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Abstract

Objective: Maternal vitamin D deficiency during pregnancy has been linked to impaired
neurocognitive development in childhood. The mechanism by which vitamin D affects
childhood neurocognitiors unclear butmaybe viainteractionswith serotonin, a
neurotransmitter involved in fetal brain development. In this study we aimed to explore
associatioabetween maternand fetal vitamin D concentrations, dethl serotonin
concentrationstat term.

Study designsand measur ements. Serum 25-hydroxyitami® (25(OH)D,nmol/L) and
serotonin (88T, nmollL) concentrations were measured in maternaluaniilical cord
bloodfrom motherinfant pairs (n=64). Association between maternal 25(OH)D, cord
25(0OH)D and cord serotonin was explored using linear regression, before and afiengd]
for maternakerotonin levelsWe alsoassessed the effects of SiRNA knockdowihef
vitamin D recepto(VDR) and administration of 10nM 1,25-dihydroxyvitamin @n

serotonin secretion inuman umbilical vein endothelial cells (HUVEYn vitro.
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Results: We observe@n inverseaelationshippbetween both maternal and cord 25(0OH)
concentratios with cord serotonin concentratioi$ie treatment of HUVECs with,25-
dihydroxyvitamin 3 in vitro decreasethereleaseof serotonin (193-£14-8 nmol/L vs.
458-9+317-5 nmol/L, control, p<0-05). Conversglgctivation ofVDR increased serotonin
releasan-cultured HUVEG.

Conclusions: These observations provitlee firstevidenceof an inverseelationship

between matern@5(OH)D andfetal serotoninconcentrationsWe proposé¢hatmaternal
vitamin D deficiency increases fetal serotonin concentrationgtaareby contributes to
longertermneurocognitivampairmentin infants ancchildren.

I ntroduction:

Vitamin D deficiency during pregnancst least as defined Isgrum vitamin D levels
(<50nmol/L)is endemig present in ~2@5% of women, depending on country of residence,
latitude,seasonand other factots. This may beimportant becausmaternalitamin D
deficiency has been linketdth poorer health outcomes for both mother and bgby.
example, vitamin D deficiency during pregnancy has lassociated witincreased risks of
gestational.diabétes (GDM), preeclampsia (PE), low birth weight, abnormal fetal skeletal
development, pre-term birth, caesarean section and post-partum depressiovever most
recently, theassociations between maternal vitamin D deficiency and adverse pregnancy
outcomes have looked less convinéthy: What has remained consistent is the observation
that maternal vitamin D status is associatéti later dildhood outcomes includingjabetes,

atopy and, in particulatearning outcomés™®.

Of particular concern is the growing evidence that vitamin D deficiency iy ldar
includingin utero, may be linked to adverse neurodevelopraland cognitive impairmeft
9 For example, in a recent study of 363 infant mother pairs, from the China-Anhui Birth
Cohort Study,.the toddlers who were in the lowest quintile of cord blood 25(@&gChad
significantlyslower mental and psychomotor developnseotes as assessesing the Bayley
Scales of Infant'Developmetitan other toddlet Similarly, amongd10 motherffspring
pairs from.the Western Australian Pregnancy Cohort [Raine] Stuaigrnalitamin D
deficiencyin‘mid-pregnancywas also associated with increased rateseafocognitive
difficulties and eating disordeet theage of 18°. In alargestudy 0f960 womerinfant pairs
in rural ViethamHaniehet al. (2014) reportedhfants born to womewho were vitamin D
deficientin late pregnancy had significantlywer developmental language scores compared

with those born to women who wesafficient forvitamin D'
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Despite these observational rep@tsologically plausible mechanism whereby vitamin D
might influencefetal neurocognitive developmehas not been obvious hat said, it is
known that vitamirD has a number of neurological actionsdhactivatespontaneous
neuronalfiring, modulate action potential duration, andreasedntrinsic excitabilityand
sensitivity' tomeurotransmitters as well as to neurotransmitter receptors such as GABA
receptor afid Nnethyl-D-aspartate (NMDA) recepttt Vitamin D can also activat variety
of signal transduction systems including calcium ion influx, the release of catmsnrom
intracellular stores, the modulation of adenylate cyclase, phospholipase I fREIn
kinase C, protein kinase D, the mitogactivated protein (MR) kinases, and the rapidly
accelerated fibrosarcoma (Raf) kinase pathWa$fslt alsoregulates the actions afvariety

of neurotrafsmitterscluding acetylcholin®, dopaminé®, and serotonif.

In particular,vitamin Dcan decreasthe synthesis of serotoninthe braii>%’. This is likely
to be important in fetal brain development because seratakey modulator of neuronal
cell proliferation, migration, and brain wiring during fetal and early postiifel °
Disruption ef.the'serotonin signaling system results in abnormal corticabgeveht and
neuronal migration in anim&fsand serotonin is associated with a number of
neuropsyEhiatrie disorders, such as schizopht®riffective disorders, anxiety?, and
autism in humarts ** ** Serotonin is synthesized in two steps from tryptoplan essential
amino acid present in small amounts in dietary protein. Two distinct tryptophan hy@xy!|
(TPH) enzymegncodedy two different tissue specific gend®H1 andTPH2, regulate
this processVitamin D regulats thetranscription offlPH both by gene activation and
repressioff' * If maternal vitamin D deficienched toincreasedetal serotonirevelsthen
thatwould offer a plausible mechanism linking vitamin D oééncy with impaired
neurocognitive development. To our knowledge there have been no ktudasexploring

the association.between maternal and fetal vitamin D levels and fetal serotonin levels.

In planningsthis‘study, we hypothesized ttigtmaternal vitamin D is inversely correlated
with fetal serotonirconcentrations, an@) vitamin D decreaseserotonin release in the fetal
endotheliumithrough vitamin D receptor (VDR) dependent mechanismatddress these
we set outo a) to determingheassociation between maternal se2&OH)Dand fetal
serotonin in motheinfant pairs collected from term uncomplicated pregnaneied b) to
investigate the mechanism by whictaternalitamin D mayimpact onfetal serotonin

releaseausing ann vitro model of cultured primary humambilical vein endothelial cells

This article is protected by copyright. All rights reserved



131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

149
150
151
152
153
154
155
156
157
158
159
160
161
162
163

(HUVECS).

Materialsand Methods

Sudy Participants-Mother-Infant Pairs

We studied"64-mothenfant pairs from uncomplicated teqpnegnanciesindergoing elective
caesarean birtat Monash Medical Centre, Clayton and ktercy Hogital for Women,
Heidelberg, both'iVictoria, AustraliaPregnancies from assisted reproductive technology,
multiple gestations, or witha history of pregnancy complications (including preeclampsia,
pretem birth, fetal growth restriction, high body mass-index (BMI>30), diabetes mellitus
hypertension, abnormal heart function, intrahepatic cholestasis of pregnancy, anderaderat
severe angmiaymoking, alcohol consumption, chemical dependency (inclutiegf
selective serotonin reuptake inhibitorsijlibirth, or congenital abnormalitiesere excluded
from the studyMaternal andnfant information (maternal agparity, maternal country of
birth, baby gender, gestation and birth weight) were collected. Matching matedhal
umbilical cordbloodwas obtained at the time of caesarsaction for the subsequent
measurement.aferum25(OH)D and serotonin. All women gave written and informed
consent and with the approval of tdenash Health and Mercy Hospital Human Research

Ethics Committes.

In vitro studies

Human umbilical vein endothelial cells (HUVELwvere freshly isolated from uncomplicated
term pregnancies (1122) andcultured as previously descriédBriefly, cellswere cultured
and maintainedhin M199 tissue culture medium (Thermo Fisher ScientifithaitalMA,

USA) with 10%fetal bovine serum supplemented with 2 mM L-glutamine, 100 U/mL
penicillin, L00_p/mL streptomycirandmaintained ir6%CQ,. HUVECs were treated with
1,25(0OH}D3 (Calcitriol, Tocris Bioscience, Bristol, UKprepared in @1%ethanol or
vehicle control (0-01% ethanol as control) for 48h. At the end of the incubation period the
conditioned media was collected for the measurement of serotangilenceVDR
expression, cultured HUVECs were transfected with two independent AmMDR®
siRNAs; referred to as sil and ¢thermo Fisher Scientific, Waltham, MA, USA), using
RNAiFect transfection reagent (Qiagen, Hilden, Germany) as described pre¥iously
HUVECSs were transfected with 100nM of siRNA f@ Nontargeting siRNA (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) served as a negative control (NC) for ¢teomsfe

experimentswhilst cells treated with transfection reagenly was used as a technical

This article is protected by copyright. All rights reserved



164  control (Mock control, MC)The effect of various concentrations of 1,25(gByincluding
165  2.5nM, 5nM, 10nM and 20nNreatment of HUVEC on cell viabilitpver 24h in culturevas
166  determined using colorimetric CellTitre 9® MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-

167  diphenyl tetrazoliunibromide, PromegaAustralig assayas previously described (Murthi et
168  al., 2016¥° and~the absorbance was read at 570nm $pectramax L Luminescence plate
169  reader (Molecular Devices, Australia).

170

171  Measurement of 25(OH)Dand Serotonin

172 Serum concentratioref 25(OH)D (hmol/L) weremeasured using the DiaSorin 25(0OH)D
173  immunoassay on a Liaison analysstiljwater, MN). The intraassay coefficient of variation
174  (CV) was9%./Serotoninalso referred to astydroxy tryptophan (5HThmol/L), was

175 measured in maternal, cord saralin the cultured media of the HUVEC cells using an
176  enzyme-linked immunosorbeBHT assay (ENZO Life Sciences, New York, USAhe

177  intra-assay C\Mwvas 52%.

178

179  Real-time PCR

180  Total RNAfrom/cultured HUVECs was extracted using the RN&ésikit as previously

181  describ&@""€DNA was prepared fromJdg total RNA reversetranscribed using Superscript
182 Il ribonuclease Heverse transcriptase (Invitrogen, Australia) in a-step reaction also as
183  previously'described * VDR andTPH1 mRNA expression was determinesing validated
184  assays that consisted of a TagMan® FAM™ labelled MGB rplieermo Fisher Scientific,
185 USA) on an ABI Prism 7500 (Thermo Fisher Scientific, USA). Gene expression qtiantit
186  was performed as the second step in astep Reverse TranscriptaBelymerase Chain

187 Reaction (RIPCR) protocol according to the manufaetts instructions. Gene expression
188  quantitation for the housekeeping gd@SrRNA (VIC-labelled probe, Thermo Fisher

189  Scientific, lUSA)Wwas performed in the same reaction as described previdlialyd the

190  gene expression differences was calculated according td*thé method™.

191

192  Immunoblotting

193  Total cellular protein was extracted as previoagcribed’. Immunoblotting was

194  performed with 25 pg of total protein using a 10% SDS/PAGE and electroblotting onto a

195 nitrocellulose membrane (Pal Gelman, Australia). The membrane was blocked with 5% (w/v)
196  skim milk for one hour at room temperature, and followed by an overnight incubation in

197  0.05ug/uL rabbit anti-human polyclonal VDR (Santa Cruz Biotechnology, USA)°a. 4
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198  Antibody binding was visualised using horseradish peroxidase-conjugated goat anti-rabbit
199  secondary antibody (0.02ug/uL, Invitrogen/LifeTechnologies, Australia), followed by

200 autoradiography using the EGMestern Chemiluminescence Detection Kit (GE Healthcare,
201  Australia). ImmunoreactivéDR protein by scanning densitometry using loading control
202  GAPDH(imageQuant, GE HealthearAustralia) as described previouély

203

204 Statistical analysis

205  All statistieal analyses were undertaken using StataCorp. H#ta Satistical Software:

206 Release 12. College Station, TX: StataCorp LP. Avplue<005 (twotailed) was considered
207  statistically,significant.

208

209  Mother-Infant Pairs

210  Continuous variables were assessed for normality. Descriptive statistics of the-imiattier
211  pairs were tabulated. Spearman correlations bet@8&gH)D, serotonin and maternal and
212 baby characteristics were performed to identify potential confounders. Thea#issoci

213  between matern@5(OH)D, cord25(OH)D and cord serotonin was undertaken using linear
214  regression before and after adjusting for maternmateein levels. Qnorm plots of the

215  residuals were used to assess that linear regression model assumptions were met.

216

217  Invitro Sudies

218  Serotonin concentrations were assessed for norm@ktjsviability and VDR mRNA

219  expression following treatment of HUVEC with various concentrations of 1,25(@H)

220 compared withvehicle control (0.01% ethanol) was determined usingvasneANOVA. The
221  difference in_serotonin concentration before and after treatment with 10nM cDHRB(3,

222 in theVDRINC/MC inactivatedwas determined usingtao-way ANOVA. Statistically

223 significantiinteraction between the cell tyasltreatment groups were determined using a
224  simple maineffects analysis. Pairwise comparison with SIDAK adjustment for multiple
225 comparisonsswas performedll in vitro experiments were performed 6rio 12different

226  occasions.as independent experiments, with at least triplicate conditions for each treatment.
227

228 Results

229 Table 1 shows the characteristics of 64 mothfamt pairs. The majority of women were

230 parous and Australian born. Elective cesarean was performed due to previoysohistor

231  cesarean births. The median maternal and 26¢@H)D concentrationat birthwere
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232 63nmol/L (IQR 50 4-78-9) and 7amol/L (47-2-108)respectively. The median maternal and
233  cord serotonin concentratisat birthwere96ng/mL (46-202) and 4dg/mL (9-70),

234  respectivelyThe scatterplots and correlations between mat@5(@H)D andserotonin(5-

235 HT) and cord25(OH)D and 5HT concentrations are shown in Figure Jatstnal25(OH)D

236  concentrationsverepositively correlated with cord5(OH)D concentrationsRanel A,

237  rho=0-55,/p<0-001). MaternalFbF concentrationsverepositively correlated with cord 5-
238  HT concentrationsRanelB, rho=0.52, p<@01). Maternal (rho$- 24, p=006) and cord

239  25(OH)D concentrations (rho=-0-37, p=0-03) were both negatively correlated with cord
240  serotoninconcentrationgPanelsC andD). There were no significant associations between
241  maternal age, paritgthnicity, smoking status, gender of baby, birth weight and gestation and
242  cord serotonirconcentrations.

243

244  The associations between maternal and 26(@H)D and cord 34T concentrations before
245  and after adjusting for maternal serotolevelsare presented in Table 2. After adjustment
246  for maternab-HT level, both materna25(OH)D and cord25(OH)D concentrations remained
247  negatively associated with cord serotonin concentrations. For every 1nmol/L énicreas
248  maternalR5(OH)D concentration there was an associat@& mol/L (95% CI-0-64,-0-08;
249  p=0-01)decrease in cor8-HT concentrations. For every 1nmol/L increase in @¥(DH)D
250 concentrationsthere was an associde®l’ nmol/L(95% CI-0-61,-013; p=0003)decrease
251  in cord 5HT concentrations.

252  In order to.assess whetieR5(OH)D3 could directly alter th@roduction of 5HT in

253  cultured HUVEC we examineceffects ofl,25(0OH)D3; andVDR silencing on 54T

254  secretionFirstly,/the effect of various concentrations ranging from 2.5nM to 20nM of

255  1,25(OH})D3z0n HUVEC cell viabilitywas determinedAs shown in Figure 2A, a

256  significantly increasetHUVEC cell viability was observed following treatment of cultured
257  HUVEC with,10nM 1,25(0OH)D3; compared with untreated control (F(4, 20) = 32.52)

258  p<0.001, n=6)=Furthermora the same experiments, a significant increasé/OR mMRNA

259  was observethHUVEC whentreatedat 10nM 1,25(OH)D3; compared with untreated

260  control (F(4920) = 39.26) p<0.00h=6 Figure 2B). Therefore, all subsequent experiments
261  were performed with 10nM 1,25(0OpD) 3. 5-HT concentrations in the conditioned media of
262 HUVEC cells wereameasuredollowing treatment with 10 nM of 1,25(OkL); or vehicle

263  control (control)aloneover 48h in culture. BT concentrationsveresignificantly decreased
264 in 1,25(0OH)D3s-treated HUVECs comparemdth control (203.3@ 16.42nmol/L, t=10.81,
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df=5, 1,25(OH)D3s-treated cells vs158-9 Ot 42.47nmollL, t=12/38, df=5control,
p<0-001, n=6, Figure 2C).

Having shown that 1,25(ObIp3; suppresseS-HT, we investigated whetheAdR mediated
molecular meehanism modulate$iT in HUVEC cells. As depicted in Figure 3, following
inactivation withVYDRsil1 andvVDRsi2 demonstrated significant decrease¥bR at both the
MRNA and proteinlevels over 48h in HUVEC ce®R mRNA was significantly reduced
in VDR siRNA treateecells compareavith controls(Figure 3A) The mean difference in
VDR mRNA compared with NC was 0.62 = 0.033; p<0.001 foMD®&sil treated cells;

0.73 £ 0.051, p<0.001 for théDRsi2 transfected cell§he decreases MDR mRNA were
then further confirmed at the protein level using immunobloftifigure 3B) Significant
decrease of VDR proteinas observed iNDR siRNA treated cells compareddontrol
siRNA-transfected cellsThe mean difference in VDR protein compared with NC was 3098.0
+ 390.7, p<0.00%or VDRsil treated cellsand 3412.0 + 390.¥/DRsi2 treated cells,

p<0.005, Figure 3C)As both sil and si2 showed consistent knockdown at the mRNA and

protein levelsyall subsequent analyses were performed with si2.

To demonstrate the effect UDR-dependent mechanism on 5-HT concentratiars)yf, the
5-HT concentrationseleasednto the conditioned media ultured HUVEC cellgollowing
treatment witheitherVDRsi2 or NC siRNAover 48hweremeasuredAs illustrated in Figure
4A, the mean concentration§5-HT in the controNC cellswere 470+10Tmol/L
comparedvith 965+139nmol/L in the VDRsi2 inactivated cells (p=002). Secondly, in the
same experimental setupllowing VDRsi2 transfection in the cultured HUVEC#Hhe
difference in5-HT release was measuragdon furthetreatment with 10%l of 1,25(OH}D3

in MC, NCiandVDRsi2 treated cellsStatistical differences were determined using awagy
ANOVA. We.identified a statistically significant interaction betweenceletypesand
treatment with=2OnM of 1,25(0OkIp; (F=25.8; p<0.001, Figure 4AThe effect oiVDRsi2
transfectiorand-treatment with 10nM of 1,25(OHD)3; on 5HT concentratiorwas
determinedising a simple main effects analysis. Treatment of cells with 1,250H)
influenced SHTLin all cell types (F(1,66F 70.8; p<0.001 for the MC cells; F(1,66) = 9.7;
p=0.003) for the NC cells; and F(1,66) = 176.1; p<0.001 fowDigsi2 transfectedells).
Pairwise comparison with SIDAK adjustment for multiple comparisons was performed. The
mean difference iB-HT was-296 + 35.14; p<0.00ih the MC cells-109.3+ 35.14; p=0.003
for the NC cellsand -466.3 35.15; p<0.00Xor theVDRsi2 transfectedells.
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299

300 Furthermore, in the same experiment, the mRNA expression of the key enzyme, tryptophan
301 hydroxylase 1TPH1), which isimportant for 5SHT production in HUVECswasmeasured
302 (Figure 4B) We identified a significant interaction between cell group and treatment with
303 10nM ofi,25(0H)D; (F=137.8;p<0.001). The effect ¥DRsi2 transfection and treatment
304  with 10nMfof 1,25(OH)D3; on TPH1 mRNA was determined using a simple main effects
305 analysis.Treatment with 1,25(OHP 3 influencedTPH1 mRNA levels in the/DRsi2

306 (F(1,20)=14.1; p<0.00Xellsbut not the contraNC cells F(1,20)=0.9;p=0.36Rairwise

307 comparison.with SIDAK adjustment for multiple comparisons was performed. €ap m
308 differences,infTPH1 mRNA for theVDRsi2 cells wa.2 + 0.18; p<0.001.

309

310 Discussion

311  Here weshow that both maternal and fet&bmin D levels aranverselycorrelatedwith fetal
312  serotoninevels. We also show thai25(OH)D3 treatmensuppresses serotonin secretion
313  from umbilical vein endothelial cells and that silencingy R in those cells increases

314  serotonin seeretiomhat 1,25(0OH)D3 treatment doseéependently increased VDR mRNA
315 in HUVEC eells;suggesta VDR-dependent mechanism on serotonin concentraiiéa.

316  believe that thesebservations provide a biologically plausible mechanism to explain how
317 maternal vitamin D deficienayightincrease fetal serotoniavels and thereby impair fetal
318 and early childhood neurodevelopment. This is of course eminently testable through a
319 randomized clinical trial of maternal vitamin D supplementation.

320

321  Animal madel studies have demonstrated that prenatal vitardiefibiency leads to

322  alterations in brain morphology and genes related to neuronal survival and dopamine
323  synthesis in the offsprit§ “> Many observational studies halireked maternal vitamirD

324  deficiency/with.impaired neurodevelopmental outcomes in the offspring, in quite diverse
325  social settingstincluding both high and low income courltri&s However, a plausible

326  biological meehanism to explain why vitamin D deficiency might impair hufetah brain

327 development has been lacking. The lack of such a mechanism has weakened calls for both
328 routine supplementation and confirmatory lasgale, and eensive, randomized clinical
329 trials. That changed with the recent suggestion by Patrick and collétiaesitamin D

330 regulation of serotonin may be such a mechanism.

331
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Serotonin acts as a developmental signal in the immature brain, prior to the time it assumes
its role asa neurotransmitt&t. Usingin vitro andin-vivo animal models serotonin has been
shown to influence a variety of processes during ltauelopmentincluding inhibition of
outgrowth of its own neurons and neurogenesis in target nétirdhe serotonin system of

the central nervous system modulates numerous physiologic functions includiladgioegaf

the stressfespohse and behavioral traits, such assair, fear, and anxiéfy Accordingly,
dysregulatiorof serotonergic neurotransmission is implicaasdacontributing cause of

several psychiatric disordeirscluding attentiordeficit hyperactivity disorder, autism,

bipolar disorder, depression, and schizophrenia and in antisocial, obsessive-compulsive, and

suicidal behaviof$.

Although therefis no direct evidence to suggest that serotonin in the blood tbidetsels

in the human brain, animal model studies provide evidence for the direct reguldiramof
serotonin via the serotonin transporter. For example, Nakatani et al., (2008) hatexirepor
that augmented brain serotonin crosses the dboah barrier through the serotonin
transporterithefat’’. On the contrary.eeet al.(2007f® using a mouse model, repenit

that circulating.serotonin and brain serotoninsaearatelyegulatedTherefore, it is

important to understand the mechanisms by whiclbtaie serotonin level is regulated.

We believe that there ateo possible biological mechanisms by which Vitamin D may have
a direct or_indirect effect oserotonin synthesigirstly, vitamin D may differentially regulate
the transcription oTPH1 or TPH2 by binding to the vitamin D receptor response element,
VDRE". As demonstrated ithis studyTPH1 mRNA was significantlyincreased in HUVEC
cells following VDR inactivatiorcomparedvith HUVECS treated in combination with
1,25(0OH)Dg treated cellsTherefore,tiis possiblehat elevated expression@PH1 as a
consequence.offlow vitamin D levels may cause changE2HA activity to act as a
tryptophanttrap; thus causing an imbalanceyiptophan catabolism in the placenta resulting
in an excesssagérotonin ana relative deficiency dfynureniné®. Thus,an excessf

serotonin leaslto an autoimmune response attackivgfetal braincausng animbalance

toward inflammation and autoimmunity'® However, thisleservesurther investigation.

Secondly, disruption of serotonin signaling pathways including administration of certain
direct or indirect serotonin agonists, combinations of serotonin enhancing drugs sudh as 5-

precursors5HTP (tryphophaftryptamine);use ofinhibitors of monoaminexidase (MAQ
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A/B-l); releasers of serotonin (pachloroamphetamine); direserotoninreceptor agonists;
selective serotonin uptake inhibitors (SSRI); genetic ablatigemitonin synthesising
enzyme, TPH; serotonin receptdnaye all shown to causeuwopathology inexperimental

animal model&.

Limitations

Our study 'has a number of limitations. Regarding the samples used in thisisstiglytHe
crosssectional design does not allow causation to be shown, howevarvitre studies
suggest a possible temporal association. Secondly, all our samples were collected from
women at'term.Caesarean section prohibiting the ability to comment on asssaairlier in
gestation or the affect Caesarean delivery may have on circutatiogpnin levelsSchulpis

et al. (2008 have reported that maternakrstonin was unaltered at the time of labour in
vaginal delivery, however, in post-delivery maternal blood and in the cord blood, an increase
in serotonin was associated with the activation of the neuroendocrine system and the
participation of skeletal anaterine muscles. Therefore, effectdlué mode of delivery on
maternal and.cord blood serotonin in our stacdBunknown. Thirdly we have excluded
complicated pregnancies and therefore potentially excltraes#® with the lowest vitamin D
levels thus ow'study may have introduced sampling bias, however, such bias would only
undeestimategrather than oveestimate the true association betweeternalvitamin D and

fetal serotonin.

Regarding then vitro model system, HUVECs were used to model fetal endothelium and to
study the effect of maternal vitamindficiencyon fetal development. These cells are
commonly used to study changes in function that are apparent at birth as they ase the fir
point of exposure of fetal endothelial cells to the blood after placental exchange between
maternal.and.fetal circulations. Future studies, using neuronal cells (asstjpeye required

to study thevdirect effect of vitamin D and serotonin on neurocognitive defficitgly,

whether thesinfantand children from the pregnancies included in this study displayed normal

neurocognitive develapentis unknown.

Conclusions
In this study, we report for the first time that low maternal vitamin D is associated with
increased fetal serotoni@urin vitro studies have demonstrated ttraatmenof HUVECs

with 1,25(OH)D3; suppressed serotonin and silenciny DR increased serotonin, possibly
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by VDRE activation ofTPH gene transcriptianWhile our study has shovenpossible
temporal association in term uncomplicated pregnangiesiave noinvestigated the
neurocognitive outcomes in infantgluded in thistudy. Future longitudinal study
addressing these limitatiorsnow therefore warranted.
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Table 1. Variablesin 64 mother-infant pairs.

N=64
Maternal age 33-20 (4-5)
Parous 48 (76%¥
Country of birth
Australian 44 (69%§
Asian 16 (25%5
Other 4 (6%
Maternalvitamin D 63 (50-4-78-95"
Maternal serotonin 544-80 (261-05-1146-3%)
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530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546

Cord vitamin D 74 (47-2-108F

Cord serotonin 230-97 (51.07-397.25)
Gestation at birth 38-60 (1.00

Infant gendef~emale 31 (48%)

Infant birth weight 3349.00 (422-00)
Mean (SD)

’Median (IQR)

3Number (%)

* nmol/L

Table 2. Associations between maternal and cord 25(OH)D and cord 5-HT

concentrations before and after adjusting for maternal serotonin (5-HT) concentrations.

Univariate B co- P Multivariate p co- P
efficient (95% Cl) Value efficient (95% CI) Value

Maternal 25(OH)D  -1-98 (-3-74, -1.92 0-03  -1-98 (-3-63, -0-45)  0-01
Cord 25(OH)D -0-91 (-3-74, 0-73) 0-004 -2-09 (-3-46,-0-73)  0-003

Multivariateslinear regression with maternal serotonin in the model.

Figure L egends

Figure 1.

Vitamin D 25(OH)D, nmol/L) and serotonin (BT, nmol/L) concentrations were measured
in maternal and cord serum from mother-infant matching pairs (n=64) usimgnioassays.

The scatterplots and correlations between mat@s@H)D and 5-HT and cor@5(OH)D

and 5HT are.shown in Panels-B. The association between mater2a{OH)D, cord
25(0OH)Dand cord 5-HT was undertaken using linear regression before and after adjusting
for maternalBHT levels.A p-value<0- 05 (twdailed)was considered statistically

significant.

Figure 2.

The effect of vasious concentrations ranging from 2.5nM to 20nM of 1,25{@}Hr vehicle
control alone oA. HUVEC cell viability was measured using the MTT assay and the
absorbance read at 570nB.VDR mRNA relative tol8SrRNA as measured by retine

PCR as described in the methods section. Significant differences in cell viabWiDRor
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547  mRNA expression following treatment with various concentrations of 1,25{@tyr

548  vehicle control was determined by oway ANOVA. C. Serotonin (SHT) concentration

549  (nmol/L) in the conditioned media of HUVEC cells was measured over 48h in culture

550 following treatment with 10nM of 1,25(OKD3 or vehicle control alone. The difference in 5-
551  HT concentration between uatited and 1,25(OHIps-treated cells was determined using a
552  paired ttest. A pvalue<0-05 (twdailed) was considered statistically significant.

553

554  Figure3.

555  A. Cultured HUVEC were treated wi¥DR siRNAs, sil and si2 for 48NDR mRNA

556  relative tol8SrRNA was determined using retitre PCR. Significant decrease was observed
557 in both silsand si2 treated HUVEC cells compared With(p<0- 05, n=6)B. Cultured

558 HUVECs were'treated witiDR siRNAs, sil and si2 for 48h. VDR immunoreactive protein
559 (51 kDa) and loading control GAPDH (36 kDa) was determined using Western

560 immunoblotting.C. Semiquantitative analyses of VDR immunoreactive protein relative to
561 GAPDH showed a significant decrease in both sil and si2 treated HUVEC cells compared
562  with NC (p<0.05; n=6).

563

564 Figure4.

565 A. Serotonin.eoncentrations (5-HT, nmol/L) were measured in conditioned media from
566  cultured HUVEC when treated witDR siRNA (si2) and nortargeted siRNANC).

567  Serotonin, 5-HT concentrations were assessed for normality. FollMBRgnactivation, the
568 difference in BHT concentration in the presence of 1,25(ebh) in VDR inactivated cells or
569 in NC treated cells was determined using atvay ANOVA. Further statistical analyses for
570 interaction between the cell typasdtreatment witilLlOnM of 1,25(OH)D3 on 5HT

571  concentration was determined by using a simple main effects analysis. Pairwise comparison
572 with SIDAK adjustment for multiple comparisons was perfornfeg-value<0-05 was

573  considered-statistically significant for12 independent experimenss. Tryptophan

574  hydroxylase=IkTPH1) mRNA was measured in cultured HUVEC when treated V2R

575  siRNA (si2)qand nonargeted siRNANC). The difference imnPH1 mRNA betweerNC and

576  VDRinactivated. cells was determined using a paist A pvalue <0-05 (twdailed) was
577  considered statistically significant for6 independent experiments. FollowMOR

578 inactivation, the difference ilPH1 mMRNA in the presence of 1,25(0OH)3zin VDR

579 inactivated cells or in NC treated cells was determined using-avaycANOVA. Further

580  statistical analyses for interaction between the cell tgpdgreatment with 10nM of
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581 1,25(OH)D3;on TPH1 mRNA was determined by using a simple main effects analysis.
582  Pairwise comparison with SIDAK adjustment for multiple comparisons was perfofnged.

583 value <0-05 was considered statistically significantfe8 independent experiments.
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