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A B S T R A C T

Prostaglandin E2 (PGE2) is a lipid signaling molecule important for brain development and function. Various
genetic and environmental factors can influence the level of PGE2 and increase the risk of developing Autism
Spectrum Disorder (ASD). We have previously shown that in neuronal cell lines and mouse brain, PGE2 can
interfere with the Wnt canonical pathway, which is essential during early brain development. Higher levels of
PGE2 increased Wnt-dependent motility and proliferation of neuroectodermal stem cells, and modified the ex-
pression of Wnt genes previously linked to autism disorders. We also recently established a cross-talk between
these two pathways in the prenatal mouse brain lacking PGE2 producing enzyme (COX-/-). The current study
complements the published data and reveals that PGE2 signaling also converges with the Wnt canonical pathway
in the developing mouse brain after maternal exposure to PGE2 at the onset of neurogenesis. We found sig-
nificant changes in the expression level of Wnt-target genes, Mmp7, Wnt2, and Wnt3a, during prenatal and early
postnatal stages. Interestingly, we observed variability in the expression level of these genes between geneti-
cally-identical pups within the same pregnancy. Furthermore, we found that all the affected genes have been
previously associated with disorders of the central nervous system, including autism. We determined that pre-
natal exposure to PGE2 affects the Wnt pathway at the level of β-catenin, the major downstream regulator of
Wnt-dependent gene transcription. We discuss how these results add new knowledge into the molecular me-
chanisms by which PGE2 may interfere with neuronal development during critical periods.

1. Introduction

The brain contains high lipid content and its healthy development
relies on the supply and function of these molecules [15]. Prostaglandin
E2 (PGE2) is one of the major lipid metabolites released from phos-
pholipid membranes through the action of phospholipase A2 (PLA2)
and cyclooxygenase-1 or − 2 (COX-1 or −2) [25]. PGE2 exerts its
physiological function through four G-protein coupled E-prostanoid
receptors (EP1–4) [31,36,57]. Recent research shows that PGE2 can
play an important role in brain development including dendritic spine
formation [14,2] and neuronal plasticity [16,34]. Increased levels of
COX-2 during embryogenesis [52], and higher expression levels of EP
receptors during neurogenesis [61], further strengthen the importance
of PGE2 in development.

We previously described that abnormalities in the PGE2 signaling
pathway due to genetic defects or exposure to environmental factors,
during critical periods of brain development, have been associated with

the etiology of neurodevelopmental disorders such as Autism Spectrum
Disorder (ASD) [61,76]. The overwhelming evidence shows that var-
ious environmental risk factors, including deficient dietary supple-
mentation, infections, exposure to drugs such as misoprostol (pros-
taglandin E analogue), air pollutants, chemicals found in food and
personal care products like cosmetics, disrupt the level of PGE2 and are
independently linked to ASD [61,76]. These exogenous chemicals can
be shuttled through the Blood Brain Barrier during a critical time in
development and impact signaling of the PGE2 pathway [76]. The
molecular mechanisms by which changes in PGE2 levels influence brain
development are still not well known.

Thus far, in vitro research in our lab has shown that increased levels
of PGE2 can augment proliferation and migration of neuroectodermal
stem cells [74], accelerate neuronal differentiation [75], retract neu-
ronal extensions [62] and elevate calcium level in the cytosol and
growth cones [22,60]. More interestingly, we showed for the first time
in neuronal cell lines that PGE2 signaling can interact with the major
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developmental pathway, Wingless-Type MMTV Integration Site Family
(Wnt) canonical pathway [74]. In neuroectodermal (NE-4C) stem cells
PGE2 can modulate the Wnt canonical pathway via protein kinase A
(PKA), phosphoinositide 3-kinase (PI-3K) and β-catenin, the key reg-
ulator of the Wnt pathway [74,75]. In addition, higher level of PGE2
modified the expression of many downstream Wnt-regulated genes
important in development and previously implicated in ASD. We also
found cross-talk between the PGE2 and Wnt signaling pathways for the
first time in the brain of the COX-2-/- knockout mouse [47]. These
findings are interesting because signaling of the Wnt signaling pathway
is crucial during early brain development [19] and its abnormal reg-
ulation have also been associated with ASD [32,83].

In this study, we use mouse as the experimental model system to
determine the effects of maternal exposure to PGE2 at the onset of
neurogenesis (embryonic day 11) on expression of various develop-
mental genes in the mouse brain. We identified differential expression
of Wnt-regulated genes, including Mmp7, Wnt2, and Wnt3a, in offspring
from the same pregnancy. We found that the affected genes were pre-
viously linked to neurodevelopmental disorders. PGE2 greatly affected
the normal expression level of these genes across three developmental
stages tested: embryonic day 16 (E16), embryonic day 19 (E19) and
early postnatal day 8 (P8). Moreover, we detected variations in ex-
pression level between offsprings with the same genetic composition
that persisted through E16, E19, and P8. We also show that PGE2 al-
tered the levels of PKA-activated phospho-β-catenin-Ser-552 and non-
phospho (active) β-catenin (Ser33/37/Thr41), the major downstream
regulator of gene transcription in the Wnt canonical signaling pathway.
These findings provide novel in vivo data that maternal exposure to
exogenous PGE2 during critical periods can affect the expression level
of important developmental genes in the brain of offspring.

2. Materials and methods

2.1. Animals

Male and female mice (C57BL/6) were obtained from Charles River
Laboratories. C57BL/6 colonies are inbred and thus are considered as
genetically identical based on testing of single nucleotide polymorph-
isms (SNPs) by the distributor. The animals were maintained at the
animal facility at York University, kept at a 12 h light/dark cycle, and
provided with unlimited food and water. All protocols for animal pro-
cedures used in this study were approved by the Animal Care
Committee (ACC).

2.2. Maternal injections

Male and female mice were mated overnight, and the females were
checked every morning until a vaginal plug was observed. This day was
considered as gestation day 1, and the females were housed separately
for the remaining time. On gestation day 11, the pregnant females were
weighed, and injected subcutaneously with 0.2 mg/kg concentration of
16,16-dimethyl prostaglandin E2 (dmPGE2; Cayman Chemical) in saline
as in previous studies [18,65]. The compound dmPGE2 was used as it
has a slower metabolism rate than PGE2, and therefore remains active
for a longer period of time [44,58]. Control animals were injected with
saline only. Three pregnant females were administered with a single
dose of saline or the PGE2 compound, resulting in three litters for each
developmental stage tested. Embryonic day 11 (E11) was chosen as the
day of PGE2 exposure to the embryo as it is the onset of neurogenesis in
the embryonic mouse brain, and also equivalent to the time during
which the analogous drug misoprostol was consumed in human clinical
studies that resulted in manifestation of Moebius syndrome and ASD
[45,7].

2.3. Sample collection

We obtained three litters from independent females treated with
PGE2 at stages embryonic day 16 (E16; n=21: 6, 8 and 7 pups from
each litter), embryonic day 19 (E19; n=20: 6, 8 and 6 pups from each
litter), and postnatal day 8 (P8; n=19: 3, 9 and 7 pups from each
litter). Three litters from each stage were also collected from control
females injected with saline at E16 (n=16: 5, 4 and 7 pups from each
litter), E19 (n=20: 4, 7 and 9 pups from each litter) and P8 (n=20: 6,
6 and 8 pups from each litter). Total RNA and protein from the whole
brain were extracted at the same time from each brain sample using the
trizol (Sigma) method. The samples were collected from three stages of
neuronal development: E16 at the peak of neurogenesis, E19 the pre-
birth brain [49,50] and P8 [53,54] during which the prefrontal cortex,
hippocampus, and cerebellum still continue developing post-birth [50].
Tail samples were also collected from each pup for genomic DNA ex-
traction for genotyping analysis to distinguish between males and fe-
males.

2.4. Genotyping – polymerase chain reaction (PCR)

Tail samples were boiled in alkaline lysis reagent (25mM NaOH),
and neutralized with Tris-HCL buffer. The resulting genomic DNA was
used for male/female genotyping using primers for the sex determining
region Y (SRY) gene (Table 1), which is only present in males. Standard
PCR with the SRY gene is commonly used for genotyping [46] and was
performed on the samples (annealing temperature = 62 °C), which
were subsequently loaded onto an agarose gel to determine the pre-
sence (male) or absence (female) of the SRY gene.

2.5. Quantitative Real-Time PCR (qRT-PCR)

mRNA was converted to cDNA using reverse transcriptase (MMuLV;
New England Biolabs), and the cDNA was used for qRT-PCR. The
normal expression of EP receptors was tested in the brain tissue across
all developmental stages, using primers (Table 1) as previously de-
scribed [61]. We used Custom Taqman plates (Applied Biosystems) as a
preliminary screening tool to test 44 commercially available develop-
mental genes (Apc, Axin1, Bmp2, Bmp3, Bmp4, Bmp7, Ccnd1, Cldn1,
Creb1, Crebbp, Csnk1a1, Ctnnb1, Dvl1, Enc1, Fosl1, Fzd1, Gli1, Gsk3b,
Hnf1a, Jun, Lef1, Lrp5, Lrp6, Mmp7, Myc, Nrcam, Ppard, Ptch2, Ptgs2,
Pygo1, Smarca4, Tcf3, Tcf4, Tcf7l2, Wnt1, Wnt2, Wnt3, Wnt3a, Wnt4,
Wnt5a, Wnt5b, Wnt7a, Wnt8a, Wnt8b). Each plate also contained 4
standard housekeeping control genes [18 S ribosomal RNA (18 s), gly-
ceraldehyde-3-phosphate dehydrogenase (Gapdh), hypoxanthine phosphor-
ibosyl transferase (Hprt), and β-glucuronidase (Gusb)]. The screen test was
initially performed on pooled RNA samples from saline- and PGE2-ex-
posed litters. The expression levels of only 3 genes reached at least 1.5-
fold change (of Mmp7, Wnt2, and Wnt3) and were further validated and

Table 1
Forward and reverse primer sequences for PCR and real-time PCR.

Gene Primer Sequences (5′ → 3′) Amplicon size (base
pairs)

SRY F: TCCCAGCATGCAAAATACAGAGATCAGC 297
R: TTGGAGTACAGGTGTGCAGCTCTAC

Hprt F: TCCATTCCTATGACTGTAGATTTTATCAG 75
R: AACTTTTATGTCCCCCGT TGACT

Pgk1 F: CAGTTGCTGCTGAACTCAAATCTC 65
R: GCCCACACAATCCTTCAAGAA

Mmp7 F: TTGACAAGGATGAGTACTGGACTGAT 73
R: AATTCATGGGTGGCAGCAAA

Wnt2 F: GCCCTGATGAACCTTCACAAC 77
R: TGACACTTGCATTCTTGTTTCAA

Wnt3a F: GCACCACCGTCAGCAACAG 57
R: GGGTGGCTTTGTCCAGAACA
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quantified in each individual offspring with gene-specific forward and
reverse primers (Table 1) using the 7500 Fast Real-Time PCR System
with SYBR Green reagent (Applied Biosystems) as we previously de-
scribed [61,73].

Quantitative values were obtained from the threshold cycle (CT)
number. For the real-time PCR we used two housekeeping genes, Pgk1
(phosphoglycerate kinase) and Hprt. We verified that Pgk1 and Hprt can
be used as they have stable expression across all developmental stages
with geNorm values of less than 0.5 as described in [66] (data not
shown). The raw CT values from experimental (PGE2-exposed pups) and
control (saline-exposed pups) samples were normalized using the geo-
metric mean of the housekeeping genes Pgk1 and Hprt to obtain the ΔCT

values. The ΔCT values of the samples (each individual animal) were
compared with a calibrator (average of all saline-exposed pups from
three different litters) to generate the relative quantity (RQ) value
which represents the fold change expression of each target sample
compared to the reference sample, known as the comparative CT

method. Each experimental sample was run in triplicates on a 96-well
plate which was considered as one real-time PCR experiment, and was
then replicated three times. To determine whether there were sex dif-
ferences in gene expression of Mmp7, Wnt2, and Wnt3, the RQ values
were compared between male and female pups. All RQ values obtained
are shown in the Supplementary Table 1.

2.6. Western blot

Protein samples were loaded equally based on concentration, frac-
tionated using polyacrylamide gel electrophoresis (PAGE), and trans-
ferred onto a nitrocellulose membrane. EP receptors’ protein expression
was tested using the primary rabbit polyclonal antibodies anti-EP1
(Santa Cruz Biotechnology), anti-EP2 (Santa Cruz Biotechnology), anti-
EP3 (Santa Cruz Biotechnology), and anti-EP4 (Santa Cruz
Biotechnology). The anti-EP3 antiody recognizes all three isoforms (α,
β, γ) of the EP3 protein. The levels of β-catenin were tested using the
primary antibodies against phospho-β-catenin (Ser552) and non-
phospho β-catenin (Ser33/37/Thr41) (Cell Signaling), respectively.
Rabbit polyclonal anti-phospho-β-catenin (Ser552) antibody recognizes
the active form phosphorylated by protein kinase A (PKA), and rabbit
monoclonal anti-nonphospho-β-catenin (Ser33/37/Thr41) antibody
recognizes the stabilized form of β-catenin that is functionally active.
For comparative analysis, anti-GAPDH (Abcam) was used on the same
blots. Horseradish peroxidase-conjugated secondary antibodies used
were α-rabbit (Abcam), α-goat (Santa Cruz Biotechnology), or α-mouse
(Abcam). Clarity Western ECL Substrate reagent (Bio-rad) was used for
detection by Perkin Elmer Geliance 600 Imaging System.

Fig. 1. Expression of EP receptors during mouse brain development. RQ values for EP1, EP2, EP3α, EP3β, and EP3γ were normalized to RQ values of the EP4 receptor.
(A) The EP2, EP3β, and EP3γ receptors were the most predominantly expressed at Embryonic day 16 (E16). (B-C) Similar pattern was seen at Embryonic day 19 (E19),
and Postnatal day 8 (P8). **p < 0.005, ***p < 0.0005. (A-C) Western blot confirmed protein expression of EP1, EP2, EP3 (all isoforms), and EP4 receptors in the
developing brain (right panel). Each value was averaged from three separate experiments (n=3).
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2.7. Statistical analysis

All data presented in this study was expressed as mean± SEM. The
statistical analysis used was one-way ANOVA, followed by student t-
test. Results were considered significant if the p value was less than
0.05.

3. Results

3.1. Expression of E-prostanoid (EP) receptors in the normally developing
mouse brain

In this study, in order to establish whether our wild type mouse
model is suitable to for prenatal exposure to PGE2 we examined for the
first time the expression profile of the EP receptors (EP1, EP2, EP3α,
EP3β, EP3γ, and EP4) in the brain at the E16, E19, and P8 stages, using
real-time PCR assay. The expression level of all receptors for each
sample was first normalized to the geometric mean of the housekeeping
genes Pgk1 and Hprt (see methods) and further shown as relative
quantity (RQ) values compared to the EP4 receptor (RQ = 1), which
was the same across all developmental stages tested (Fig. 1, left panels).
The expression pattern of all EP receptors at E16 shows that EP2 was
the most highly expressed (RQ = 355.8; p < 0.0005), followed by
EP3γ (RQ = 161.4; p=0.001), EP3β (RQ = 50.7; p=0.0013), EP3α
(RQ = 0.9, p=0.41), EP4 (RQ = 1), and EP1 (RQ = 0.01;
p < 0.0005) (Fig. 1A). At E19, EP2 was again the most highly ex-
pressed (RQ = 316.3; p < 0.0005), followed by EP3γ (RQ = 220.1;
p < 0.0005), EP3β (RQ = 56.2; p < 0.0005), EP3α (RQ = 0.3;
p=0.001), and EP1 (RQ = 0.002; p < 0.0005) (Fig. 1B). At P8, EP3γ
shows the highest expression (RQ = 392.0; p=0.0005), followed by
EP2 (RQ = 221.7; p=0.002), EP3β (RQ = 155.0; p=0.001), EP3α
(RQ = 3.1; p=0.02), and EP1 (RQ = 0.04; p < 0.0005) (Fig. 1C).
Overall, EP2, EP3γ, and EP3β are predominantly expressed in the mouse
brain at all stages. Western blot analysis confirmed the expression of all
EP receptors in each developmental stage at the protein level (Fig. 1,
right panels). In summary, we established the expression profile of all EP
receptors in the mouse brain across developmental stages making it a
good model for subsequent PGE2 injections performed in this study.

3.2. Mmp7 expression in brain of individual pups at developmental stages
E16, E19, and P8, following maternal exposure to PGE2

Using Custom Taqman plates we screened 44 various developmental
genes (see methods) in offsprings from all developmental stages (E16,
E19 and P8). We detected that three of these genes that belong to the
Wnt canonical pathway were differentially expressed at all develop-
mental stages (E16, E19, P8): Mmp7, Wnt2, and Wnt3a. We confirmed
the expression level of these genes using real-time PCR in each in-
dividual offspring from three independent litters following maternal
exposure to PGE2 and compared to control animals represented as RQ
value of 1 across all stages (Figs. 2–4; Supplementary Table 1). At E16,
there was increased expression of Mmp7 in all three litters (Fig. 2A).
Interestingly, the expression considerably varied between the pups of
any given litter, suggesting that genetically identical pups of the same
pregnancy are affected differently by the exogenous PGE2 compound.
Litter 1 (L1) had a total of six pups with RQ values of 95.2 (p=0.014),
16.5 (p=0.017), 7.2 (p=0.026), 5.8 (p=0.0081), 3.1 (p=0.27) and
0.60 (p=0.12). Eight pups in L2 had RQ values of 6.5 (p=0.0058),
3.1 (p=0.017), 2.0 (p=0.0072), 1.0 (p=0.75), 0.84 (p=0.24), 0.53
(p=0.012), and 0.38 (p=0.0048), 0.10 (p < 0.0005). In L3, there
were seven pups with RQ values of 13.8 (p=0.044), 4.9 (p=0.015),
4.1 (p=0.022), 1.9 (p=0.16), 1.8 (p=0.18), 0.93 (p=0.84), and
0.80 (p=0.057). The average expression of Mmp7 at E16 in PGE2-ex-
posed animals (L1, L2, and L3) had RQ value of 8.2 (p=0.31) above
the level in control animals. This mean value did not reach significance
because of the great variation between individual pups.

In contrast, at developmental stage of E19, the expression of Mmp7
from the three litters was considerably decreased when compared to
control animals (Fig. 2B). In L4, there was a significant decrease of
Mmp7 expression in all six pups (p < 0.0005) with RQ values of 0.47,
0.34, 0.20, 0.048, 0.030, and 0.026. In L5, all eight pups showed a
significant decrease of Mmp7 expression (p < 0.0005) with RQ values
of 0.12, 0.11, 0.10, 0.10, 0.10, 0.08, 0.058 and 0.056. Significant re-
duction in Mmp7 expression was also observed in all six pups of L6
(p < 0.0005) with RQ values of 0.11, 0.067, 0.050, 0.045, 0.033, and
0.022. The overall expression of Mmp7 at E19 in PGE2-exposed animals
(L4, L5, and L6), decreased with an RQ value of 0.11 (p < 0.0005) or
9.1 times below the level from the controls.

Similar to E19, Mmp7 expression in P8 remained decreased in three
PGE2-exposed pups of L7 (Fig. 2C). The RQ values for each pup were
0.67 (p=0.040), 0.65 (p=0.022), and 0.40 (p=0.0012). In L8, there
were nine pups with RQ values of 1.8 (p=0.35), 0.95 (p=0.56), 0.90
(p=0.45), 0.70 (p=0.24), 0.68 (p=0.030), 0.59 (p < 0.0005), 0.52
(p=0.0032), 0.44 (p < 0.0005), and 0.43 (p < 0.0005). In L9, there
were seven pups with RQ values of 1.09 (p=0.52), 0.99 (p=0.89),
0.75 (p=0.055), 0.74 (p=0.23), 0.63 (p=0.0039), 0.60
(p < 0.0005), and 0.41 (p < 0.0005). The overall expression of Mmp7
in all PGE2-exposed animals (L7, L8, and L9) continued to be sup-
pressed at P8 with an RQ value of 0.73 (p=0.0022), which represents
1.4 times reduction from the normal level seen in controls. In addition,
there was no significant difference in expression of Mmp7 observed
between males and females at E16 (p=0.69), E19 (p=0.49) or P8
(p=0.69) (data not shown).

The actual RQ values of normal expression level of Mmp7 at E16,
E19 and P8 in the control animals (represented as the RQ value of 1 in
Fig. 2A-C) are plotted in Fig. 2D. The expression level of Mmp7 appears
highest at E16, and continued to decline throughout development (E19
and P8) with RQ values of 23.0 (p < 0.0005), 13.8 (p=0.012), and
10.9 (p=0.010), respectively. As indicated above, the expression of
Mmp7 was greatly influenced by exposure to PGE2 in all developmental
stages. Fig. 2D shows that, at E16, the overall expression level of Mmp7
in PGE2-exposed animals was increased by 8.2 fold change. The ex-
pression level at E19 was overall decreased with PGE2 by 9.1 and
continued to be suppressed at P8 by 1.4.

3.3. Wnt2 expression in brain of individual pups at developmental stages
E16, E19, and P8, following maternal exposure to PGE2

The expression of Wnt2 in the brain was overall reduced at devel-
opmental stage of E16 and was elevated in E19 and P8 as compared to
control animals (Fig. 3). At E16, we detected a significant decrease in
expression of Wnt2 in all six pups in L1 with RQ values of 0.68
(p < 0.0005), 0.67 (p=0.041), 0.66 (p < 0.0005), 0.64
(p=0.0022), 0.59 (p=0.00052), and 0.55 (p < 0.0005). In L2, there
were eight pups with RQ values of 2.7 (p < 0.0005), 1.1 (p=0.37),
0.87 (p=0.31), 0.84 (p=0.16), 0.80 (p=0.14), 0.76 (p=0.028),
0.74 (p=0.013), and 0.60 (p=0.0046). More variation was found in
the expression level ofWnt2 within the seven pups of L3 with RQ values
of 2.4 (p=0.0059), 1.6 (p=0.036), 1.2 (p=0.54), 0.87 (p=0.67),
0.82 (p=0.45), 0.69 (p=0.11), and 0.66 (p=0.0023). Although
there are significant changes in Wnt2 expression at E16 in individual
PGE2-exposed animals, the overall average across three litters was not
significantly different from the controls with an average RQ value of
0.97 (p=0.82).

Exposure to PGE2 largely resulted in elevatedWnt2 expression in the
brain across the pups of three independent litters at developmental
stage of E19 (Fig. 3B). In L4, there were six pups with RQ values of 10.6
(p=0.00082), 8.0 (p=0.0013), 6.4 (p < 0.0005), 3.5 (p=0.0031),
2.1 (p=0.034), and 1.4 (p=0.33). In L5, all eight pups show in-
creased Wnt2 expression with RQ values of 6.9 (p < 0.0005), and 5.2
(p < 0.0005), 3.4 (p=0.015), 3.0 (p=0.0045), 2.9 (p=0.014), 2.7
(p=0.030), 2.6 (p=0.023), 2.5 (p=0.021). Similarly, the expression
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Fig. 2. Expression of Mmp7 mRNA in devel-
oping mouse brain following maternal ex-
posure to PGE2. (A) The expression of Mmp7
increased at E16 in all three litters (L1-L3)
following PGE2 exposure. There were in-
dividual differences between pups. (B) At E19,
the expression of Mmp7 decreased in all three
litters L4-L6. (C) There was continued decrease
in expression ofMmp7 at P8 in pups of all three
litters L7-L9. Horizontal lines represent the
mean value within each litter. (D) In the con-
trol mouse brain, Mmp7 expression is highest
at E16 (p < 0.0005), and decreases
throughout development in E19 (p=0.012)
and P8 (p=0.010). Following PGE2 exposure,
mean Mmp7 expression from all pups is greater
at E16 but not statistically significant
(p=0.31), and decreases at E19 (p < 0.0005)
and P8 (p=0.0022), from the normal expres-
sion in controls. Each value was averaged from
animals from three litters and three in-
dependent experiments.

Fig. 3. Expression of Wnt2 mRNA in devel-
oping mouse brain following maternal ex-
posure to PGE2. (A) The expression of Wnt2
decreased in most pups at E16 (L1–3), with the
exception of a few pups in which levels were
increased. (B) At E19, the expression of Wnt2
increased in all three litters (L4-L6). (C) There
was continued increase in expression of Wnt2
at P8 in pups of all three litters (L7-L9).
Horizontal lines represent the mean value
within each litter. (D) In the control mouse
brain, Wnt2 expression is lowest at E16
(p=0.00084), and increases throughout de-
velopment in E19 (p=0.0020) and P8
(p=0.033). Following PGE2 exposure, mean
Wnt2 expression from all pups is similar at E16
(p=0.82), and significantly increases at E19
(p < 0.0005) and P8 (p < 0.0005), from the
normal expression in controls. Each value was
averaged from animals from three litters and
three separate experiments.
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of Wnt2 was also increased in all six pups of L6 with RQ values of 6.3
(p < 0.0005), 5.1 (p < 0.0005), 3.8 (p=0.0026), 2.6 (p=0.031),
2.4 (p=0.049), and 2.2 (p=0.045). The overall expression of Wnt2 in
PGE2-exposed animals at E19 (litter L4, L5, and L6), was 4.2 times
greater than the control (p < 0.0005).

At developmental stage of P8, the expression of Wnt2 continues to
be increased (Fig. 3C). In L7, there were three pups with RQ values of
3.0 (p=0.027), 2.0 (p=0.032), and 1.7 (p=0.20). In L8, there were
nine pups with RQ values of 2.9 (p < 0.0005), 2.9 (p=0.043), 2.2
(p=0.0043), 2.2 (p < 0.0005), 2.0 (p=0.0012), 1.5 (p=0.16), 1.1
(p=0.80), 0.92 (p=0.82), and 0.85 (p=0.62). In L9, all seven pups
had significantly increased expression of Wnt2 with RQ values of 3.1
(p < 0.0005), 2.9 (p=0.00085), 2.8 (p < 0.0005), 2.8
(p=0.00057), 2.5 (p=0.0079), 2.1 (p=0.0085), 2.0 (p=0.035).
The overall expression of Wnt2 in PGE2-exposed animals at P8 (L7, L8,
and L9) was 2.2 times greater than the controls (p < 0.0005). In ad-
dition, there was no significant difference in expression of Wnt2 ob-
served between males and females at E16 (p=0.29), E19 (p=0.80) or
P8 (p=0.33) (data not shown).

In the control animals, the normal expression level of Wnt2 in the
brain (represented as the RQ value of 1 in Fig. 3A-C) was lowest at E16,
and continued to increase throughout development (E19 and P8) with
RQ values of 0.1 (p=0.00084), 0.3 (p=0.0020), and 0.7 (p=0.033)
respectively (Fig. 3D). Maternal exposure to PGE2 did not have a sig-
nificant effect on the overall expression of Wnt2 at developmental stage
E16 with the average fold change decrease of 1.03. However, PGE2
increased the overall Wnt2 expression level at E19 by a fold change of
4.2, and remained elevated at P8 with a fold change of 2.2.

3.4. Wnt3a expression in brain of individual pups at developmental stages
E16, E19, and P8, following maternal exposure to PGE2

Exposure to maternal PGE2 at E11 resulted in overall increased

Wnt3a expression level in the brain at developmental stage of E16, E19,
and P8 as compared to control animals (Fig. 4). At E16, all six pups
from L1 had elevated Wnt3a expression compared to control with RQ
values of 2.9 (p=0.024), 2.3 (p=0.19), 1.7 (p=0.69), 1.3(p=0.99),
1.2 (p=0.99), 1.1 (p=0.99). In L2, there were eight pups with RQ
values of 1.8 (p=0.42), 1.8 (p=0.43), 1.4 (p=0.93), 1.2 (p=0.99),
1.1 (p=0.99), 1.0 (p=1.0), 0.86 (p=0.99), 0.59 (p=0.93). Wnt3a
expression was also increased in all of the seven pups of L3 with RQ
values of 6.1 (p=0.047), 4.7 (p=0.016), 2.7 (p=0.082), 1.8
(p=0.13), 1.8 (p=0.20), 1.7 (p=0.16), 1.3 (p=0.23). The overall
mean expression of Wnt3a at E16 (L1, L2, L3) in PGE2-exposed animals
is RQ value of 1.9, which is higher than the controls (p=0.0040).

Wnt3a expression was generally elevated in the brain across the
pups of three independent litters at developmental stage of E19
(Fig. 4B). In L4, there were six pups with RQ values of 2.2 (p=0.032),
1.6 (p=0.031), 1.6 (p=0.048), 0.91 (p=0.46), 0.78 (p=0.17), 0.75
(p=0.0016). In L5, all eight pups show increased Wnt3a expression
with RQ values of 1.8 (p=0.0050), 1.8 (p=0.071), 1.6 (p=0.032),
1.6 (p=0.0012), 1.5 (p=0.087), 1.3 (p=0.15), 1.2 (p=0.16), 1.1
(p=0.0099). Wnt3a expression in the six pups of L6 had RQ values of
1.6 (p=0.85), 1.2 (p=0.99), 1.1 (p=0.99), 1.0 (p=1.0), 0.9
(p=0.99), 0.8 (p=0.99). The average expression of Wnt3a at E19 (L4,
L5, and L6) in PGE2-exposed animals has the RQ value of 1.3 which is
above the level of the controls (p=0.0022).

At developmental stage of P8, the expression of Wnt3a was in-
creased in two independent litters, while a third independent litter had
decreased expression (Fig. 4C). In L7, there were three pups with RQ
values of 2.2 (p < 0.0005), 1.5 (p=0.10), 1.0 (p=0.67). In L8, all
nine pups had increased Wnt3a expression with RQ values of 3.3
(p=0.0028), 2.9 (p < 0.0005), 2.8 (p < 0.0005), 2.8 (p=0.020),
2.6 (p=0.00024), 2.4 (p=0.022), 2.0 (p=0.011), 1.8 (p=0.0029),
1.7 (p=0.048). In contrast, L9 had seven pups with decreased ex-
pression of Wnt3a with RQ values of 0.74 (p=0.26), 0.57 (p=0.099),

Fig. 4. Expression of Wnt3a mRNA in devel-
oping mouse brain following maternal ex-
posure to PGE2. (A) The expression of Wnt3a
was generally increased in most pups at E16
(L1-L3). (B) At E19, the expression of Wnt3a
was increased in all three litters (L4-L6). (C)
Two litters L7 and L8 had increased Wnt3a
expression at P8, while L9 had decreased ex-
pression. Horizontal lines represent the mean
value within each litter. (D) In the control
mouse brain, Wnt3a expression is highest at
E16 (p=0.00092), and decreases throughout
development in E19 (p=0.0035) and P8
(p=0.0050). Following PGE2 exposure, mean
Wnt3a expression from all pups is significantly
greater at E16 (p=0.0040), and remains ele-
vated at E19 (p=0.0022) and P8 (p=0.040),
from the normal expression in controls. Each
value was averaged from animals from three
litters and three separate experiments.
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0.48 (p=0.0069), 0.20 (p=0.0013), 0.17 (p < 0.0005), 0.16
(p < 0.0005), 0.14 (p < 0.0005). The overall expression of Wnt3a at
P8 (L7, L8, and L9) in PGE2-exposed animals has the RQ value of 1.6
which was greater than the controls (p=0.040). As for the previous
genes there was no significant difference in expression of Wnt3a be-
tween males and females at E16 (p=0.27), E19 (p=0.82) or P8
(p=0.91) (data not shown).

The normal expression level ofWnt3a in the brain of control animals
(represented as the RQ value of 1 in Fig. 4A-C) was highest at E16, and
decreased at E19 and P8, with RQ values of 16.6 (p=0.00092), 14.3
(p=0.0035), and 8.3 (p=0.0050), respectively (Fig. 4D). Following
maternal exposure to PGE2 we observed significantly increased ex-
pression ofWnt3a in the brain of offsprings at developmental stage E16,
E19, and P8, above the normal level by 1.9-fold, 1.3-fold, and 1.6-fold,
respectively. These results show that maternal exposure to PGE2 at the
onset of neurogenesis, can cause changes in expression of critical de-
velopmental genes of the Wnt signaling pathway, that may last
throughout brain development.

3.5. Expression of β-catenin protein in mouse brain at developmental stages
E16, E19, and P8, following maternal exposure to PGE2

To investigate the convergence of the PGE2 and Wnt pathways in
the brain at each developmental stage we tested the protein levels of β-
catenin, a key modulator of the Wnt canonical pathway. Activation and
degradation of β-catenin can be regulated by a complex multiple
phosphorylation sites. We used antibodies against β-catenin activated
through phosphorylation of the Serine-552 site (phospho-β-catenin-
Ser552) by PKA [63,64,67]. We also tested the levels of non-phospho
(active) β-catenin (Ser33/37/Thr41), which is the most stable form of
β-catenin [26]. Phosphorylation at Ser33, Ser37, and Thr41 by GSK-3β
destabilizes β-catenin and marks it for degradation [33,38,78]. Our
Western blot analysis shows that at E16 there was a significant 1.8 fold
increase in the level of phospho-β-catenin (Ser552) in animals exposed
to PGE2 (p < 0.0005) (Fig. 5A). At E19, we did not observe any sig-
nificant change (p=0.72). However, at P8 we detected a significant
decrease in the level of phospho-β-catenin (Ser552) in PGE2 exposed
pups, with a fold change of 0.51 (p < 0.0005). Interestingly, the shift
in the phosphorylation pattern of phospho-β-catenin (Ser552) and the
change in expression levels of Wnt genes (Figs. 2–4) both occur at E19.
These results indicate that after prenatal exposure PGE2 may interfere
with the Wnt pathway via PKA and that this could be specific to dif-
ferent developmental stage.

The expression of non-phospho β-catenin (Ser33/37Thr41) was not
affected at E16 and E19 with fold-change values of 1.1 (p=0.34) and
0.91 (p=0.20), respectively (Fig. 5B). At P8, there was a significant
decrease in PGE2-exposed animals with a fold-change of 0.48
(p < 0.0005). These results indicate that the exposure to PGE2 during
prenatal stages result in phosphorylation of the Wnt pathway mediator
β-catenin by PKA at Ser-552 as well as the stabilization of non-phospho
β-catenin at Ser33/37Thr41. Moreover, we observe that these effects
might be developmentally regulated.

4. Discussion

Previous studies in the postnatal brain show that PGE2 signaling can
influence formation of dendritic spines and neuronal plasticity
[14,16,2]. This study provides novel data for the role of PGE2 signaling
in the prenatal brain. Using an in vivo mouse model, we showed the
effect of maternal exposure to the exogenous lipid mediator PGE2 on
the offspring during brain development.

First, we confirmed that all EP receptors are expressed in the brain
throughout development. Second, we showed that PGE2 can influence
the expression level of genes from the canonical Wnt signaling pathway,
including Mmp7, Wnt2, and Wnt3a, all of which have been previously
linked to neurodevelopmental disorders such as ASD. Lastly, we

determined that the convergence of PGE2 with the Wnt canonical
pathway was also apparent by higher level of PKA-activated phos-
phorylated β-catenin (Ser552) and active non-phospho β-catenin
(Ser33/37/Thr41). These finding are important because current re-
search from human genetics and animal studies also show the in-
volvement of the canonical Wnt pathway in the pathology of ASD
[61,76,83].

We found that maternal exposure to PGE2 at the onset of neuro-
genesis resulted in differential expression of Wnt-regulated genes, in-
cluding Mmp7, Wnt2, and Wnt3a. There was a significant
PGE2–dependent increase in expression ofMmp7 above the normal level
at E16 and a noticeable decline in the expression below the basal level
at E19 that persisted to the P8 stage. Mmp7 belongs to a family of
matrix metalloproteinases that are involved in many functions such as
breakdown of the extracellular matrix, development, inflammation, and
synaptic plasticity [24]. The observed changes in the Mmp7 level due to
exposure to PGE2 may have potential consequences at various stages of
the developing brain. Mmp7 can be involved in the release of neuro-
transmitters from the presynaptic membrane [59] and regulate the
structure of dendritic spines [9]. Increased levels of Mmp7 were found
in the animal model [12] and human brain samples [21,4] of multiple
sclerosis. Interestingly, Mmp7 also activates Mmp9 [69,70], which has
been implicated in multiple sclerosis [41], epilepsy [35], fragile-X
syndrome [55], and ASD [1]. We previously found elevated levels of
Mmp9 expression in neuroectodermal stem cells exposed to exogenous
PGE2 [74]

We also show that following maternal exposure to PGE2, the mean
expression of Wnt2 was not greatly affected at E16 but significantly
increased above the normal level at E19 and P8. Considering the im-
portance of Wnt2 in the brain, these PGE2-triggered changes in its ex-
pression might have an effect on the course of development. Normally,
Wnt2 is expressed in the rat and mouse ventral midbrain during and
after neurogenesis [48,56], and is shown to play a role in the pro-
liferation of dopaminergic neurons [56]. Wnt2 is also located on the
widely known autism susceptibility locus on the chromosome 7q31–33
[6]. Two mutations of Wnt2 were found in two families with ASD [72],
SNP mutations were detected in patients with autism [39], and strong
associations were reported within a Chinese population of individuals
with ASD [17]. A more recent study tested polymorphisms of the Wnt2
gene in individuals on the autism spectrum, and found that it may play
a potential role in delayed speech [37].

Furthermore, we found that PGE2 significantly increased Wnt3a
expression above the normal level in all developmental stages (E16,
E19, and P8). As many Wnt-regulated genes, Wnt3a plays an important
role in brain development [40], in specific events such as neurite out-
growth, neuronal polarization, intracellular calcium modulation, and
neurotransmission [29,5,8]. Previous literature indicates that Wnt3a is
also involved in the proliferation and differentiation of neural stem cells
into neurons [3,79,80]. Interestingly, the brain regions that have been
shown to be highly impacted by Wnt3a signaling during devel-
opment–thalamus, cerebellum, and hippocampus—have also been im-
plicated in ASD [11,68,71].

In this study, we provide evidence in an in vivo model that PGE2
may interact with the Wnt pathway during brain development fol-
lowing maternal exposure to PGE2 likely through activation of β-ca-
tenin, a key modulator of Wnt signaling. It is apparent through the
differential expression of three Wnt-target genes, changes in the level of
PKA-phosphorylated β-catenin (Ser552) [63,64], and non-phosphory-
lated β-catenin (Ser33/37/Thr41) (Fig. 6). PKA signaling is one of the
major downstream components of the PGE2 signaling pathway [74,77].
PKA-induced activation at the Serine-552 phosphorylation site has been
previously linked to increased transcriptional activity of the Wnt ca-
nonical pathway [63,84]. The Ser33/37/Thr41 sites can be phos-
phorylated by GSK-3β, which destabilizes β-catenin and marks it for
degradation [33,38,78]. Non-phosphorylation at these sites leads to
increased levels of the active form of β-catenin, which can translocate
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to the nucleus to act on transcription factors and gene expression [26].
Previous literature has indicated that PGE2 treatment may act on GSK-
3β to alter the phosphorylation processing of β-catenin [23,82].

The current findings are in line with previous literature. An inter-
action between PGE2 and the Wnt pathway has been established pre-
viously in non-neuronal cell types [30,74,81], and shown in vivo in a
zebrafish model [43]. Our lab previously showed that PGE2 signaling
can also cross-talk with the Wnt canonical pathway in neuronal cell
cultures and another in vivo model system. The addition of PGE2 to
neuronal cells, led to changes in the expression of Wnt genes and ac-
tivation of non-phospho β-catenin (Ser33/Ser37/Thr41) [74,75]. In-
terestingly, our recent microarray analysis of the prenatal brain of gene
knockout mouse lacking the PGE2-producing enzymes (COX-1-/- and
COX-2-/-) showed differential regulation of 8 Wnt-regulated genes and
significant changes in expression of both active forms of β-catenin, non-
phospho β-catenin (Ser33/Ser37/Thr41) and PKA-activated phospho-β-
catenin (Ser-552) [47]. Our previous and current findings suggest that
abnormal PGE2 levels in the mouse brain during development may
interfere with the Wnt pathway via phosphorylation of β-catenin at
multiple sites, which can lead to differential expression of crucial
neurodevelopmental genes.

This study also shows that there is differential regulation of gene
expression between pups of the same genetic composition within a
given pregnancy. As indicated by previous research, the observed

differences in gene expression between offsprings could be attributed to
various factors such as dissimilar metabolism of exogenous PGE2 by the
mother, unequal distribution of PGE2 to each pup due to separate pla-
centas, or inconsistent epigenetic changes between the pups [13,27,28].
A previous study showed that monozygotic twins that have separate
placentas (dichorionic) show more variability in epigenetic changes
compared to monozygotic twins that share a placenta (monochorionic)
[13]. Another study found variable levels of ethanol metabolites in
human and guinea pig placentas following identical maternal exposure
to ethanol [27]. These results provide some insight into the mechanisms
by which environmental factors that modulate PGE2 levels in the brain
[61,74,76] may influence brain development via gene expression. This
study might also help with a better understanding of how the external
environment can influence the behavioural differences observed be-
tween human monozygotic twins affected with autism [20,42]. Mono-
zygotic-monochorionic twins are more likely to have higher con-
cordance rates compared to monozygotic-dichorionic twins that do not
share the same placenta [10]. This can potentially explain why the
concordance in monozygotic twins has been reported between 36% and
88% [51].

In conclusion, this study shows that exposure to maternal PGE2 at a
critical time can have an effect on expression of Wnt-target genes
during prenatal (E16 and E19) brain development that can continue
postnatally at P8. It also adds further molecular evidence that the

Fig. 5. The level of phosphorylated β-catenin (Ser-552)
and non-phosphorylated β-catenin (Ser33/37/Thr41) in
developing mouse brain following maternal exposure to
PGE2. The protein expression of two active forms of β-
catenin was confirmed by western blot from whole brain
following maternal exposure to saline and PGE2 at E16,
E19 and P8. (A; left panel) There was a significant increase
in phosphorylation of β-catenin (Ser-552) at E16, (A;
middle panel) no change at E19, and (A; left panel) sig-
nificant decrease at P8. (B; left and middle panels) There
was no change in expression of nonphosphorylated β-ca-
tenin at Ser33/37/Thr41 sites at E16 and E19, (B; right
panel) and significant decrease at P8. The results represent
data from three litters and three independent experiments.
* ** p < 0 0.0005.
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convergence between the PGE2 and Wnt pathways occur in the critical
periods of the developing brain. Further ongoing in vivo studies in our
lab aim to determine the involvement of the PGE2-Wnt interaction in
brain pathology.
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