectiviebtt{ P<0.05 vs.
controls). Similarly, the addition of EPA signifialy increased the levels of EPA in both



wild type and IL-B knock out cells (84.3% and 85.5%, respectivelyhibth P<0.05 vs.
control). There were no significant differencephospholipid incorporation of either DHA
or EPA between the NSCs from wild-type and R.¥inock-out mice. Although there were
decreases in the AA content following both DHA &flA treatment these did not reach

statistical significance for either cell type.

3.3 EPA, but not DHA increases proliferation of NSG from wild-type mice

NSCs were treated with DHA or EPA and were progvesgdiluted from 4000 to 500 cells.
The number of neurospheres was counted after 7idaydture and was plotted against the
initial number of cells plated. The slope of lineagression line was used to compare the
proliferation in different experimental conditio(fag. 2). With the DHA experiment, the
regression slope for the control cells was slop8®+ 0.013 (R=0.98) (Fig. 2A), which was
not significantly different from the slope of theHB treated cells, 0.178 0.007 (R=0.99),
nor, the slope for DHA treated cultures pre-treatéti the selective CB1 receptor antagonist
AM251 at 0.161+ 0.024 (R=0.92). However, there was a significant decrease i
proliferation with the prior addition of the CB2ceptor antagonist AM630 (0.1%80.021,
R?=0.89, P<0.05 vs. all other groups). With the N&€ated with EPA, the regression slope
for the control cells was 0.1620.025 (B=0.91) (Fig. 2B), which was not significantly
different from the slope of the EPA treated cdlld.90+ 0.021 (R=0.95), whereas the slope
for cultures pre-treated with the selective CB1 (281) and CB2 (AM630) antagonists were
0.144+ 0.016 (B=0.95) (P<0.05 vs. EPA group) and 0.G80.001 (R=0.94) (P<0.01 vs.

control and EPA groups), respectively.

The effects of DHA and EPA on neurosphere proltferawere also analysed using BrdU
ELISA. DHA treatment did not significantly alteratevels of BrdU absorbance compared
with the Controls (Fig. 2 C). Prior administratisith AM251 or AM630 decreased
proliferation of DHA treated NSCs (both P<0.05 esntrol and DHA groups). In

comparison, EPA treatment significantly increasediBabsorbance compared to the Control
group (P<0.05), and this effect was prevented kytgatment with AM251 (P<0.05 vs
control and P<0.001 vs. EPA) and AM630 (P<0.05cesitrol and P<0.001 vs. EPA).

3.4 Effect of EPA and DHA onendocannabinoid levels in NSCs



The effect of EPA and DHA treatment on endocanrabitevels in NSCs was assessed
using LC-MS/MS (Fig 3). Treatment of the NSC withR or EPA resulted in significant
increases in the levels of 2-AG by 112.6% (P<0d&1j 101.4% (P<0.05), respectively.
There were no significant effects of treatment weitiner DHA or EPA on levels of AEA.

3.5 DHA and EPA induce different effects on MAPK ck signalling in NSCs from wild

type mice

The effects of DHA and EPA on MAPK cell signallimg NSCs from wild-type mice are

summarised in Figs. 4 and 5, respectively. Thereewe significant effects of DHA

treatment, or pre-administration with AM251 or AMB3n the levels of phospho-ERK1/2,
phospho-p38 MAPK or MEK1/2. Pre-treatment with AM2fellowed by the DHA treatment

significantly decreased the levels of phospho-MEXE22.2% vs. control and -13.4% vs.
DHA, both at P<0.05). Similar effects were seerhwvtite pre-treatment by AM630 (-22.6%
vs. control and -13.9% vs. DHA, both at P<0.05).

Phospho-p38 MAPK levels were significantly increh$ellowing EPA treatment (+23.8%,
P<0.05 vs. control). This increase was inhibited gog-treatment with both AM251 and
AM630 (both P<0.05 vs. EPA). Neither EPA treatmerty pre-treatment with AM251 or
AMG630 significantly altered the levels of phosphBHL/2 or MEK1/2. Consistent with the
DHA treatment, the levels of phospho-MEK1/2 weré significantly altered following the
addition of EPA compared to the controls, whergasgaministration with both AM251 and
AM®630 prior to EPA treatment significantly decredevels (-22.5% and -15.4% vs. control,
and -15.5% and -8.3% vs. EPA, respectively, aft<d.05).

3.6 Endogenous IL-B is essential for the effects of EPA on NSC proéfation

NSCs from IL-B knock-out mice were treated with either DHA or ERAd the slope of the
linear regression line was used to compare théfg@ration in the different experimental
conditions (Fig. 6). With the DHA experiment, tlegression slope for the control cells was
slope 0.155 0.006 (R=0.99) (Fig. 6A), which was not significantly difent from the slope
of the DHA treated cells, 0.1510.015 (R=0.96). Similarly, there were no significant
differences between the slopes of the control @+10.018, B=0.93) and EPA (0.102
0.018, R=0.89) treated cells (Fig. 6B). The effects on nephere proliferation in IL{L
knock-out NSCs were also analysed using BrdU ELIS®wn in Fig. 6 (C). BrdU
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absorbance was significantly increased in the Di¢Ated cells compared to the control
(P<0.05 vs. control). Whereas there was a sigmfidacrease in the absorbance of BrdU in
the EPA treated NSCs compared to the control and Déhted cells (both at P<0.05).

3.7 IL-1P deficiency modifies the effects of DHA and EPA oMAPK cell signalling in
NSCs

The addition of DHA or EPA to NSCs from IL3knock-out mice produced significantly
different effects to those observed in NSCs frord wipe mice, Fig. 7. Following DHA
treatment the levels of phospho-ERK1/2 were sigaiftly decreased compared to the
controls (-8.8%, P<0.05 vs. control). The levelplbspho-p38 MAPK were not
significantly altered by the addition of DHA. Thesere significant decreases in the levels of
phospho-MEK1/2 following DHA treatment (-23.0%, P&® vs. control), whereas there
were no significant changes in the levels of unphosylated-MEK1/2, nor the activation the
MEK pathway. There were also no statistically digant effects of DHA treatment on the
levels of phosphorylated or unphosphorylated-SARK/J

Phospho-p38 MAPK was significantly decreased follm\EPA treatment (-9.1%, P<0.05
vs. control). Phospho-MEK1/2 was significantly dsased following EPA treatment (-
18.8%, vs. control, P<0.05), whereas unphosphayIsMEK1 was significantly increased
(+7.1% vs. control, P<0.05). The activation of MEK pathway, calculated from the ratio of
phosphorylated to unphosphorylated-MEK1, was sicguiftly decreased following EPA
treatment (-41.0%, P<0.001 vs. control). There werstatistically significant effects of
EPA treatment on the levels of phospho-ERK1/2 arsphorylated and unphosphorylated-
SAPK/INK

4 Discussion

Overall the results indicate that the addition éfMor EPA to NSCs has differing effects on
NSC proliferation and that these effects are mediata different cell signalling pathways.
The data demonstrate that EPA increases cell pratibn, an effect accompanied by an
increase in 2-AG formation, which acts via CB1 &2eceptors, to increase activation of
the p38 MAPK signalling pathway. In comparisonhaligh DHA also results in increased 2-
AG levels in NSCs, there was no concomitant cham@éSC proliferation or activation of
p38 MAPK. Furthermore, the regulatory effects of ®and EPA were reversed in NSCs
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from IL-1p knockout mice, suggesting an important interackietween these omega-3
PUFAs and the neuro-immune system. CB1 and CB2tecagonists increase IL31evels

in NSCs (Garcia-Ovejero et al., 2013), and it mayHat the effects of EPA on 2-AG and
p38 MAPK induces IL-f thereby increasing proliferation, whereas pharruapcal

blockade of CB1 or CB2 or knockout of I3 httenuates this response, potentially via
preventing the activation of other MAPKSs, such a@sHKJA/2. These results provide important
new insights into the interaction between omegdJBAs and endocannabinoid signalling
and the subsequent cellular mechanisms by whiclyarBePUFAs exert their effects on

neurogenesis.

The initial cell viability assays showed the greateumbers of neurospheres were induced by
DHA and EPA when added at nM levels, with toxieeets above 1 uM, and therefore 10 nM
was used in all the subsequent experiments. Tiniserdration is lower than typically applied
to NSCs, where 1 uM DHA has been shown to induiferdntiation (Katakura et al., 2009;
Kawakita et al., 2006). However, our analysis shibtinrat even at these low concentrations
there was significant enrichment of the membrarespholipids, consistent with NSCs
incorporating and metabolizing PUFAs readily (Ldmegeet al., 2010). Furthermore, the
initial reports of cell viability assays showedlselere most viable when DHA was added at
the lowest dose (0.1 uM) (Katakura et al., 2009er€ are also differences in methodologies
used, as in these other studies the fatty acids dissolved in media containing 1.0% fatty-
acid free bovine serum albumin (Katakura et alQ@Kawakita et al., 2006), whereas in the
present study DHA was dissolved in ethanol and thiketed into the media..

DHA inhibited NSC proliferation consistent with preus studies (Katakura et al., 2013;
Katakura et al., 2009); however, others have repddtHA enhances NSC proliferation
(Sakayori et al., 2011). Sakoyori and co-workegogsted that the difference in effects on
proliferation was the due to the lower DHA concatitm promoting the maintenance of
gliogenic NSCs. Since this was the same dose asiseabsin our study it is more likely that
this discrepancy is due to differences in the expantal conditions. In our study we

collected NSC from ED16 fetal mice cortices, wher8akayori and co-workers used ED16.5
rats and Katakura and co-workers used ED 14.5$aisayori et al., 2011). There were also
differences in the concentrations of heparin, F&& BGF between studies, all of which are

crucial determinants of NSC fate (Kelly et al., 38R0
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EPA treatment significantly increased NSC prolifena The role of EPA in regulating NSC
fate has only recently begun to be explored. lecamt paper EPA was shown to enhance
neuronal differentiation of NSCs, but the effeatspooliferation were not explored (Katakura
et al., 2013). Furthermore, although EPA was shtmaenhance differentiation, this group
reported that DHA and EPA induced different effamtsthe transcription factors involved in
regulating the cell cycle. EPA significantly incseal the levels of Hes1, whereas with DHA
treatment it was significantly decreased. Heslrepaessor type transcription factor, which
inhibits neuronal differentiation and enhancesifertion in NSCs (Ishibashi et al., 1994;
Ohtsuka et al., 2001). EPA, but not DHA, also digantly increased Hes6, and Hes6 acts in
a positive-feedback loop with Hes1 to promote neardlifferentiation (Bae et al., 2000;
Koyano-Nakagawa et al., 2000). It may thereforéhla¢ the effects of EPA on proliferation
are based on a fine balance between these basiddag-helix transcription factors and

may also depend on experimental conditions employed

The effects of EPA on proliferation were abolistgdprior exposure of the NSCs to
pharmacological blockade of either CB1 or CB2 réwmey suggesting the effects were
mediated via endocannabinoid signalling pathwagsviBus studies have shown cross-talk
between omega-3 PUFAs and the endocannabinoidhsystide brain (Lafourcade et al.,
2011). Importantly, our results show for the fiiste that a single administration of DHA or
EPA to NSC significantly increases the levels & &A-derived endocannabinoid, 2-AG.
Previous studies have reported omega-3 PUFA sugpitation reduces levels of 2-AG (and
AEA) across a range of tissues, including the b¢ammann et al., 2008; Batetta et al., 2009;
Matias et al., 2008; Watanabe et al., 2003; Woal.e2010); however, these studies are
based on long term administration protocols ancetfexts appear driven by displacement of
AA from phospholipids and subsequent competitiarbiosynthetic enzymes. This
displacement was not seen in the present studgitieentreatment altered AA levels likely
due to the low doses of DHA and EPA applied, ardefore, this observation of an acute
effect of DHA and EPA on 2-AG levels must be coesadl novel.

The results show both EPA and DHA similarly incee@sAG levels, whereas only EPA
induces proliferation. Differences between the@fef AA and DHA on NSC fate have
been observed previously (Sakayori et al., 2014)sTit is possible that EPA is acting via

endocannabinoid signalling pathways to promoteiferaition, whereas DHA may
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additionally be acting via alternative pathwaysrsas through conversion to the
endocannabinoid-like metabolite, synaptamide, whig been shown to induce neuronal
differentiation of NSCs via activation of proteimise A (PKA)/CAMP response element
binding protein (CREB) (Rashid et al., 2013).

In the present study the EPA induced increasesSi@ Nroliferation were accompanied by
regulatory effects on MAPK signalling pathways watlsignificant increase in phospho-p38
MAPK. The p38 MAPKSs have important roles in cytakiproduction and belong to the
stress-activated MAPK family (Mittelstadt et alQ(5). However, additional functions for
p38 MAPKSs in regulating stem cell fate have begube elucidated, where for example, the
adipokine adiponectin increases NSC proliferatianp38 MAPK signalling pathways
(Zhang et al., 2011). These effects appear mediadeiriansient activation of p38 MAPK, as
in both our study and the study by Zhang and cdkersrphosphorylation of p38 MAPK
declined by 30 min (data not shown). Pharmacoldgileckade of CB1 and CB2 inhibited
both the proliferative effects of EPA and the acpanying increases in phospho-p38
MAPK, suggesting p38 MAPK activation was occurradgvnstream of CB1 or CB2.
Consistent with these observations, cannabinoide haen shown to activate p38 MAPK,

but not JNK via CB1 receptors in hippocampal slig@srkinderen et al., 2001).

The cytokine IL-B has a complex interaction with the p38 MAPK patinaad
endocannabinoid signalling in regulating NSC f&arcia-Ovejero et al., 2013; Molina-
Holgado and Molina-Holgado, 2010; Vela et al., 2062irthermore, we have previously
shown an intricate balance exists between DHA @8 &nd the inflammasome (Mandhair
et al., 2012). Therefore the role of I[3-in mediating the effects of DHA and EPA were
investigated in NSCs derived from I3 Heficient mice. In these NSCs fromfIknock-out
mice both DHA and EPA induced effects oppositéhtise observed in the cells from wild
type mice, such that DHA significantly increasedliperation, whereas EPA significantly
reduced it. The effects of DHA were seen withogtéases in the levels of phospho-p38
MAPK, indicating the involvement of different sighiag pathways. Whereas in the EPA
treated IL-B knock-out NSCs there was also a decrease inWieéslef phospho-p38 MAPK,
consistent with a role in the proliferative effeofsEPA. These results provide the first
evidence that IL-ft has an essential role in the effects of DHA and EPregulating NSC

fate.
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The present results indicate that IB4% needed for the proneurogenic effect of EPA.
However the effects of ILflin the control of neural precursors cells fateisiens remains
controversial. Several studies indicate that fLislantineurogenic (Koo and Duman, 2008;
Ryan et al., 2013) by activation of the tumor sesgor p53 (Guadagno et al., 2015) or via
adrenocortical activation (Goshen et al., 2008hedfindings suggest a proneurogenic effect
of IL-1P (de la Mano et al., 2007; Xue et al., 2015). levpyus studies from our group, we
observed that genetic deletion of IB-ihcreases basal proliferation of NSC (Garcia-Oweje
et al., 2013).

The results highlight the important differencesha effects of DHA and EPA in regulating
NSC fate. DHA is quantitatively the most importamiega-3 PUFA in the brain, and brain
DHA levels are typically 250-300 times higher tHalRA (Chen et al., 2009). The low levels
of EPA are maintained by multiple mechanisms iniclg@-oxidation, decreased
incorporation, elongation to docosapentaenic daklX, 22:5n-3) and lower phospholipid
recycling (Chen et al., 2013). However, in spitehase quantitative differences the doses
used in the present study are of physiologicaveslee (Contreras et al., 2000) and produce
significant enrichment of the membrane phosphaddipkurthermore, evidence is now
accumulating that many effects are specific andqumto the individual omega-3 PUFAs and
it is essential to identify these fatty acid speatfffects, as there has traditionally been a lack
of discrimination between the different omega-3 RERvith results broadly attributed to the
omega-3 PUFA series as a whole (Dyall, 2011a).

In conclusion, this study provides the first eviderthat EPA induces NSC proliferation via
direct effects on endocannabinoid and p38 MAPKaigrg pathways, potentially mediated
by IL-1(3. However, further work is required to identify thewnstream targets, which may
include cell cycle regulatory transcription fact@atakura et al., 2013). Furthermore, our
work does not preclude synergistic/parallel effectother signalling pathways. For
example, the positive effect of omega-3 PUFA sumpgletation on neurogenesis in aging
occur in parallel with restorative effects on teé&moic acid receptors, RARalpha and
RXRbeta in CAl and dentate gyrus regions of thedgampus, suggesting some of the
effects may be mediated by activity at these tnapison factors (Dyall et al., 2010), or
interaction between p38 MAPK and retinoid signgl{Piskunov and Rochette-Egly, 2012).
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Further studies will address these down-streanctstfélowever, these results highlight
important differences between the neurogenic effetEPA and DHA and suggest that

through modulation of the endocannabinoid systesmlyepair may be supported.
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Fig. 1.DHA and EPA show dose-specific effects on NSC feadiion. After seven days in
culture the effects of different doses of DHA orARere quantified by counting the number
of neurosphere formed. The results are expressagascentage of the control values as
means (SD) and the groups were compared by oneAN&NA followed by the Bonferroni
post hoc multiple comparison test (N = 6 per gro@ly EPA at 10 nM significantly
increased proliferation, whereas at 100 nM and 1hokh DHA and EPA significantly

decreased proliferation. *P<0.05 vs. control.

Fig. 2. Divergent effects of DHA and EPA and selecendocannabinoid antagonists on
NSC proliferation. Serial dilution assays of didgated neurosphere cultured with 10 nM
DHA or EPA in the absence or presence of sele@B#& (AM251) and CB2 (AM630)
receptor antagonists (both 0.5 uM). The numbereafospheres was estimated 1 week later
and plotted against the initial number of celldgda The slopes of the lines obtained after
liner regression were used to compare the expetaheonditions as assessed by one-way
ANOVA followed by the Bonferroni post hoc multippemparison test (N = 4 per group).
(A) DHA and DHA with prior administration with AM2bdid not significantly alter
proliferation compared to controls, whereas AM6RMigicantly decreased the number of
newly formed neurospheres (P<0.05 vs. all othengsh (B) EPA did not significantly alter
proliferation, whereas prior administration of AMR&nd AM630 significantly decreased
proliferation (P<0.05 vs. EPA group and P<0.05cesitrol and EPA groups, respectively).
The effects of DHA and EPA on cell proliferationne&lso assessed using a colorimetric
assay, based on the measurement of BrdU incorpaordtiring DNA synthesis. DHA did not
enhance cell proliferation (Fig. 2 C), whereas Edhificantly increased proliferation (Fig.
2 D). Prior administration of AM251 or AM630 (bo#ih 1 ©M) significantly decreased
proliferation following the addition of both DHA drEPA. Groups were compared by one-
way ANOVA followed by the Bonferroni post hoc mpli comparison test and *P<0.05 vs.
control,”P<0.05 vs. DHA treated afitP<0.001 vs. EPA treated (N = 6 per group).

Fig 3. EPA and DHA treatment increased levels &fbut not anandamide (AEA) in
NSCs. Groups were compared by one-way ANOVA folldwg the Bonferroni post hoc

multiple comparison test with * representing P<0a@8 ** P<0.01 vs. control (N = 3-4 per

group).
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Fig 4. Treatment of NSCs with 10 nM DHA in the afise or presence of AM251 and
AM630 induces differential phosphorylation of MARNdses. The addition of 10 nM DHA
did not significantly alter the levels of any oEtMAP kinases measured; however,
administration of AM251 and AM630 (both 1 uM) primr DHA treatment significantly
decreased phospo-MEK1/2 compared to control and Del#ed groups. Groups were
compared by one-way ANOVA followed by the Bonfeilirpost hoc multiple comparison

test with * representing P<0.05 vs. control 4R&0.05 vs. DHA treated, (N = 6 per group).

Fig. 5. EPA induced significant increases in phasp88 MAPK, which are abolished by
inhibition of cannabinoid receptors. EPA (10 nMjrsficantly increased the levels of
phospo-p38 MAPK compared to the controls, which alaslished by pre-treatment with
both AM251 and AM630. Consistent with the DHA tehtells, pre-treatment with both
AM251 and AM630 (both 1 uM) prior to the additiohEPA significantly decreased
phospo-MEK1/2 compared to control and EPA treatedigs. Groups were compared by
one-way ANOVA followed by the Bonferroni post howlhiple comparison test, with *
representing P<0.05 vs. control &rfek0.05 vs. EPA treated, (N = 6 per group).

Fig. 6. IL-1B has an essential role on the proliferative effe€ElBHA and EPA in NSCs
Serial dilution assays of dissociated neurospheitared with 10 nM (A) DHA or (B) EPA.
The number of neurospheres was estimated 1 weskdatl plotted against the initial
number of cells plated. There were no significaffecences in the slopes of the lines
obtained after liner regression under any of thgeemental conditions as assessed by
Student’s t-test (N =4 per group). The effects fAdand EPA on cell proliferation were
also assessed using a colorimetric assay, basex oneasurement of BrdU incorporation
during DNA synthesis (Fig. 6 C). In these cells DEignificantly enhanced proliferation,
whereas EPA significantly decreased proliferati®roups were compared by one-way
ANOVA followed by the Bonferroni post hoc multipp@mparison test, with * representing
P<0.05 vs. control antP<0.05 vs. DHA treated, (N = 4 per group).

Fig. 7. IL-1B is essential for the effects of DHA and EPA on Mgkl signalling in NSCs.
The effects of DHA and EPA on MAPK cell signallinglL-13 deficient mice was assessed
using a multi-target sandwich ELISA. In these cBIMA significantly decreased phospho-
ERK1/2 and phospho-MEK1/2 levels, effects whicheweot seen in the cells from wild type
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mice. Following EPA treatment the opposite effatphospho-p38 MAPK was seen
compared to the NSCs from wild type mice, such tihete was a significant decrease in the
levels. EPA also significantly decreased the leegélshospho-MEK1/2 and increased
MEK1/2, leading to an overall significant increaseMEK1/2 activation. Groups were
compared by one-way ANOVA followed by the Bonferirpost hoc multiple comparison

test, with * representing P<0.05 vs. control (N pet group).
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Highlights

EPA and DHA increase levels of endogenous endocannabinoid, 2-AG in neural stem cells
EPA increases neural stem cell proliferation in parallel with phosph-p38 MAPK

Effects of EPA are abolished by CB1 and CB2 receptors antagonists

Interaction between EPA, DHA, endocannabinoid and IL-1 signalling in these effects



