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Characterization of placental
endocrine function and
fetal brain development in a
mouse model of small for
gestational age

Jorge Lopez-Tello* and Amanda N. Sferruzzi-Perri*

Centre for Trophoblast Research – Department of Physiology, Development and Neuroscience,
University of Cambridge, Cambridge, United Kingdom
Conditions such as small for gestational age (SGA), which is defined as birthweight

less than 10th percentile for gestational age can predispose to neurodevelopmental

abnormalities compared to babies with normal birthweight. Fetal growth and

birthweight depend on placental function, as this organ transports substrates to

the developing fetus and it acts as a source of endocrine factors, including steroids

and prolactins that are required for fetal development and pregnancy

maintenance. To advance our knowledge on the aetiology of fetal growth

disorders, the vast majority of the research has been focused on studying the

transport function of the placenta, leaving practically unexplored the contribution

of placental hormones in the regulation of fetal growth. Here, using mice and

natural variability in fetal growth within the litter, we compared fetuses that fell on

or below the 10th percentile (classified as SGA) with those that had adequate weight

for their gestational age (AGA). In particular, we compared placental endocrine

metabolism and hormone production, as well as fetal brain weight and expression

of developmental, growth andmetabolic genes between SGA and AGA fetuses. We

found that compared to AGA fetuses, SGA fetuses had lower placental efficiency

and reduced capacity for placental production of hormones (e.g. steroidogenic

gene Cyp17a1, prolactin Prl3a1, and pregnancy-specific glycoproteins Psg21).

Brain weight was reduced in SGA fetuses, although this was proportional to the

reduction in overall fetal size. The expression of glucose transporter 3 (Slc2a3) was

reduced despite the abundance of AKT, FOXO and ERK proteins were similar.

Developmental (Sv2b and Gabrg1) and microglia genes (Ier3), as well as the

pregnancy-specific glycoprotein receptor (Cd9) were lower in the brain of SGA

versus AGA fetuses. In this mousemodel of SGA, our results therefore demonstrate

that placental endocrine dysfunction is associated with changes in fetal growth

and fetal brain development.

KEYWORDS
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1 Introduction

Abnormal birthweight is one of the most common complications

of pregnancy that has immediate and long-term consequences for

offspring wellbeing (1). Compared to babies that have an appropriate

weight for their gestational age (AGA), babies born small (<10th

percentile) or large for gestational age (>90th percentile) (SGA or

LGA, respectively) are at higher risk of obstetric and neonatal

complications (2, 3). Moreover, studies have shown that SGA or

LGA increases the risk for metabolic diseases and cognitive and

neurodevelopmental abnormalities compared to AGA (4–8). The

identification and subsequent classification of babies with abnormal

weight is challenging, as it requires segregation of babies that are

constitutively small or large due to parental genetics versus babies that

grew abnormally due to intrauterine problems (9–11). Therefore,

work is required to understand the causes and mechanisms by which

altered fetal growth may arise.

Fetal growth is regulated, in part, by the placenta which is a fetal

organ responsible for the transport of gases and nutrients between the

mother and the fetus. Aberrant placental function related to failure of

substrate transport or deficits in vascular growth have been linked to

fetal growth abnormalities, including fetal growth restriction, as well

as stillbirth (12–14). However, the placenta is also a powerful

endocrine organ that secretes an abundance of hormones and

growth factors into the maternal and fetal circulation that allow for

fetal development and pregnancy maintenance (15–20). Indeed, there

is now growing evidence suggesting that placental metabolism and

function impact on fetal brain development (21–27). For example, in

mice, there is genomic linkage between placental and the fetal

hypothalamic development (28). In mice, placental metabolism of

serotonin is critical for fetal forebrain development. Others have

found that placental allopregnanolone deficiency in mice alters

cerebellar white matter development and programmes postnatal

autistic-like behaviour in the offspring (24). Therefore, these studies

suggest a potential link between placental endocrine function, fetal

growth and fetal neurodevelopment, which could have long last

effects on neurocognitive health outcomes.

In this scenario, animal models in which fetal and postnatal

outcomes can be monitored are essential. Much of the investigations

focused on fetoplacental development have been conducted in

rodents, rabbits, sheep and pigs (29–36). However, the use of mice

is still preferred over the aforementioned animal species due to

multiple reasons. For example, the short gestational period and the

relatively easy, lower cost maintenance of mice compared to large

animal species is great for investigating fetal growth control. In mice,

the sequence of events for brain maturation are largely similar to in

humans (37). Moreover, a similar to in human, the mouse placenta is

haemochorial in structure. An additional key advantage of the mouse

is that its placenta is structurally divided in two functionally

specialised regions; transport is carried out in the labyrinth zone,

while hormone production is principally performed by the junctional

zone (Jz). This characteristic is very helpful when studying placental

function, as both layers can be easy separated (38). Nonetheless, the

vast majority of published studies assessing the importance of the

placenta for fetal growth have focused on placental transport function

[e.g (31, 39–43).], leaving the significance of placental endocrine

function practically unexplored.
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Numerous animal models of pregnancy complications have been

created, including those that mimic environmental and maternal

conditions (11, 29, 36). However, models based on constructing

fetal growth curves and percentile cut-offs, as applied in human

obstetrics, are not commonplace for experimental research on

placental function and fetal physiology (44). Here, using the mouse

as an experimental animal model, we took advantage of the normal

fetal weight variation observed within the litter to compare placental

endocrine function and fetal brain development for fetuses that were

classified as AGA or SGA using percentile cut-offs. We therefore

hypothesize that abnormal placental endocrine output is an

additional factor contributing to the development of SGA.

Moreover, using fetal growth curves and percentile cut-offs in a

model in which maternal health is preserved provides us with a

valuable opportunity to study endocrine interaction between the

placenta and fetus in a controlled intrauterine environment. Indeed,

our work identifies that the production of prolactins and pregnancy

specific glycoproteins (PSGs) by the placenta is compromised in

conjunction with reduced fetal growth and brain development of

SGA fetuses. Our work reinforces the idea of a placental-fetal brain

axis that is controlled, in part, by placental hormones (25).
2 Materials and methods

2.1 Animal work

All animal work was performed under the UK Animals (Scientific

Procedures) Act 1986. Experiments were conducted with a total of 11

C57BL6/J wild-type female mice (4 months old) housed at the

University of Cambridge Animal Facility under a 12/12 dark-light

system and fed ad libitum with a standard chow diet (RM3; Special

Dietary Services). Females were time-mated with C57BL6/J males and

the day a copulatory plug was detected was designated as gestational

day (GD) 1 (term occurs ∼GD20). On GD16, pregnant females were

killed by cervical dislocation, the uterus removed and fetuses cleaned

from feto-placental membranes. Each fetus (and its corresponding

placenta), was identified based on its position in the uterus, dried on

tissue paper, weighed and immediately decapitated. Fetal brains were

removed, weighed and immersed in liquid nitrogen for rapid freezing.

The placental Jz was dissected from maternal decidua and placental

labyrinth zone, and subsequently snap-frozen in liquid nitrogen. All

frozen fetal and placental samples were stored at −80°C until tissues

were powdered in individual pieces of foil using a hammer and dry ice

for RNA/protein extraction (all samples were maintained in a frozen

state, as far as possible). Only viable fetuses were used in the study and

litter sizes ranged from 6 to 11 pups.
2.2 RNA extraction, cDNA reverse
transcription and qPCR

Placental Jz and fetal brain RNA (8-9 samples per group) was

extracted using the RNeasy Plus Mini Kit (Qiagen) and the quantity

of RNA obta ined was determined us ing a NanoDrop

spectrophotometer (NanoDrop Technologies) as previously

described (45). RNA was reverse transcribed using a high-capacity
frontiersin.org

https://doi.org/10.3389/fendo.2023.1116770
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Lopez-Tello and Sferruzzi-Perri 10.3389/fendo.2023.1116770
cDNA reverse transcription kit (Applied Biosystems) according to

manufacturer’s instructions. Samples were analysed with a StepOne

real-time PCR machine (Thermo Fisher Scientific) in duplicate using

SYBR Green qPCR master mix (Applied Biosystems, Thermo Fisher

Scientific) and primers described in Supplementary Table 1. Brain

gene expression was normalized to the genomic mean of two

housekeeping genes (Actb and Gapdh), while placental genes were

normalized using Actb and Ywhaz as reference genes. These

housekeeper genes remained stably expressed between the groups.

Analysis was performed using the 2-DDCt method (46).
2.3 Protein extraction and western blotting

Total protein was extracted from fetal brain and placental Jz (5

samples per group) using RIPA buffer (R0278-50M, Sigma Aldrich)

supplemented with mini EDTA-free protease inhibitor cocktail mix

(Roche), 1mM b-glycerophosphate (G-9891, Sigma Aldrich) and

1mM sodium orthovanadate (S65089891, Sigma Aldrich). Lysates

were centrifuged at 2,500 rpm for 15 minutes at 4°C and protein

concentration determined using the Pierce BCA protein assay kit

(23225, Thermo Fisher Scientific). Samples were mixed with SDS gel

loading buffer (L-4390, Sigma Aldrich) and protein denaturation was

performed at 90°C for 5 minutes. After gel electrophoresis, proteins

were transferred from the gel onto 0.45 µm nitrocellulose membranes

(10600012, Amersham Protran). Membranes were then blocked

either with 5% fetal bovine serum (A2153-100G, Sigma Aldrich) or

semi-skimmed milk (Marvel) for 1 hour at room temperature and

incubated overnight at 4°C with primary antibodies described in

Table 1. The day after, membranes were washed with TBS-T and

incubated for 1 hour at room temperature with secondary antibodies

(1:10,000 NA934 or NA931, Amersham). Membranes were exposed

to ECL substrate (SuperSignal West Femto, Thermo Fisher Scientific)

and images were taken with an Invitrogen iBright imaging system

(Thermo Fisher Scientific). Pixel intensity of protein bands was
Frontiers in Endocrinology 03
analysed with ImageJ software and normalization performed

against beta-actin levels. Phosphorylated proteins were normalized

to its corresponding total protein abundance.
2.4 Sample size and statistical analysis

No sample size calculation was conducted prior to undertaking

this study. For the purpose of this paper, the fetus, and not the

mother, was designated as the experimental unit. GraphPad Prism

software (version 9) was used to determine statistical differences

between groups. The distribution of fetal weights (graphed as a

histogram) was constructed with a non-linear regression (Gaussian

distribution) and percentiles calculated with the descriptive statistical

analysis tool of GraphPad Prism software. Then, data in Excel were

organized according to fetal weight and separated in three

experimental groups based on the fetal weight threshold (SGA

fetuses: 10th percentile ≤321 mg; AGA fetuses: 321-409 mg and

LGA fetuses: 90th percentile≥410 mg). ROUT test was used to

identify outlier values, which were then excluded for statistical

purposes. Normality and homogeneity of variance of variables for

western blotting and qPCR data were performed using the Shapiro-

Wilks test in GraphPad Prism. For comparisons between two groups,

the Student’s t-test or Mann-Whitney test were applied according to

the normality of the variable. For data with more than two groups,

one-way ANOVA coupled with Bonferroni post hoc test was

employed. The relation between fetal intrauterine position as well

as litter size with the presence of SGA, AGA and LGA was analysed by

Chi square test using a contingency table in GraphPad Prism

software. Pearson r correlations were performed with GraphPad

Prism software and presented in a double gradient colour mapping

graph that was subsequently modified with Adobe Illustrator to

facilitate visualization. qPCR and western blotting data are

expressed as individual data points and reported as mean ± SEM. P-

values <0.05 were considered statistically significant.
TABLE 1 List of antibodies used for western blotting.

Protein Catalogue number Dilution

Insulin receptor Santa Cruz, SC-711 1/200

AKT Cell Signalling, 9272 1/1,000

Phospho-AKT (Ser473) Cell Signalling, 9271 1/1,000

Phospho-AKT (Thr308) Cell Signalling, 9275 1/1,000

mTOR GbL Cell Signalling, 3274 1/1,000

FOXO1 (C29H4) Cell Signalling, 2880 1/1,000

Phospho-FOXO1 (Ser256) Cell Signalling, 9461 1/1,000

FOXO3a (D19A7) Cell Signalling,12829 1/1,000

Phospho-FOXO3a (Ser318/321) Cell Signalling, 9465 1/1,000

P44/42 MAPK (Erk1/2) Cell Signalling, 4695 1/1,000

Phospo-MAPK-p44/42 (Erk1/2) (Thr202/Tyr204) Cell Signalling, 4370 1/1,000

Beta-Actin Cell Signalling, 58169 1/5,000
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3 Results

3.1 Validation of the SGA model

The distribution of fetal weights across the 11 litters studied is

shown in Figure 1A and litter sizes across the different litters used in

this study can be found in Supplementary Table 2. A total of 9 fetuses

were considered SGA (below the 10th percentile) and they were

obtained from 5 different litters. On average, fetal weight was

significantly lower by 19% in SGA fetuses when compared to AGA

fetuses (Figures 1A, B). A total of 11 LGA fetuses (above the 90th

percentile) were obtained from 3 different litters and these were on

average, 12% heavier than the AGA group. All litters had at least 3

AGA fetuses. Analysis of placental weight did not show significant

differences between the SGA, AGA and LGA fetuses (Figure 1C).

However, the fetal weight to placental weight ratio, defined as grams

of fetus produced by grams of placenta and also known as placental

efficiency, was significantly reduced in the SGA fetuses compared to

AGA and LGA fetuses. No differences in placental efficiency were

observed between the AGA and LGA fetuses (Figure 1D).

Fetal and placental weights were not affected by the uterine

position, as similar weights were found for fetuses positioned close to

the ovary, cervix, and in between these two positions (Figures 1E, F).

Nonetheless, placental efficiency was significantly lower by 10% for

fetuses positioned close to the ovary compared to those in the middle of

the uterus (Figure 1G). Individual group analysis demonstrated that

there was not a clear pattern in the incidence of being SGA, AGA or
Frontiers in Endocrinology 04
LGA based on uterine position. Although a significant effect was

observed between fetal position and being LGA or SGA (Figure 1H).

Indeed, the number of SGA fetuses positioned close to the cervix was

higher than for those proximal to the ovary (33.33% versus 22.22%;

Figure 1H). This pattern was the opposite for LGA fetuses, with 22.22%

located close to the cervix and 44.44% close to the ovary. AGA fetuses

were primarily found in the middle part of the uterus (54.28%).

Finally, we divided our data according to the number of fetuses

per litter to assess if litter size impacted the percentage of SGA, AGA

and LGA (litters of 6 to 8 fetuses versus 9 to 11 fetuses; Figures 1I–L).

This analysis revealed that there was no difference between fetal or

placental weight, nor the proportion of fetuses classified as SGA, AGA

or LGA between litters of 6 to 8 fetuses compared to those of 9 to 11

fetuses (Figure 1L). However, placental efficiency was significantly

greater by 7.80% in litters with 9 to 11 fetuses compared to those with

6 to 8 (Figure 1K). Moreover, we then performed analysis of LGA and

SGA fetuses by considering the litter size as a potential effect

(comparison of LGA-SGA fetuses in litters of 6-8 fetuses versus

LGA-SGA fetuses in litters of 9-11 fetuses). As displayed in

Supplementary Table 3, we did not see differences in LGA or SGA

fetuses in any of the aforementioned parameters.

3.2 Placental endocrine function in
SGA fetuses

To understand if the reduced placental efficiency for SGA fetuses

was related to alterations in the endocrine function, key growth and
B C D

E F G H

I J K L

A

FIGURE 1

Fetal and placental weight in mice and establishment of a model to study small for gestational age. (A) Frequency distribution curve for fetal weights on
GD16. Vertical line denotes the 10th (321mg) and 90th percentiles (410 mg). (B) Fetal weight for fetuses classified as SGA, AGA and LGA. (C) Placental
weight classified as SGA, AGA and LGA. (D) Placental efficiency (defined as grams of fetus produced by grams of placenta) classified as SGA, AGA and
LGA. (E–G) Feto-placental weights and placental efficiency based on their position in the uterus. (H) Distribution of LGA, AGA and SGA fetuses according
to their position in the uterus. (I–K) Feto-placental weights and placental efficiency based on litter size. (L) Distribution of LGA, AGA and SGA fetuses
according to litter size. Data are from 90 fetuses in total from 11 litters. Feto-placental weights are shown as box plots and whiskers. The rectangle
shows the distribution, the line the median, the whiskers the maximum and minimum and the “+” is the mean of the group. Statistical analysis performed
by one-way ANOVA, Student t-test, Mann-Whitney test and Chi-square test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. AGA (appropriate for
gestational age), LGA (large for gestational age), SGA (small for gestational age), n° (number).
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metabolism proteins were quantified by western blotting in the

placental Jz of SGA compared to AGA fetuses (Figures 2A, B). This

revealed that the abundance of FOXO1, which functions in cell cycle

and differentiation (47), was significantly reduced by 27% in the SGA

compared to AGA group without affecting phosphorylated site at

serine 256 (ratio of phosphorylated to total FOXO1; Figure 2B).

However, the abundance the insulin receptor b, AKT (total and

phosphorylated at threonine 308 and serine 473 sites), FOXO3

(total and phosphorylated at serine 318/321 sites), ERK (total and

phosphorylated at threonine 202 and tyrosine 204 site) and mTOR-

GbL were unaltered between SGA and AGA fetuses (Figures 2A, B).

We next evaluated whether the expression of imprinted genes

could be altered in placental Jz samples from SGA fetuses as previous

studies have shown that, in mice, the imprinted loci Igf2-H19, Ascl2

and Peg3 are implicated in the control placental Jz formation and/or
Frontiers in Endocrinology 05
function (48–51). No changes were observed in any of the imprinted

genes analysed in the Jz between SGA and AGA (Figure 2C). The Jz

expression of Tfap2c, which has been shown to control the expression

of certain imprinted genes such as H19 and Ascl2 (52), was also

unaltered between the two experimental groups (Figure 2C).

Moreover, mRNA levels of the IGF2 receptors, Igf1r and Igf2r

remained similarly expressed in the Jz between SGA and

AGA (Figure 2C).

We then assessed the placental capacity to produce hormones by

measuring mRNA levels of genes involved in steroidogenesis (Stard1,

Cyp11a1, Cyp17a1 and Hsd3b1), pregnancy specific glycoprotein

genes (PSGs; Psg17, Psg18, Psg19 and Psg21) and prolactins (Prl3a1,

Prl3b1 and Prl8a1) in the Jz of SGA and AGA fetuses (Figures 2D–F).

We observed that Cyp17a1 expression was 28% lower in the placental

Jz of the SGA group compared to AGA (Figure 2D). Moreover, Psg21
B

C D

E F G

A

FIGURE 2

Small for gestational age is associated with altered expression of placental hormones. (A, B) Immunoblots and protein abundance of key growth and
metabolic signalling proteins in dissected placental junctional zones (n=5 samples per group). (C) Expression of key genes involved in placental function
and growth (n=9 samples per group). (D–F) Expression of steroidogenic pathway regulatory (D), pregnancy specific glycoprotein (E) and prolactin
(F) genes in dissected placental junctional zones (n=9 samples per group). (G) Heatmap of Pearson’s correlations (number inside the box corresponds to
the r value for the correlations that were significant) (n=18 samples). Data are shown as individual values and bars represent mean ± SEM. Statistical
analysis performed by paired or unpaired t-test (Student t-test and Mann-Whitney test, respectively). *P<0.05, **P<0.01. AGA (appropriate for gestational
age) and SGA (small for gestational age), FW (fetal weight), FP (feto-placental ratio, also known as placental efficiency), PW (placental weight), P
(phosphorylated protein levels), T (total protein levels).
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mRNA levels were reduced by 36% in the SGA versus AGA fetuses

(Figure 2E). The expression of prolactin genes, Prl3a1 was also

downregulated by 51% in the SGA group versus the AGA

(Figure 2F). However, the Jz expression of other hormone-related

genes quantified, namely Stard1, Cyp11a1, Hsd3b1, Psg17, Psg18,

Psg19, Prl3a1, Prl3b1 and Prl8a1 were not different between the two

experimental groups. To understand the contribution of changes in

placental Jz Cyp17a1, Psg21 and Prl3a1 expression for feto-placental

size and placental efficiency, we performed Pearson r correlations

(Figure 2G). This revealed that Jz expression of all three genes

correlated positively with fetal weight. Prl3a1 and Psg21 correlated

positively with placental efficiency. Both, Prl3a1 and Psg21 correlated

positively with each other. Lastly, placental efficiency, but not

placental weight correlated positively with fetal weight (Figure 2G).
3.3 Brain development in SGA fetuses

Short and long-term neurological impairments have been

observed in offspring who were SGA (53). Therefore, we

investigated if there could be any changes in fetal brain

development in our mouse model of SGA. We found that SGA
Frontiers in Endocrinology 06
fetuses exhibited a 20% and 25% reduction in brain weight

compared to the AGA and LGA groups, respectively (Figure 3A).

In contrast, brain weight was similar between AGA and LGA fetuses

(Figure 3A). Analysis of fetal brain weight relative to fetal body size

revealed that the reduction in brain size was proportional to the

reduced size of the SGA fetuses (brain to body weight ratio; not

different between SGA, AGA and LGA fetuses; Figure 3B), which

suggested that SGA fetuses were symmetrically smaller. We then

determined the relationship between placental and fetal brain size by

assessing the ratio of fetal brain weight to placental weight. This

showed that fetal brain weight to placental weight ratio was

significantly reduced by 18% in SGA compared to AGA fetuses

(Figure 3C). However, this ratio was not different between LGA

and AGA fetuses.

We also analysed the effect of uterine position and litter size on

fetal brain development (Supplementary Figure 1). We did not see

differences in the weight of the brain, although brain ratio was

significantly increased in fetuses positioned closer to the ovaries

compared to those in the middle position (Supplementary

Figures 1A, B). No differences were found in the brain-placental

ratio and litter size did not affect the weight of the brain, although

brain ratio was significantly increased in litters of 6-8 fetuses
B C D

E F

G H I

A

FIGURE 3

Small for gestational age and its impact on fetal brain. (A) Brain weight. (B) Brain weight expressed as a ratio of the brain weight divided by fetal weight.
(C) Brain weight expressed as a ratio of brain weight divided by placental weight. (D) The expression of key prolactin and pregnancy-specific
glycoprotein receptors in fetal brain (n=8-9 samples per group). (E, F) Immunoblots and protein abundance of key growth and metabolic signalling
proteins in fetal brain (n=5 samples per group). (G–I) Expression levels of glucose transporters, microglia and axon developmental genes (n=8-9 samples
per group). Data are from 90 fetuses in total from 11 litters (excluding outliers). Data are shown as individual values and bars represent mean ± SEM.
Statistical analysis performed by one-way ANOVA followed by Bonferroni post hoc test (variables of three groups), paired or unpaired t-test (Student t-
test and Mann-Whitney test, respectively). ROUT test was conducted to detect and eliminate outliers. *P<0.05, **P<0.01, ***P<0.001. AGA, (appropriate
for gestational age); SGA, (small for gestational age); P, (phosphorylated protein levels); T, (total protein levels).
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compared to those of 9 to 11 fetuses (Supplementary Figure 1C–F).

Analysis of LGA and SGA fetuses by considering the litter size as a

potential effect (comparison of LGA-SGA fetuses in litters of 6-8

fetuses versus LGA-SGA fetuses in litters of 9-11 fetuses) showed that

LGA fetuses in litters of 6-8 fetuses had reduced brain ratio and brain-

placental ratio compared to those LGA in larger litters

(Supplementary Table 3). These effects were not found in the SGA

fetuses (Supplementary Table 3).

To further investigate the relationship between placental function

and fetal brain we quantified the mRNA levels of receptors that

mediate the action of prolactins and PSGs, Prlr1 and Cd9, respectively

in SGA compared to AGA fetuses (54, 55). We found that the

expression of Cd9 was 39.5% lower in the brain of SGA versus

AGA fetuses (Figure 3D). However, the mRNA expression levels of

Prlr1 in the brain were similar between SGA and AGA fetuses. To

understand the potential molecular changes underlying brain weight

differences in SGA versus AGA fetuses, we quantified the levels of key

cellular signalling pathways involved in growth and metabolism and

found that these remained similar in the brain of SGA and AGA

fetuses (e.g. insulin receptor b, AKT, FOXO1-3, mTOR- GbL and

ERK; Figures 3E, F). As the fetal brain is highly dependent on glucose

metabolism for growth, we quantified the expression of genes

encoding the main glucose transporters in the brain of SGA and

AGA fetuses (56). Glucose transporter number 1 (Slc2a1) did not

change between SGA and AGA fetuses; however, the mRNA levels

Slc2a3 were significantly reduced by 30% in SGA compared to AGA

fetuses (Figure 3G).

We then explored whether our model of SGA and placental

malfunction may be linked to changes in the differentiation and

maturation of microglia. We analysed mRNA levels of 6 microglia

markers (Ier3, Klf2, Egr1,Ms4a7, Ccr1 andMrc1) (57) and found that

5 out of 6 were stably expressed in the brain of SGA compared to

AGA fetuses (Figure 3H). Interestingly, the expression of Ier3 was

significantly reduced by 25% in SGA compared to AGA fetuses. We

then quantified the expression of 8 genes involved in axonogenesis

(58) (Plxna3, Slit1, Gabra1, Sv2b, Gabrg1, Gabrg2, Lrrc4c andNrcam).

We found that Sv2b and Gabrg1 were reduced by 45% and 12% in

SGA compared to the AGA group, respectively (Figure 3I). The other

axonogenesis genes analysed did not differ between SGA and AGA.
4 Discussion

In this study we have shown that the defects in placental

endocrine function are associated with reduced fetal growth and

brain development in a mouse model of SGA. In particular, we found

that the placental capacity to respond metabolically (FOXO1) and

produce sex steroids (Cyp17a1), prolactins (Prl3a1) and PSGs (Psg21)

were compromised in fetuses classified as SGA. Moreover, SGA

fetuses have a proportional reduction in brain weight, low

expression of glucose transporter 3 (Slc2a3), axogenesis (Sv2b and

Gabrg1) and microglia (Ier3) genes along with reduced expression of

the PSG receptor (Cd9) in the fetal brain of SGA fetuses compared to

AGA. Finally, we found a significant link between the placenta and

fetal brain development, as shown by the reduced brain-placental

weight ratio in SGA fetuses. Together, our data reveal that placental

hormones could be additional regulators of fetal growth with
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implications for fetal brain development. Furthermore, mis-

communication of placental hormones with the developing fetal

brain may have immediate and long-lasting implications for

neurocognitive outcomes.

In the mouse, we have recently shown that the placental secretome

comprises more than 1,000 proteins, including prolactins (17). In

rodents, the prolactin family consists of 23 closely related genes and

their expression varies spatially and temporally in the placenta (59).

Although the role of prolactins in modulating maternal physiology is

well-defined, for instance in metabolic adaptations during pregnancy

(15, 60, 61) and in promoting maternal nurturing behaviour and

lactation (62), their role in embryo and fetal development is not fully

understood. In humans, prolactin can be found in the fetal circulation

frommid-gestation and its receptors are expressed in fetal tissues by 7.5

weeks of gestation (63). In mice, prolactin receptors are widely

expressed by the fetus, including its brain, with Prlr mRNA levels

detectable as early as on GD8 (64). Prior work has speculated that

prolactin in the fetus may be important for the growth of the adrenal

cortex, production of pulmonary surfactant and in the control of the

immune system (65, 66). However, further research is required to

understand how the prolactin hormone family drives fetal growth,

especially the growth and development of the fetal brain, given that

placental production of PRL was decreased in our SGA mouse fetuses.

Consistent with our findings, in humans, there is a down-regulation of

the growth hormone/chorionic somatomammotropin (hGH/CSH)

cluster in the SGA placenta (67). Moreover, other work has shown

that mothers carrying SGAmale fetuses display lower concentrations of

prolactin in their circulation when compared to women carrying AGA

male fetuses (68).

In our mouse model, the expression of Cyp17a1 was lower in the

SGA versus AGA fetuses. Our findings are consistent with studies in

humans that show polymorphisms in Cyp17a1 can influence the risk

of SGA (69). In humans, the expression of Cyp17a1 is mainly

localized in the syncytiotrophoblast, acting as a source of estrogen

during pregnancy (70). In mice, placental Cyp17a1 expression in the

placenta is modulated by Igf2 (48); however in the present study, Igf2

and other imprinted genes that regulate placental endocrine capacity

were not differentially expressed between SGA and AGA fetuses.

Other work has indicated that sex steroids interact with FOXO1

signalling (71). In addition, FOXO1 is important for embryonic

development and placental di fferent iat ion (72) . Thus,

understanding the link between reduced FOXO1 abundance and

decreased placental endocrine capacity in our SGA mouse model

would be valuable.

The expression of PSGs was also altered in our mouse model of

SGA, with lower Psg21 mRNA levels in the placental Jz and this was

couple to decreased fetal brain expression of the PSG receptor, Cd9. In

rodents, PSGs are synthesised by spongiotrophoblasts and giant cells,

while in humans, PSGs are produced by the syncytiotrophoblast (73–

75). PSGs belong to the carcinoembryonic antigen family (76) and

although the functions of PSGs are not fully elucidated, they are

proposed to modulate immune cells (77, 78) and angiogenesis (79).

Moreover, low levels of PSGs are associated with the development of

pregnancy complications, including early pregnancy loss, placental

insufficiency, fetal growth restriction and fetal hypoxia (80–84).

Reinforced by our findings that placental Prl3a1 and Psg21

expression are positively correlated with fetal weight, future work
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should evaluate circulating levels of these hormones in fetal plasma.

The placental transport labyrinth region in the mouse expresses

receptors for such hormones (49, 85). Thus, future studies should

evaluate whether the relationship between placental hormone

production and fetal growth may also be mediated by potential

local changes in the formation and function of the placental

labyrinth as a result of altered paracrine signalling.

An additional objective of our work was to characterize the

potential changes occurring in the fetal brain in our mouse SGA

model. We did see a symmetrical reduction in brain weight and

decreased mRNA levels of the glucose transporter 3 (Slc2a3) and

impaired axogenesis markers (as inferred by the low expression levels

of Sv2b and Gabrg1) in SGA fetuses. Of note, we did not find any

changes in PI3K-AKT-mTOR signalling, which is critical for

biological processes like nutrient uptake, cell growth and migration

(86), in the brain of SGA compared to AGA fetuses. Changes in the

PI3K-AKT-mTOR signalling cascade have been linked to

microcephaly (87), due to reductions in neuronal cell division (88).

We also did not identify any changes in FOXO1-3 and ERK

signalling, and microglia markers (57) were similarly expressed

between SGA and AGA fetuses, aside from the reduced mRNA

levels of Ier3. Microglia are important specialised cell types in the

nervous system that influence brain development, including neuronal

proliferation or synaptic remodelling (89). SGA is a condition that

can be linked to inflammation, as SGA newborns can exhibit elevated

interleukin (IL) IL-1b, IL-8 and tumor necrosis factor in their

circulation during the first postnatal weeks (90). The gene Ier3

responds to changes in toll-like receptors (TLR3) (91) and its

expression can be induced by different stimuli, including cytokines,

infections and growth factors (92). In mice, low Ier3 levels results in

abnormal immune regulation and inflammation (92). Therefore,

future work should explore the contribution of differences in Ier3 in

SGA fetus to the immune status, function and structural development

of the developing brain. Regarding the changes in axogenesis markers,

in the current study we employed whole brain lysates for our analyses

and therefore cannot exclude the possibility of molecular changes in

specific regions of the brain in the context of SGA. Nevertheless, in

our SGA model, the expression of Sv2b, which encodes a synaptic

vesicle protein and Gabrg1, which functions as a g-Amino-butyric

acid (GABA) receptor was reduced. Prior work has found that Sv2b is

regulated by the maternal gut microbiota during mouse fetal brain

development (58). This gene is broadly expressed in the central

nervous system, with especially high expression in glutamatergic

neurons (93, 94). Other investigations in mice, have also shown

that intrauterine growth restriction is related to postnatal memory

deficits that may be linked to abnormal proportions of maturing

glutamatergic neurons at birth (95). Hence, study of the postnatal

neurocognitive outcomes in our mouse model of SGA is warranted. In

our study, the reduction in Sv2b and Gabrg1 was in line with

decreased expression of Cd9 by the fetal brain in SGA fetuses,

which may suggest a role for placental PSGs in shaping fetal

axogenesis. Indeed, previous work in mice and humans has found

CD9 is present in different cell types including astrocytes, sympathetic

neurons and Schwann cells (96). Given that placental PSG production

was also decreased in our SGA model, a greater understanding of how
Frontiers in Endocrinology 08
the placenta may influence fetal brain development through PSG

signalling should be explored in future work.

A major limitation of the current study was that our study was not

sufficiently powered to evaluate the influence of fetal sex on placental

endocrine capacity and fetal brain development. This is important as

previous work has demonstrated that fetal sex is an important

determinant of placental endocrine capacity (48, 49). Furthermore,

recent work in mice has revealed that placental steroid metabolism and

metabolic signalling capacity differ depending on the size and the sex

of the fetus (40). Moreover, the potential contribution of the labyrinth

zone in the placental endocrine support of fetal development was not

explored. This would be important in future work, as previous work

has shown that the rodent labyrinth zone can assist in the production

of steroids by the placenta (97). Moreover, steroids regulate glucose

uptake through changes in Slc2a1 and Slc2a3 (98) and in our model we

found reduced levels of Slc2a3 in the SGA fetal brain. Moreover, the

mouse is a litter-bearing specie and despite that our analysis of fetal

intrauterine position and litter size composition show that there are no

significant differences in fetal-placental weights (including fetal brain

weight), we observed that placental efficiency is affected by both, the

intrauterine fetal position and the number of fetuses per litter. Previous

work performed in rats have identified greater blood flow at the

cervical and ovarian ends compared to middle of the uterus, which

may partly explain our findings (99). Work in multiple species has also

found that placental efficiency is greater in monotocous species with

multiple gestations and in polytocous species with larger litters, which

is not surprising given the higher fetal demand on maternal resources

(100, 101). Therefore, the analysis in combination of both, endocrine

and vascular/transport function of the placenta, will provide a more

accurate and detailed angle to understand the causes and short/long-

term consequences of SGA.

In the current study, we intentionally studied unmanipulated,

wildtype litters using fetal growth curves and percentile cut-offs to

preserve maternal health and precisely study the role of placental

endocrine interactions with the fetus in a controlled intrauterine

environment. However, in doing so, we likely limited our ability to

detect important pathways and proteins involved in placental

endocrine function. Nonetheless, our work provides new evidence

about the importance of placental hormones in the regulation of fetal

growth and development. Moreover, the low levels of Cd9 in the fetal

brain suggest a direct link to changes in placental PSG production and

sensitivity in the context of SGA. Further work is required to ascertain

the specific contribution of the dysregulated placental hormones

found in our SGA model (Cyp17a1, Prl3a1, Prl3b1 and Psg21) and

brain development. Moreover, animal studies deploying in vivo

approaches to specifically delete genes in mouse placenta endocrine

cells would be highly useful for decoding the communication between

placental hormones and fetal organogenesis (48, 49, 102). This work

could be complemented by experiments using fetal brain explants or

cerebral organoids that are cultured with different combinations of

placental hormones. To sum up, our results identify placental

hormones as key regulators of fetal growth and may have relevance

for understanding the aetiology of fetal growth disorders, and the

mechanistic basis of associations between poor fetal growth and the

subsequent increased risk of poor neurocognitive outcomes.
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SUPPLEMENTARY FIGURE 1

Brain phenotype based on the intrauterine position and litter size. Data are from

90 fetuses in total from 11 litters (excluding outliers). Data are shown as box

plots and whiskers. The rectangle shows the distribution, the line the median,
the whiskers the maximum and minimum and the “+” is the mean of the group.

Statistical analysis performed by one-way ANOVA followed by Bonferroni post
hoc test (variables of three groups), paired or unpaired t-test (Student t-test and

Mann-Whitney test, respectively). *P<0.05.
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83. Tuzluoğlu S, Üstünyurt E, Karas ̧in SS, Karas ̧in ZT. Investigation of serum
pregnancy-specific beta-1-Glycoprotein and relationship with fetal growth restriction.
JBRA Assist Reprod (2022) 26:267–73. doi: 10.5935/1518-0557.20210068

84. Tamsen L, Johansson SG, Axelsson O. Pregnancy-specific beta 1-glycoprotein
(SP1) in serum from women with pregnancies complicated by intrauterine growth
retardation. J Perinat Med (1983) 11:19–25. doi: 10.1515/jpme.1983.11.1.19

85. Marsh B, Blelloch R. Single nuclei RNA-seq of mouse placental labyrinth
development. Elife (2020) 9:e60266. doi: 10.7554/eLife.60266

86. Yu JSL, Cui W. Proliferation, survival and metabolism: the role of PI3K/AKT/
mTOR signalling in pluripotency and cell fate determination. Development (2016)
143:3050–60. doi: 10.1242/dev.137075
Frontiers in Endocrinology 11
87. Wang L, Zhou K, Fu Z, Yu D, Huang H, Zang X, et al. Brain development and akt
signaling: the crossroads of signaling pathway and neurodevelopmental diseases. J Mol
Neurosci (2017) 61:379–84. doi: 10.1007/s12031-016-0872-y

88. Cloëtta D, Thomanetz V, Baranek C, Lustenberger RM, Lin S, Oliveri F,
et al. Inactivation of mTORC1 in the developing brain causes microcephaly and
affects gliogenesis. J Neurosci (2013) 33:7799–810. doi: 10.1523/JNEUROSCI.3294-
12.2013

89. Harry GJ. Microglia during development and aging. Pharmacol Ther (2013)
139:313–26. doi: 10.1016/j.pharmthera.2013.04.013

90. Leviton A, Fichorova RN, O’Shea TM, Kuban K, Paneth N, Dammann O, et al.
Two-hit model of brain damage in the very preterm newborn: small for gestational age
and postnatal systemic inflammation. Pediatr Res (2013) 73:362–70. doi: 10.1038/
pr.2012.188

91. Das A, Chai JC, Kim SH, Lee YS, Park KS, Jung KH, et al. Transcriptome
sequencing of microglial cells stimulated with TLR3 and TLR4 ligands. BMC Genomics
(2015) 16:517. doi: 10.1186/s12864-015-1728-5

92. Arlt A, Schäfer H. Role of the immediate early response 3 (IER3) gene in cellular
stress response, inflammation and tumorigenesis. Eur J Cell Biol (2011) 90:545–52.
doi: 10.1016/j.ejcb.2010.10.002

93. Crèvecœur J, Foerch P, Doupagne M, Thielen C, Vandenplas C, Moonen G, et al.
Expression of SV2 isoforms during rodent brain development. BMC Neurosci (2013)
14:87. doi: 10.1186/1471-2202-14-87

94. Bartholome O, Van den Ackerveken P, Sánchez Gil J, de la Brassinne Bonardeaux
O, Leprince P, Franzen R, et al. Puzzling out synaptic vesicle 2 family members functions.
Front Mol Neurosci (2017) 10:148. doi: 10.3389/fnmol.2017.00148

95. Brown AS, Wieben M, Murdock S, Chang J, Dizon MLV, St. Pierre M, et al.
Intrauterine growth restriction causes abnormal embryonic dentate gyrus neurogenesis in
mouse offspring that leads to adult learning and memory deficits. eNeuro (2021) 8.
doi: 10.1523/ENEURO.0062-21.2021

96. Doh-ura K, Mekada E, Ogomori K, Iwaki T. Enhanced CD9 expression in
the mouse and human brains infected with transmissible spongiform encephalopathies.
J Neuropathol Exp Neurol (2000) 59:774–85. doi: 10.1093/jnen/59.9.774

97. Matt DW, Macdonald GJ. Placental steroid production by the basal and labyrinth
zones during the latter third of gestation in the rat. Biol Reprod (1985) 32:969–77.
doi: 10.1095/biolreprod32.4.969

98. Hahn T, Barth S, Graf R, Engelmann M, Beslagic D, Reul JMHM, et al. Placental
glucose transporter expression is regulated by Glucocorticoids1. J Clin Endocrinol Metab
(1999) 84:1445–52. doi: 10.1210/jcem.84.4.5607

99. Even MD, Laughlin MH, Krause GF, Saal FSv. Differences in blood flow to uterine
segments and placentae in relation to sex, intrauterine location and side in pregnant rats.
Reproduction (1994) 102:245–52. doi: 10.1530/jrf.0.1020245

100. Fowden AL, Sferruzzi-Perri AN, Coan PM, Constancia M, Burton GJ. Placental
efficiency and adaptation: endocrine regulation. J Physiol (Lond) (2009) 587:3459–72.
doi: 10.1113/jphysiol.2009.173013

101. Sferruzzi-Perri AN, Lopez-Tello J, Salazar-Petres E. Placental adaptations
supporting fetal growth during normal and adverse gestational environments. Exp
Physiol (2022). doi: 10.1113/EP090442

102. Hu D, Cross JC. Ablation of tpbpa-positive trophoblast precursors leads to defects
in maternal spiral artery remodeling in the mouse placenta. Dev Biol (2011) 358:231–9.
doi: 10.1016/j.ydbio.2011.07.036
frontiersin.org

https://doi.org/10.1210/me.2005-0275
https://doi.org/10.1073/pnas.1107341108
https://doi.org/10.1016/S0021-9258(18)42012-1
https://doi.org/10.1016/S0021-9258(18)42012-1
https://doi.org/10.1002/aja.1001980303
https://doi.org/10.1111/j.1432-1033.1996.0280r.x
https://doi.org/10.1186/1471-2164-6-4
https://doi.org/10.1111/j.8755-8920.2001.450403.x
https://doi.org/10.1189/jlb.0804453
https://doi.org/10.1186/1471-2164-6-4
https://doi.org/10.1515/jpme.1981.9.2.67
https://doi.org/10.1016/s0002-9378(16)32239-6
https://doi.org/10.1111/j.1471-0528.1983.tb08899.x
https://doi.org/10.5935/1518-0557.20210068
https://doi.org/10.1515/jpme.1983.11.1.19
https://doi.org/10.7554/eLife.60266
https://doi.org/10.1242/dev.137075
https://doi.org/10.1007/s12031-016-0872-y
https://doi.org/10.1523/JNEUROSCI.3294-12.2013
https://doi.org/10.1523/JNEUROSCI.3294-12.2013
https://doi.org/10.1016/j.pharmthera.2013.04.013
https://doi.org/10.1038/pr.2012.188
https://doi.org/10.1038/pr.2012.188
https://doi.org/10.1186/s12864-015-1728-5
https://doi.org/10.1016/j.ejcb.2010.10.002
https://doi.org/10.1186/1471-2202-14-87
https://doi.org/10.3389/fnmol.2017.00148
https://doi.org/10.1523/ENEURO.0062-21.2021
https://doi.org/10.1093/jnen/59.9.774
https://doi.org/10.1095/biolreprod32.4.969
https://doi.org/10.1210/jcem.84.4.5607
https://doi.org/10.1530/jrf.0.1020245
https://doi.org/10.1113/jphysiol.2009.173013
https://doi.org/10.1113/EP090442
https://doi.org/10.1016/j.ydbio.2011.07.036
https://doi.org/10.3389/fendo.2023.1116770
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Characterization of placental endocrine function and fetal brain development in a mouse model of small for gestational age
	1 Introduction
	2 Materials and methods
	2.1 Animal work
	2.2 RNA extraction, cDNA reverse transcription and qPCR
	2.3 Protein extraction and western blotting
	2.4 Sample size and statistical analysis

	3 Results
	3.1 Validation of the SGA model
	3.2 Placental endocrine function in SGA fetuses
	3.3 Brain development in SGA fetuses

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


