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The placenta protects the fetal circulation from
anxiety-driven elevations in maternal serum levels
of brain-derived neurotrophic factor
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Abstract

Brain-derived neurotrophic factor (BDNF) plays crucial roles in brain function. Numerous studies report alterations in
BDNF levels in human serum in various neurological conditions, including mood disorders such as depression.
However, little is known about BDNF levels in the blood during pregnancy. We asked whether maternal depression
and/or anxiety during pregnancy were associated with altered serum BDNF levels in mothers (n = 251) and their new-
born infants (n = 212). As prenatal exposure to maternal mood disorders significantly increases the risk of neurological
conditions in later life, we also examined the possibility of placental BDNF transfer by developing a new mouse model.
We found no association between maternal symptoms of depression and either maternal or infant cord blood serum
BDNF. However, maternal symptoms of anxiety correlated with significantly raised maternal serum BDNF exclusively in
mothers of boys (r=0.281; P = 0.005; n = 99). Serum BDNF was significantly lower in male infants than female infants
but neither correlated with maternal anxiety symptoms. Consistent with this observation, we found no evidence for
BDNF transfer across the placenta. We conclude that the placenta protects the developing fetus from maternal
changes in serum BDNF that could otherwise have adverse consequences for fetal development.

Introduction maternal factors impacting fetal development during

Perinatal mental health problems impact nearly one-
quarter of all pregnancies’. In the UK alone, this costs
society > £8 billion for each year of births' due to the risk
of substantial morbidity to mother and child> and nega-
tive outcomes for the child®™. Despite the considerable
clinical and financial burden to society, the biological
mechanisms linking maternal mood disorders to adverse
outcomes are unknown.

One mechanism potentially accounting for the pro-
gramming of disease risk is passage across the placenta of
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sensitive periods, as has been suggested for the stress
hormone cortisol>®. Brain-derived neurotrophic factor
(BDNF) is a member of the nerve growth factor family
expressed in the central and peripheral nervous system
with a key role in the development and function of neu-
rons’. In primates, but not mice, significant levels of
BDNF are detected in circulating blood platelets®, origi-
nating from megakaryocytes (MKs)®. Decreased serum
BDNF has been reported in numerous conditions,
including depression'®™'®, Huntington’s'® and Alzhei-
mer’s disease'’, whilst increased BDNF has been asso-
ciated with autism spectrum disorder'®. Circulating
BDNF is also known to fluctuate with exercise'.
Pregnancy is a unique state where the blood systems of
two individuals, the mother and the fetus, are intimately
associated but not in direct contact. In humans, there is a
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barrier between the maternal and fetal circulations com-
posed of a single continuous layer of syncytiotrophoblast
over a layer of villous cytotrophoblast covering the
endothelial cell-lined fetal blood vessels®. Despite sig-
nificant morphological differences, rodents also possess
the same hemochorial arrangement®, with the barrier
consisting of a discontinuous layer of sinusoidal tropho-
blast giant cells and two continuous layers of syncytio-
trophoblast covering fetal blood vessels**. Thus, in both
cases, there are three cellular layers between maternal and
fetal blood. Most proteins are too large to cross the pla-
centa. One exception is maternal antibodies which cross
the human syncytiotrophoblast by receptor-mediated
pinocytosis, an active process requiring the neonatal Fc
receptor”, and we note that a previous study in mice
concluded that maternal BDNF may be another protein
that can cross the placenta.

Fluctuations in maternal serum BDNF may conse-
quently adversely influence fetal development. A small
number of studies have reported on maternal or fetal
serum BDNF levels (see Supplementary Table 1>°7%),
Lower maternal BDNF has been associated with postnatal
depression symptoms®*® and lower cord blood BDNE
associated with major depression in pregnancy® but
other studies report no association®*’. Two studies
reported a relationship between cord blood serum BDNF
and maternal anxiety symptoms, again with contrasting
findings*>**. To date, no study has reported on the status
of BDNF in blood from paired maternal and fetal samples
in relation to maternal symptoms of both depression and
anxiety.

In this study, we quantified BDNF levels in maternal
serum and matched cord blood serum in relation to
maternally reported symptoms of depression and anxiety,
generated as part of the Grown in Wales study®’. Mouse
models have been extensively used to understand the
function of brain-derived BDNF*%; however, BDNF is not
detectable in mouse MKs” or blood*. Consequently, we
genetically engineered BDNF expression from MKs to
determine the potential for MK-derived maternal BDNF
transfer across the placenta near term.

Methods
Grown in Wales study

GiW study is a longitudinal pregnancy cohort study.
Women aged 18—45 with a singleton, term pregnancy
without fetal abnormalities or infectious diseases were
recruited at pre-surgical appointments prior to an
elective caesarean section (ELCS) at the University
Hospital of Wales. In total, 355 women provided
written consent; 7 women subsequently withdrew.
Perceived depression symptoms were assessed at
recruitment using the Edinburgh Postnatal Depression
Scale (EPDS)*° and trait anxiety by form Y-2 on the
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Spielberger State-Trait Anxiety Inventory (STAI)
test’'. Maternal venous serum samples were obtained
at recruitment and 1-4 days later cord venous blood
taken within 2 h of delivery. Blood was collected into
Vacutainer blood collection tubes (BD Biosciences,
367837), inverted several times and incubated at room
temperature (RT) for 1-2h. After centrifugation at
3000 x g for 10 min at 4 °C, serum aliquots were stored
at —80 °C. Prior to data analysis, samples were exclu-
ded based on the following pre-established sample
exclusion criteria: women who went into natural labor
prior to their planned ELCS were included in the
analyses of maternal serum but their cord blood serum
samples were excluded; 36 samples from <36 weeks?”
and non-Caucasian®? pairs were also excluded.

Serum BDNF ELISA

ELISA measurements of human serum were per-
formed blind to all participant information except
participant ID and type (maternal versus fetal), and as
described®?®, with minor changes. Briefly, NeutrAvidin-
coated plates (ThermoFisher Scientific, 15509) were
washed with Buffer A (0.1% TritonX-100 in 0.1 M
phosphate buffer: 0.1 M KH,PO,, 0.1 M Na,HPO,, pH
7.6) before incubating with 13 pg/ml biotin-BDNE-
Ab#1°* for 2h at RT. Plates were then washed with
Buffer B (Buffer A with 1% BSA), before the addition of
150 ul Buffer A. Next, 50 ul of either sample (1:20
dilution in Buffer B) or standard (in Buffer B) was added
and incubated for 6 h at RT while shaking. Following
Buffer A washes, 1.25pg/ml HRP-BDNE-Ab#9°* (in
Buffer B) was added for 3 h at RT, again shaking. After
further Buffer A washes, the chemiluminescent sub-
strate (Roche, 11582950001) was added and signal
detected by a microplate reader (FLUOstar OMEGA,
BMG Labtech). All plates contained two repeated
samples, and samples were analyzed in triplicate. ELISA
measurements of mouse serum were performed as
above, with the exceptions that experimenters were not
blinded to sample information, and the sample incu-
bation step was reduced to 3 h.

Western blot analysis

Western blots were performed as described®®. Proteins
from 1 pl serum were separated on 4—12% Bis-Tris gra-
dient gels (Invitrogen, NP0321BOX) and transferred to
nitrocellulose membranes. After blocking for 1h in 3%
BSA (Sigma-Aldrich, A7906), 3% ECL Prime Blocking
reagent (GE Healthcare) in TBS-T, membranes were
incubated overnight with anti-BDNF 3C11 antibody
(1:2000, Icosagen, 327-100). After washing, 1 h incubation
with HRP-conjugated goat anti-mouse IgG1l (1:2000,
Invitrogen, PA1-74421) followed, and membranes washed
and developed.
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Generation of Rosa26-LSL-BDNF-myc-IG mice

The pZDonor-Mouse-Rosa26 plasmid (Sigma-Aldrich,
D9196) was used as the backbone of a Rosa26 targeting
vector. We inserted a 4185bp PCR fragment, containing
chimeric intron—exon-loxP-NeopA-loxP-MCS-IRES-eGFP-
pA amplified from the pCAGfloxNeoIRESeGFP plasmid
(gift from Professor Meng Li, Cardiff University) as a tem-
plate, to the EcoRI/Xmal site to generate pZDR-LSL-IG. To
generate pZDR-LSL-BDNF-myc-IG, a fragment containing
the BDNF-myc coding sequence was isolated by double
digestion with EcoRI/Sacl from pCMV-BDNF-myc (con-
structed by adding one myc-tag copy at the C-terminus of
WT mouse BDNF following the deletion of the last three
amino acids®®) and inserted into the Pmel site of pZDR-
LSL-IG.

Mouse ES cells E14TG2a were cultured in gelatin-
coated flasks or Petri dishes in GMEM medium (Ther-
moFisher Scientific, 11710035) with LIF (homemade) and
10% FCS (Biosera, FB-1001/500). To generate Rosa26-
LSL-BDNF-myc-IG mouse ES cells, cells were transfected
with  pZDR-LSL-BDNF-myc-IG and pCMV-Rosal6
ELDmut and pCMV-RosaR4 KKRmut (gifts from
Charles Gersbach, Addgene plasmid #37198 and
#37199°°) in a 10:1:1 ratio. Transfection was performed in
Nucleofector solution P3 (Lonza, V4XP-3024) using 4D-
Nucleofector X Unit (Lonza, AAF-1002X), program CG-
104. 5-homologous recombination was confirmed by
generation of a 2.2kb PCR fragment using primer pair
(GTGGAGCCGTTCTGTGAGAC and GTCATAGCCG
AATAGCCTCTCCAC), 3’ homologous recombination
by a 1.3kb PCR fragment using primer pair (TCGAG
CTGGACGGCGACGTAAAC and TTGGGGGAGGAG
ACATCCACCTGG).

Rosa26-LSL-BDNF-myc-IG mice (BDNF-myc here-
after) were generated by injection of Rosa26-LSL-BDNF-
myc-IG mouse ES cells into C57BL/6 blastocysts. Germ-
line transmission was genotyped by PCR as above. Sub-
sequent genotyping was conducted by PCR using two
primer pairs (Bdnf pairr GAACTACCCAATCG-
TATGTTCG and CTACAAGTCTTCTTCAGAAATAA
GCTT; Rosa26 pair: AAGGGAGCTGCAGTGGAGTA
and GTCCCTCCAATTTTACACC) to identify hetero-
zygotes (140bp and 275bp products), homozygotes
(140 bp), and wild-type animals (275 bp).

Generation of animals expressing transgene BDNF-myc in
platelets

Pf4-Cre mice®’ (The Jackson Laboratory, 008535,
C57BL/6 background) were crossed with BDNF-myc
animals to generate het BDNF-myc:Pf4-Cre mice.
Homozygous BDNF-myc:Pf4-Cre mice were generated
by crossing homozygous BDNF-myc with homozygous
BDNF-myc:Pf4-Cre mice. Pf4-Cre genotyping was by the
production of a 420bp Pf4-Cre product (primer pair
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CCAAGTCCTACTGTTTCTCACTC and TGCACAGT
CAGCAGGTT) and an internal 302 bp (Y chromosome)
and/or 331bp (X chromosome) (primer pair CTGAA
GCTTTTGGCTTTGAG and CCACTGCCAAATTCT
TTGG).

Mouse megakaryocyte culture

Mouse megakaryocytes (Mks) were differentiated from
bone marrow as described®. Briefly, bone marrow was
flushed from femurs and tibias with Hank’s balanced salt
solution containing 0.38% sodium citrate, 1 mM adeno-
sine, 2mM theophylline, and 5% FBS. Dissociated cells
were cultured in Iscove’s modified Dulbecco’s medium
with L-glutamine, 25 mM HEPES, 5% FBS, 100 units/ml
penicillin, 100 pg/ml streptomycin, 25ng/ml stem cell
factor and TPO. Mature Mks were purified on a 1.5-3%
BSA gradient and cultured in Cellgro stem cell growth
media (CellGenix) for up to 16h. For immunocy-
tochemistry, Mks were cultured on 200 pg/ml human
fibrinogen-coated coverslips for 6 h, fixed for 30 min in
4% paraformaldehyde in PBS, and permeabilized for
15 min with 0.5% TritonX-100 in PBS. Two male animals
at the age of nine weeks were used for each genotype
group, experimental replicates were biological.

Whole blood cell and platelet counts

Following dilution of 20 ul of blood with 30 ul acid-
citrate-dextrose (ACD) buffer (85 mM trisodium citrate,
65 mM citric acid, 100 mM glucose, pH 5.0) and 50 pl
PBS, 1pul PE Rat Anti-Mouse CD41 (BD Pharmingen,
#561850) antibody was added to stain the platelets, and
incubated at RT for 30 min. To this, 900 pul of fixative
(0.2% formyl saline) was added and incubated for a further
10 min at RT. Finally, 10 pl of this fixed cell suspension
was then added to 990 ul PBS. A hemocytometer was used
to count whole blood cells using transmitted light, and
platelets counted using blue epifluorescence. Four animals
at the age of four months and of mixed sex were used for
each genotype group, experimental replicates were
biological.

FACS analysis of platelets and leukocytes

Blood was collected by cardiac puncture into 100 pl
ACD buffer and mixed with 1ml DMEM with 10%
heparin. To this, 8 ml Erythrocyte-Lysis-Buffer (10 mM
KHCO3, 155mM NH,CIl, 0.1 mM EDTA, pH 7.5) was
added before 15 min incubation on ice. Next, 5 ml PBS/
0.5% BSA was added, before centrifugation for 10 min at
200 x g at 4 °C, with the resulting cell pellet resuspended
in 1 ml PBS/0.5% BSA. In all, 200 pl of cell suspension was
used for immunostaining (20 min on ice) to examine
immune cell subpopulations (all antibodies from BD
Pharmingen, 1:400 dilutions). The cell suspension was
washed with 1 m]l PBS/0.5% BSA and centrifuged at 600x
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g for 6 min at 4°C. To detect all immune cells as well as
the myeloid fraction, APC-conjugated anti-CD11b
(#561690) and APC-conjugated anti-CD45 (#561018)
were used. T and B cells were identified by PE anti-CD4
(#557308), PerCP anti-CD8a (#561092), and APC anti-
CD19 (#561738) antibodies. Prior to measurement, the
cell pellet was resuspended in 300 pl PBS/0.5% BSA, and
DAPI was used to exclude dead cells.

To stain platelets, 30 ul ACD/PBS (1:10) with PE rat
anti-mouse CD41 (#561850) or PE rat IgGl control
(#551979) antibodies were added to 20 ul blood and
incubated for 30 min at RT. 1 ml 0.2% formyl saline and
DAPI was then added before FACS analysis. PE rat IgG1
isotype controls were used for gating. For analysis,
doublets were gated out on DAPI-negative events. Two
female animals at the age of 4 months were used for each
genotype group, experimental replicates were biological.

Platelet isolation

Blood was collected by cardiac puncture into 100 pl
ACD bulffer. Blood cells were removed by centrifugation
at 200 x g for 5 min at RT without brake and platelet-rich
plasma (PRP) collected. After centrifugation at 200 x g for
5 min at RT without brake to remove residual blood cells,
the further cleared PRP was collected and centrifuged at
900 x g for 10 min at RT without brake. Precipitated
platelets were resuspended in ACD and Ca®'-free Tyr-
odes buffer (134mM NaCl, 29mM KCl, 0.34 mM
Na,HPO,, 12mM NaHCOj; 20mM HEPES, 1mM
MgCl,, 5mM glucose) and centrifuged at 200 x g for
5 min at RT without brake. The further cleared PRP was
collected and centrifuged at 900 x g for 10 min at RT
without brake. The platelet pellet was then resuspended in
Ca”"-free Tyrode’s buffer for platelet spreading assays.

Platelet spreading assay

To stimulate activation, 2mM CaCl, and 0.01 U/ml
thrombin (Sigma-Aldrich) were added to 200 pl of rested
platelets, and platelets transferred immediately onto
fibrinogen-coated coverslips. Following incubation at
37 °C for 45 min, attached platelets were fixed using 10%
neutral buffered formalin solution for 20 min. After
washing with PBS/0.1% BSA, Alexa Fluor 555 Phalloidin
(1:1000 in PBS/0.1% BSA, ThermoFisher Scientific,
A34055) was used for staining. Activated platelets were
imaged by confocal microscopy (LSM 780, Zeiss), and
platelet sizes analyzed using Image]°®. Two female ani-
mals at the age of four months were used for each gen-
otype group, experimental replicates were biological.

Mouse serum generation

BDNF-myCH +.Cre™’~ females were crossed with
BDNF-myc*/*;Cre”’~ male mice to generate progeny
that were either BDNF-myc'™/;Cre™~ or BDNF-myc*'™;
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Cre’~. On 3 consecutive days, dams were sacrificed at
E18.5 and blood collected by cardiac puncture. Fetuses
were removed, before decapitation to collect blood. Blood
was incubated for 1h at RT, followed by 1h at 4°C and
centrifugation at 2000 x g for 10 min at 4 °C; serum ali-
quots were stored at —80 °C. Three litters of fetuses were
analyzed at E18.5 with a total of 13 BDNF-myc™'*;Cre ™
“pups and 11 BDNF-myc'/";Cre /™ fetuses, experi-
mental replicates were primarily biological. For adult
mice, blood was collected by cardiac puncture, and nine
Cre ', six BDNF-myc "' ~;Cre*’, and five BDNF-myc'’*;
Cre™™ animals, 2-3 months in age and of mixed sex
were analyzed by western blot. Data shown is repre-
sentative of four experiments, experimental replicates
were biological.

Statistics

RStudio V1.2.5001%° was used for graphs and statistical
analysis  (packages: “car”®®, “dplyr”®!, “ggplot2”®,
“ggpubr”®, “pastecs”™, and “reshape2”’®®). Median

(interquartile range (IQR)) are presented unless otherwise
stated. Normality was analyzed by Shapiro—Wilk test, and
variance by Levene’s test where appropriate. Group dif-
ferences were analyzed by Student’s £ test (two-sided, with
unequal variance corrected for as a default parameter;
normally distributed data), Wilcoxon signed-rank test
(paired data), Wilcoxon rank test (non-paired data), or
linear modeling, and associations by Spearman’s rank
correlation or linear modeling. Confounding variables
controlled for in linear models of human serum values
were maternal hypertension®®, gestational diabetes®”,
maternal BMI at bool<ing67, and smoking“, alcohol®,
strenuous exercise'’, or antidepressant prescription'® at
any point during pregnancy, determined by previous lit-
erature. Analysis of human serum samples used samples
collected through the Grown in Wales study”’. Although
this study was not designed to study serum BDNF, it was
considered to be sufficiently powered based on a previous
study on BDNF levels in human serum which indicated
that a cohort size of 60 was required to detect a 20%
difference between populations, and 200 for a 10% dif-
ference®. For analysis of mouse serum samples, no power
calculation was performed, as initial data fell into the
normal range. Randomization and blinding of mouse
samples were not performed, as groups were compared
across genotypes.

Study approval

Full ethical approval for the GiW Study cohort was
obtained from the Wales Research Ethics Committee REC
reference 15/WA/0004. The research was performed in
line with the principles of the Declaration of Helsinki as
revised in 2008. Mouse studies were approved by the
Cardiff University Ethical Review Board, and all
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experiments performed within the guidelines of the Home
Office Animals (Scientific Procedures) Act, 1986.

Results
Higher levels of maternal serum BDNF compared to fetal
BDNF

BDNF levels were measured in maternal and fetal serum
samples from the GiW cohort”’. After filtering by the
sample exclusion criteria (“Methods”), BDNF levels were
measured by ELISA in 251 maternal and 212 fetal serum
samples (cohort demographics: Table 1).

BDNF values were not normally distributed in maternal
(Fig. 1A; P=5.52e-05) or fetal (Fig. 1B; P=1.77e-04)
serum. Values were significantly lower in fetal compared to
maternal circulation (Fig. 1C; median (IQR)— maternal:
15.15 (5.28); fetal: 9.6 (4.46) ng/ml; P < 2.20e—16 from 173
pairs, » = —0.575) and lower in male compared to female
cord blood (Fig. 1D; Supplementary Table 2), similar to
previous studies®**>*"*>, Fetal sex had no overall effect on
maternal serum BDNF values. Mothers with female infants
had serum BDNF levels of 15.47 ng/ml (4.88); male infants:
152 ng/ml (6.12). Analysis of the relationship between
individual maternal and fetal serum samples (Fig. 1E)
showed a moderate correlation (Spearman’s rank correla-
tion; = 0.290, P = 1.09e—04, n = 173 pairs).

No association between BDNF and maternal EPDS scores
Maternal BDNF levels were not correlated with EPDS
scores reported at term when all samples were analyzed
(Fig. 2A; r = —0.022, P = 0.733, n = 244) or when samples
were analyzed by fetal sex (Fig. 2B; male infants: r = 0.06;
P =0.522; n =113. Female infants: r = —0.1; P=0.258; n
=131). There was no relationship between maternal
BDNF and categorically defined depression using the
EPDS > 13 cutoff®® (Fig. 2C). There was also no associa-
tion between fetal BDNF and EPDS scores (Fig. 2D-F).

Significant association between maternal BDNF and
maternal STAI scores

Maternal BDNF levels were not correlated with STAI
scores when all samples were analyzed (Fig. 3A; r=0.119;
P =0.078; n =220). However, when analyzed by fetal sex
STAI scores were significantly associated with maternal
serum BDNF in mothers of male (Fig. 3B; r =0.281; P =
0.005; n=199; Supplementary Table 3) but not female
infants (Fig. 3B; r=—0.014; P=0.882; n=121). When
analyzed categorically using STAI>40 suggesting anxi-
ety’', BDNF levels between groups were not significantly
different (Fig. 3C).

Fetal serum BDNF levels were not correlated with
maternal STAI scores when all data were analyzed (Fig.
3D; r=0.056; P = 0.437; n =192), or by fetal sex (Fig. 3E;
male: r=0.131; P=0.226; n = 87. Female: r=0.073; P =
0.458; n = 105), or by group (Fig. 3F).
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Table 1 Cohort demographic data.
Demographics Maternal: % (n) P Fetal: % (n) or P
or median (IQR) median (IQR)
Maternal age at 33 (6) 0223 335(7) 0.020
booking
Maternal BMI at 2632 (7.21) 0645 26.14 (6.84) 0.344
booking
Maternal ethnicity, % - -
(n)
Caucasian 100 (251) 100 (212)
Fetal sex, % (n) 0498 2.02e-05
Female 54 (136) 54 (115)
Male 46 (115) 46 (97)
Parity, % (n) 0.218 0374
Multiparous 81 (204) 79 (168)
Nulliparous 19 (47) 21 (44)
Gestational age 39 (0) 0.159 39 (0) 0.026
(weeks)
Smoking at any point 0.332 0633
in pregnancy, % (n)
No 89 (224) 89 (189)
Yes 10 (24) 9 (20)
Missing 10) 10)
Alcohol at any point 0819 0.330
in pregnancy, % (n)
No 58 (146) 60 (127)
Yes 40 (100) 38 (81)
Missing 2(5) 2(4)
Exercise, % (n) 048 0.502
No 81 (203) 82 (173)
Yes 18 (46) 17 (36)
Missing 102 103)
Hypertension, % (n) 0.735 0.019
No 95 (239) 96 (203)
Yes 49 3(7)
Missing 10) 10
Gestational diabetes, 0.073 0432
% (n)
No 92 (232) 93 (198)
Yes 6 (14) 5(10)
Missing 25 24
Highest education 0.560 0.405
level, % (n)
Left before GCSE 5(13) 7 (14)
GCSE & vocational 22 (55) 20 (42)
A-level 12 (31) 11 (24)
University 29 (74) 30 (64)
Postgraduate 26 (66) 28 (60)
Missing 52 4 (8)
Family income, % (n) 0.064 0.154
<18,000 7(18) 7 .(14)
18-25,000 10 (24) 8 (16)
25-43,000 20 (49) 19 @41)
>43,000 51 (127) 51 (108)
Do not wish to say 10 (25) 12 (26)
Missing 38 3(7)
WIMD score 1270 (1183) 0408 1368 (1158) 0.693
Antidepressants 0.198 0.535
prescribed in
pregnancy, % (n)
No 91 (228) 93 (197)
Yes 9(23) 7(15)
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Table 1 continued

Demographics Maternal: % (n) P Fetal: % (n) or P

or median (IQR) median (IQR)
EPDS score 7 (6) 0733 7 (6) 0.394
Missing, n 7 6
STAI score 335(12) 0078 335 (13) 0437
Missing, n 31 20

EPDS Edinburgh Postnatal Depression Scale, STA/ State-Trait Anxiety Inventory,
WIMD Welsh Index of Multiple Deprivation. For WIMD scores, please see gov.
wales/welsh-index-multiple-deprivation. Low scores indicate high deprivation,
whilst high scores indicate low levels of deprivation. P values indicate the
significance of the relationship between serum BDNF levels and the
corresponding variable. Bold values indicate P < 0.05.

Maternal BDNF does not cross the placenta

To assess the potential for MK-derived BDNF to cross
the placenta, we exploited the fact that wild-type mice
do not have BDNF present in their blood®” and engi-
neered a novel mouse model in which BDNF was
expressed from MKs. We inserted a myc-tagged BDNF-
IRES-eGFP into the Rosa26 locus (Fig. 4A). When this
line is crossed to mice expressing PF4-Cre, driving Cre
expression specifically within MKs®’, mice should
express BDNF from MKs (Fig. 4A) as in humans’.
Through breeding, we generated animals of the follow-
ing genotypes: BDNF-myc''*;Cre™’~ and BDNF-myc''™;
Cre '~ (homozygous for the BDNE-myc allele, positive
or negative for expression of PF4-Cre), BDNF-mycH =
Cre™~ and BDNF-myc™ ~;Cre™'~ (heterozygous for
BDNF-myc, positive or negative for PF4-Cre) and lastly
BDNF-myc ' ~;Cre"’~ and BDNF-myc ' ~;Cre /= (wild-
type in the BDNF-myc allele, positive or negative for PF4-
Cre). All genotypes were viable and fertile, with no overt
phenotype. The hematological profile of mice carrying
one or two alleles of BDNF-myc and the Cre transgene
(BCre; recombined scenario) was similar to mice carrying
a BDNF-myc allele in the absence of the Cre transgene
(unrecombined) (B) (Fig. 4B, C). In animals carrying the
Cre transgene and one or two alleles of the BDNF-myc
(BCre: BDNF-myc ' ";Cre™~ or BDNF-myc "' ~;Cre™ "),
BDNF could be detected in MKs (Fig. 4D). To reach the
bloodstream, MK-expressed BDNF must be packaged into
platelets, from which it can be released during platelet
activation. Activation-induced platelet spreading (Fig. 4E)
and platelet counts (Fig. 4F) were similar between BCre
and B mice. In animals without the Cre transgene (B),
~0.5% of white blood cells (0.52 + 0.1% (SD)) were positive
for eGFP whereas over 85% of platelets from BCre mice
expressed eGFP (Fig. 4G). BDNF-myc was detectable by
western blot in the serum of BCre mice and not detectable
in mice without the Cre transgene (Fig. 4H and Supple-
mentary Fig. 1). By ELISA, the mean (+ standard error of
the mean) serum BDNF values in young adult mice
(12 weeks old) were 10.6 + 1.45 ng/ml in BDNF-myc"’~;
Cre™’~ animals (n=4; three female, one male), and
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32.3 +3.70 ng/ml in BDNF-myc™/*;Cre*’~ animals (n =
3; three female). Thus, in this model MK-derived BDNF is
present in serum at levels comparable to those deter-
mined in adult human serum®,

Having confirmed MK expression of BDNF, this model
was used to test if MK-derived BDNF in maternal blood
could cross the placenta. BDNF-myc™ ";Cre™ ™ females
expressing MK-derived BDNF were crossed with BDNF-
myc ™/ *;Cre”’~ male mice to generate fetuses homozygous
for the BDNF-myc insertion, with approximately half
lacking the Cre transgene and thus intrinsic serum BDNF.
Cre-negative fetuses (BDNF-myc™";Cre ™) could only
have serum BDNF if this were maternally-derived. Mater-
nal and fetal blood were collected at E18.5 from 3 litters,
serum generated and BDNF expression analyzed by wes-
tern blot. BDNF-myc was detectable in maternal serum
and serum from BDNF-myc"™/*;Cre*’~ fetuses but absent
in serum from the BDNF-myc ™ *;Cre '~ fetuses (Fig. 41).

Discussion

This is the first study to interrogate the relationship
between maternal and fetal serum BDNF at term in the
context of maternal symptoms of depression and anxi-
ety. We discovered that maternal symptoms of anxiety
correlated with significantly raised maternal serum
BDNF exclusively in mothers of boys. We did not find
similarly raised BDNF levels in the male infants, in line
with the results obtained with our new animal model in
which we found no evidence that MK-derived BDNF,
the main source of BDNF in humans, crosses the
placenta.

Elevated maternal BDNF was specifically associated
with maternally reported anxiety symptoms and not
symptoms of depression. Symptoms of depression have
been associated with lower serum BDNF in non-pregnant
adults'®"!. Reports of associations between anxiety
symptoms and serum BDNF have been mixed, with one
systematic review concluding lower BDNF only in asso-
ciation with obsessive-compulsive disorder’®. Animal
studies suggest that overexpression of BDNF in the brain
can simultaneously improve performance in tests related
to depression while facilitating anxiety-like behavior’.
This would be essentially consistent with our findings of a
contrasting relationship of serum BDNF with anxiety and
depressive symptoms. Testing the relationship between
MK-derived BDNF and behavioral outcomes will now be
possible using the animal model described here.

Our finding of elevated maternal BDNF was exclusive
to the mothers of boys reporting higher anxiety symp-
toms. We currently do not know whether this is a causal
relationship nor, if causal, the direction of causality.
Anxiety symptoms, or factors associated with anxiety,
may drive changes in maternal BDNF that are only per-
missible in those mothers with a male fetus. Alternatively,
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30

under conditions of maternal anxiety, the male fetus or
placenta may produce signals driving elevations in
maternal BDNF. A third possibility is that elevated BDNF
is causing anxiety only in mothers with boys. Subsequent
studies with our new mouse model should help tease
apart these complex relationships. In addition to

determining causality, it will also be important to estab-
lish whether changes in maternal BDNF occur as a result
of alterations in MK proliferation, MK differentiation,
BDNEF expression within MKs, and/or platelet release of
BDNF into the circulation. Another important question
to address is the function of MK-derived BDNF in
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J

development or disease. While further work is required,
our identification of this sex-specific association between
maternal anxiety and maternal serum BDNF provides a
highly novel example of the influence of fetal sex on the
maternal state.

Whether these perturbations in maternal serum BDNF
are transmitted to the fetus is an important question,
given the known critical function of BDNF in the central
nervous system and our increasing understanding of its
function in the periphery, including in energy homeostasis
and regulation of glucose levels’>”>. We found no evi-
dence that BDNF can cross the placenta, at least in mice.
Maternal blood BDNF is contained within platelets and is
not found as free serum protein. Furthermore, the
hemochorial placenta provides a physical barrier with
three continuous cellular layers between the maternal and

fetal blood systems in both mice and humans*. Some
proteins can cross the placenta by an active process
termed receptor-mediated pinocytosis®®. We were unable
to detect TrkB or p75 by western blot analysis of placental
extracts or by immunostaining in the labyrinth of the
mouse placenta where transport occurs (data not shown)
consistent with the lack of BDNF transplacental transfer
in our model. While we cannot formally exclude the
possibility that there are species differences in the pla-
cental transfer of BDNF as observed with the transfer of
maternal antibodies’*, BDNF receptors do not appear to
be expressed in the mature human placenta’.

An important feature of our study is the number of
paired maternal:fetal BDNF samples measured at term.
However, we only measured mood symptoms once during
pregnancy. We do not know when anxiety symptoms first
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manifested but the persistence of symptoms after birth®”
and the nature of the questionnaire, measuring trait not
state anxiety, suggests prolonged symptomology. Our
cohort is relatively homogeneous and it will be important
to replicate these findings in more diverse cohorts, and
across other modes of delivery.

In summary, we have discovered a sex-specific asso-
ciation between maternally reported symptoms of anxiety
and elevated maternal serum BDNF at term, specifically in
pregnancies with male infants. We find no evidence that
maternal serum BDNF crosses the placenta either from
our human study or in our new humanized mouse model.
We conclude that the placenta provides a barrier

protecting the fetus against potentially damaging fluc-
tuations in maternal BDNF that occur under conditions of
stress.
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F Blood platelet counts in BDNF-myc*/*:Cre™~ (BCre) and BDNF-myc™~:Cre ™"~ (B) groups (t test P = 0.960; n = 4 of each genotype; mean + SEM).
G Expression of GFP in platelets from BCre and B animals by FACS analysis. H Western blot analysis of serum BDNF in the BCre mouse model. B BDNF-
myc allele, Cre transgenic Cre driver. | Western blot analysis of BDNF in the serum of B and BCre fetuses and the corresponding maternal sample. Mat:
maternal serum, rBDNF: recombinant BDNF. Western blot is representative of three blots. Three litters of fetuses were analyzed at E18.5 with a total of
13 BDNF-myc ™ *:Cre ™~ pups (nine male/four female) and 11 BDNF-myc*:Cre™~ pups (six male/five female). Bar graphs show mean values (+

Author details

'School of Biosciences, Cardiff University, Cardiff CF10 3AX, UK. 2Departmem of
Haematology, University of Cambridge, Cambridge CB2 OPT, UK. *Present
address: Hospital Universitario Virgen Macarena-FISEVI, University of Seville,
E41009 Seville, Spain

Author contributions

Grown in Wales Study: H.D. and RMJJ. designed research. SM.G and LAS.
performed data curation. H.D. performed research. SM.G. and H.D. performed
the statistical analysis, RM.J. initiated the cohort. Mouse Model: XN, H.D., P.C-
F,CG,RMJ, IM-G, and Y-AB. designed research. XN, HD, AM, P.CF, and R.
M.J. performed research. H.D. and X.N. performed the statistical analysis, H.D.,
XN, Y-AB., & RMJ. wrote the paper.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541398-020-01176-8).

Received: 9 June 2020 Revised: 16 November 2020 Accepted: 30 November
2020

Published online: 18 January 2021

References

1. Bauer, A, Parsonage, M, Knapp, M, lemmi, V. & Adelaja, B. The costs of
perinatal mental health problems. LSE. Cent. Ment. Heal. https//doi.org/
10.13140/2.147316169 (2014).


https://doi.org/10.1038/s41398-020-01176-8
https://doi.org/10.1038/s41398-020-01176-8
https://doi.org/10.13140/2.1.4731.6169
https://doi.org/10.13140/2.1.4731.6169

Dingsdale et al. Translational Psychiatry (2021)11:62

20.

21,

22.

23.

24.

25.

26.

27.

Stewart, D. E. Depression during pregnancy. N. Engl. J. Med. 365, 16051611
(2011).

Van den Bergh, B. R. H. et al. Prenatal developmental origins of behavior and
mental health: the influence of maternal stress in pregnancy. Neurosci. Bio-
behav. Rev. https//doi.org/10.1016/jneubiorev.2017.07.003 (2017).

Kinsella, M. T. & Monk, C. Impact of maternal stress, depression and anxiety on
fetal neurobehavioral development. Clin. Obstet. Gynecol. 52, 425-440 (2009).
Brand, S. R. & Brennan, P. A. Impact of antenatal and postpartum maternal
mental illness: how are the children? Clin. Obstet. Gynecol. 52, 441-455 (2009).
ODonrell, K, OConnor, T. G. & Glover, V. Prenatal stress and neurodevelop-
ment of the child: focus on the HPA axis and role of the placenta. Dev.
Neurosci. 31, 285-292 (2009).

Park, H. & Poo, M. M. Neurotrophin regulation of neural circuit development
and function. Nat. Rev. Neurosci. 14, 7-23 (2013).

Rosenfeld, R. D. et al. Purification and identification of brain-derived neuro-
trophic factor from human serum. Protein Expr. Purif. 6, 465-471 (1995).
Chacén-Ferndndez, P. et al. Brain-derived neurotrophic factor in mega-
karyocytes. J. Biol. Chem. 291, 9872-9881 (2016).

Molendijk, M. L. et al. Serum BDNF concentrations as peripheral manifestations
of depression: evidence from a systematic review and meta-analyses on 179
associations (N=9484). Mol. Psychiatry 19, 791-800 (2014).

Karege, F. et al. Decreased serum brain-derived neurotrophic factor levels in
major depressed patients. Psychiatry Res. 109, 143-148 (2002).

Sen, S, Duman, R. & Sanacora, G. Serum brain-derived neurotrophic factor,
depression, and antidepressant medications: meta-analyses and implications.
Biol. Psychiatry 64, 527-532 (2008).

Kishi, T, Yoshimura, R, Ikuta, T. & lwata, N. Brain-derived neurotrophic factor
and major depressive disorder: evidence from meta-analyses. Front. Psychiatry
https://doi.org/10.3389/fpsyt.2017.00308 (2018).

Brunoni, A. R, Lopes, M. & Fregni, F. A systematic review and meta-analysis of
clinical studies on major depression and BDNF levels: implications for the role
of neuroplasticity in depression. Int. J. Neuropsychopharmacol. 11, 1169-1180
(2008).

Polyakova, M. et al. BDNF as a biomarker for successful treatment of mood
disorders: a systematic & quantitative meta-analysis. J. Affect. Disord. 174,
432-440 (2015).

Ciammola, A. et al. Low brain-derived neurotrophic factor (BDNF) levels in
serum of Huntington's disease patients. Am. J. Med. Genet. B Neuropsychiatr.
Genet. 144B, 574-577 (2007).

Ng, T.K.S, Ho, C.S. H, Tam, W. W. S, Kua, E. H. & Ho, R. C. M. Decreased serum
brain-derived neurotrophic factor (BDNF) levels in patients with Alzheimer's
disease (AD): a systematic review and meta-analysis. Int. J. Mol. Sci. 20, 1-26
(2019).

Qin, X. Y. et al. Association of peripheral blood levels of brain-derived neu-
rotrophic factor with autism spectrum disorder in children: a systematic review
and meta-analysis. JAMA Pediatr. 170, 1079-1086 (2016).

Szuhany, K. L, Bugatti, M. & Otto, M. W. A meta-analytic review of the effects of
exercise on brain-derived neurotrophic factor. J. Psychiatr. Res. 60, 56-64
(2015).

Burton, G. J. & Fowden, A. L. The placenta: a multifaceted, transient organ.
Philos. Trans. R. Soc. Lond. B Biol. Sci. https//doiorg/10.1098/rstb.2014.0066
(2015).

Soares, M. J, Varberg, K. M. & Igbal, K. Hemochorial placentation: development,
function, and adaptations. Biol. Reprod. 99, 196-211 (2018).

Woods, L, Perez-Garcia, V. & Hemberger, M. Regulation of placental devel-
opment and its impact on fetal growth—new insights from mouse models.
Front. Endocrinol. https//doi.org/10.3389/fendo.2018.00570 (2018).

Palmeira, P, Quinello, C, Silveira-Lessa, A. L, Zago, C. A. & Carneiro-Sampaio, M.
IgG placental transfer in healthy and pathological pregnancies. Clin. Dev.
Immunol. https.//doi.org/10.1155/2012/985646 (2012).

Kodomari, I, Wada, E, Nakamura, S. & Wada, K Maternal supply of BDNF to
mouse fetal brain through the placenta. Neurochem. Int. 54, 95-98 (2009).
Chouthai, N. S, Sampers, J, Desai, N. & Smith, G. M. Changes in neurotrophin
levels in umbilical cord blood from infants with different gestational ages and
clinical conditions. Pediatr. Res. 53, 965-969 (2003).

Malamitsi-Puchner, A, Economou, E, Rigopoulou, O. & Boutsikou, T. Perinatal
changes of brain-derived neurotrophic factor in pre- and fullterm neonates.
Early Hum. Dev. 76, 17-22 (2004).

Hodyl, N. A. et al. Antenatal steroid exposure in the late preterm period is
associated with reduced cord blood neurotrophin-3. Early Hum. Dev. 101,
57-62 (2016).

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51,

52.

Page 11 of 12

Wang, Y. et al. Effects of prenatal exposure to cadmium on neurode-
velopment of infants in Shandong, China. Environ. Pollut. 211, 67-73
(2016).

Yu, X. et al. The role of cord blood BDNF in infant cognitive impairment
induced by low-level prenatal manganese exposure: LW birth cohort, China.
Chemosphere 163, 446-451 (2016).

Cai, Q. Y. et al. Placental and cord blood brain derived neurotrophic factor
levels are decreased in nondiabetic macrosomia. Arch. Gynecol. Obstet. 296,
205-213 (2017).

Ferrari, N. et al. Exercise during pregnancy and its impact on mothers and
offspring in humans and mice. J. Dev. Orig. Health Dis. 9, 63-76 (2018).
Mardini, V. et al. TBARS and BDNF levels in newborns exposed to crack/
cocaine during pregnancy: a comparative study. Braz. J. Psychiatry 39, 263-266
(2017).

Akbaba, N. et al. Neurotrophins and neuroinflammation in fetuses exposed to
maternal depression and anxiety disorders during pregnancy: a comparative
study on cord blood. Arch. Women'’s Ment. Health 21, 105-111 (2018).

Basu, S, Kumar, D, Anupurba, S, Verma, A. & Kumar, A. Effect of maternal iron
deficiency anemia on fetal neural development. J. Perinatol. 38, 233-239
(2018).

Briana, D. D. et al. Differential expression of cord blood neurotrophins in
gestational diabetes: the impact of fetal growth abnormalities. J. Matern.
Neonatal Med. 31, 278-283 (2018).

Yusrawati Rina, G, Indrawati, L. N. & Machmud, R. Differences in brain-derived
neurotrophic factor between neonates born to mothers with normal and low
ferritin. Asia Pac. J. Clin. Nutr. 27, 389-392 (2018).

Lommatzsch, M. et al. Maternal serum concentrations of BDNF and
depression in the perinatal period. Psychoneuroendocrinology 31, 388-394
(2006).

Pawluski, J. L, Brain, U, Hammond, G. L. & Oberlander, T. F. Selective serotonin
reuptake inhibitor effects on neural biomarkers of perinatal depression. Arch.
Women's Ment. Health 22, 431-435 (2019).

Sonmez, E. O. et al. Effect of maternal depression on brain-derived neuro-
trophic factor levels in fetal cord blood. Clin. Psychopharmacol. Neurosci. 17,
308-313 (2019).

Cannon, T. D, Yolken, R, Buka, S. & Torrey, E. F. Collaborative study group on
the perinatal origins of severe psychiatric disorders. decreased neurotrophic
response to birth hypoxia in the etiology of schizophrenia. Biol. Psychiatry 64,
797-802 (2008).

Spulber, S. et al. Effects of maternal smoking and exposure to methylmercury
on brain-derived neurotrophic factor concentrations in umbilical cord serum.
Toxicol. Sci. 117, 263-269 (2010).

Uguz, F. et al. Maternal generalized anxiety disorder during pregnancy and
fetal brain development: a comparative study on cord blood brain-derived
neurotrophic factor levels. J. Psychosom. Res. 75, 346-350 (2013).

Dhiman, P, Say, A, Rajendiren, S, Kattimani, S. & Sagili, H. Association of foetal
APGAR and maternal brain derived neurotropic factor levels in postpartum
depression. Asian J. Psychiatr. 11, 82-83 (2014).

Garcés, M. F. et al. Brain-derived neurotrophic factor is expressed in rat and
human placenta and its serum levels are similarly regulated throughout
pregnancy in both species. Clin. Endocrinol. 81, 141-151 (2014).

Flock, A. et al. Determinants of brain-derived neurotrophic factor (BDNF) in
umbilical cord and maternal serum. Psychoneuroendocrinology 63, 191-197
(2016).

Gao, X, Wang, J, Yao, H, Cai, Y. & Cheng, R. Serum BDNF concentration after
delivery is associated with development of postpartum depression: a 3-month
follow up study. J. Affect. Disord. 200, 25-30 (2016).

Janssen, A. B. et al. Persistence of anxiety symptoms after elective caesarean
delivery. BJPsych. Open 4, 354-360 (2018).

Rauskolb, S. et al. Global deprivation of brain-derived neurotrophic factor in
the CNS reveals an area-specific requirement for dendritic growth. J. Neurosci.
30, 1739-1749 (2010).

Klein, A. B. et al. Blood BDNF concentrations reflect brain-tissue BDNF levels
across species. Int. J. Neuropsychopharmacol. 14, 347-353 (2011).

Cox, J. L, Chapman, G, Murray, D. & Jones, P. Validation of the Edinburgh
postnatal depression scale (EPDS) in non-postnatal women. J. Affect. Disord.
39, 185-189 (1996).

Meades, R. & Ayers, S. Anxiety measures validated in perinatal populations: a
systematic review. J. Affect. Disord. 133, 1-15 (2011).

Christian, L. M, Mitchell, A. M, Gillespie, S. L. & Palettas, M. Serum brain-derived
neurotrophic factor (BDNF) across pregnancy and postpartum: Associations


https://doi.org/10.1016/j.neubiorev.2017.07.003
https://doi.org/10.3389/fpsyt.2017.00308
https://doi.org/10.1098/rstb.2014.0066
https://doi.org/10.3389/fendo.2018.00570
https://doi.org/10.1155/2012/985646

Dingsdale et al. Translational Psychiatry (2021)11:62

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

with race, depressive symptoms, and low birth weight. Psychoneur-
oendocrinology 74, 69-76 (2016).

Naegelin, Y. et al. Measuring and validating the levels of brain-derived
neurotrophic factor in human serum. eNeuro https//doiorg/10.1523/
ENEURO.0419-17.2018 (2018).

Kolbeck, R, Bartke, I, Eberle, W. & Barde, Y. A. Brain-derived neurotrophic factor
levels in the nervous system of wild-type and neurotrophin gene mutant
mice. J. Neurochem. 72, 1930-1938 (1999).

Matsumoto, T. et al. Biosynthesis and processing of endogenous BDNF: CNS
neurons store and secrete BDNF, not pro-BDNF. Nat. Neurosci. 11, 131-133
(2008).

Perez-Pinera, P., Ousterout, D. G, Brown, M. T. & Gersbach, C. A. Gene targeting
to the ROSA26 locus directed by engineered zinc finger nucleases. Nucleic
Acids Res. 40, 3741-3752 (2012).

Tiedt, R, Schomber, T, Hao-Shen, H. & Skoda, R. C. Pf4-Cre transgenic
mice allow the generation of lineage-restricted gene knockouts for
studying megakaryocyte and platelet function in vivo. Blood 109,
1503-1506 (2007).

Schneider, C. A, Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years
of image analysis. Nat. Methods 9, 671-675 (2012).

RStudio Team. RStudio: Integrated Development for R. http//www.rstudio.
com (2019).

Fox, J. & Weisberg, S. An R. Companion to Applied Regression, Third Edition.
Third edn. (Sage, Thousand Oaks, CA, 2019).

Wickham, H, Francois, R, Henry, L. & Mller, K. Package ‘dplyr. A Grammar of
Data Manipulation. R Package version 0801 https//CRANR-projectorg/
package=dplyr (2019).

Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, New
York, 2016).

Kassambara, A. ggpubr: ‘ggplot2’ Based Publication Ready Plots. R package
version 0.2.3. https//CRANR-project.org/package=ggpubr (2019).

Grosjean, P, Ibanez F. pastecs: Package for Analysis of Space-Time Ecological
Series. R package version 1.3.21 https//CRANR-project.org/package=pastecs
(2018).

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 12 of 12

Wickham, H. Reshaping data with the reshape package. J. Stat. Softw. 12, 1-20
(2007).

Bienertova-Vasku, J. et al. Brain-derived neurotrophic factor and ciliary neu-
rotrophic factor in maternal plasma and umbilical cord blood from pre-
eclamptic and physiological pregnancies. J. Obstet. Gynaecol. 33, 359-363
(2013).

Monteleone, P. et al. Opposite changes in the serum brain-derived neuro-
trophic factor in anorexia nervosa and obesity. Psychosom. Med. 66, 744-748
(2004).

Nanri, A, Kochi, T, Eguchi, M., Kabe, I. & Mizoue, T. Demographic and
lifestyle correlates of brain-derived neurotrophic factor in a working
population: The Furukawa Nutrition and Health Study. Psychiatry Res. 272,
581-586 (2019).

Radka, S. F, Holst, P. A, Fritsche, M. & Altar, C. A. Presence of brain-derived
neurotrophic factor in brain and human and rat but not mouse serum
detected by a sensitive and specific immunoassay. Brain Res. 709, 122-130
(199).

Suliman, S, Hemmings, S. M. J. & Seedat, S. Brain-derived neurotrophic
factor (BDNF) protein levels in anxiety disorders: systematic review and
meta-regression analysis. Front. Integr. Neurosci. https.//doi.org/10.3389/
fnint.2013.00055 (2013).

Govindarajan, A. et al. Transgenic brain-derived neurotrophic factor expression
causes both anxiogenic and antidepressant effects. Proc. Natl Acad. Sci. USA
103, 13208-13213 (2006).

Marosi, K. & Mattson, M. P. BDNF mediates adaptive brain and body
responses to energetic challenges. Trends Endocrinol. Metab. 25, 89-98
(2014).

Fulgenzi, G. et al. Novel metabolic role for BDNF in pancreatic 3-cell
insulin secretion. Nat. Commun. https://doi.org/10.1038/541467-020-
15833-5 (2020).

Bowman, C. J. et al. Placental transfer of Fc-containing biopharmaceuticals
across species, an industry survey analysis. Birth Defects Res. B Dev. Reprod.
Toxicol. 98, 459-485 (2013).

Uhlen, M. et al. Tissue-based map of the human proteome. Science
1260419https//doi.org/10.1126/science (2015).


https://doi.org/10.1523/ENEURO.0419-17.2018
https://doi.org/10.1523/ENEURO.0419-17.2018
http://www.rstudio.com
http://www.rstudio.com
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=pastecs
https://doi.org/10.3389/fnint.2013.00055
https://doi.org/10.3389/fnint.2013.00055
https://doi.org/10.1038/s41467-020-15833-5
https://doi.org/10.1038/s41467-020-15833-5
https://doi.org/10.1126/science

	The placenta protects the fetal circulation from anxiety-driven elevations in maternal serum levels of brain-derived neurotrophic factor
	Introduction
	Methods
	Grown in Wales study
	Serum BDNF ELISA
	Western blot analysis
	Generation of Rosa26-LSL-BDNF-myc-IG mice
	Generation of animals expressing transgene BDNF-myc in platelets
	Mouse megakaryocyte culture
	Whole blood cell and platelet counts
	FACS analysis of platelets and leukocytes
	Platelet isolation
	Platelet spreading assay
	Mouse serum generation
	Statistics
	Study approval

	Results
	Higher levels of maternal serum BDNF compared to fetal BDNF
	No association between BDNF and maternal EPDS scores
	Significant association between maternal BDNF and maternal STAI scores
	Maternal BDNF does not cross the placenta

	Discussion
	Acknowledgements
	Acknowledgements




