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1. Abstract

Aging impacts pregnancy progression and gestational length, leading to complications
during parturition, such as dystocia. These phenotypes may arise due to the ovarian
senescence, as well as the senescence of the uterine and cervical tissues. Here we
investigate the age-related changes in the uterus and cervix that influence timing of par-
turition with in-depth transcriptional and histological techniques. We compare 3- and 8-
months old mice, at 15.5 dpc and 17.5 dpc. Most structural variation in utero-placental
unit and cervix are accounted for by the progression of pregnancy, while differences in
collagen density in cervical stroma is best accounted for by aging. Moreover, glycogen
level in placentas exhibit age-specific patterns, with young mice displaying higher levels
of glycogen at 15.7 dpc, which decrease until the later time point of gestation. In con-
trast, old mice exhibit low glycogen levels already at the earlier time point. Analysis of
differentially expressed uterine genes reveals distinct patterns between age-groups.
From 15.5 dpc to 17.5 dpc, young mice show upregulation in uterus of genes involved in
cell respiration processes, whereas old mice display upregulation of genes associated
with hormone metabolism. Both age groups exhibit downregulation of genes involved in
cell adhesion and immune response at 17.5 dpc. We also found gene families (Psg,
Ceacam and Prl) with contrasting patterns of expression: upregulated in young and
downregulated in old mice at 17.5 dpc. With this study we contribute to the understand-
ing of the effects of aging in the complex regulatory mechanisms of initiation of parturi-
tion in mice.



2. Zusammenfassung

Die Alterung wirkt sich auf den Verlauf und Dauer der Schwangerschaft aus und fuhrt
zu Komplikationen wahrend der Geburt, wie z. B. Dystokie. Diese Phanotypen kdnnen
durch die Alterung der Eierstocke sowie die der Gebarmutter- und des Gebarmutter-
halsgewebes entstehen. Hier untersuchen wir die altersbedingten Veranderungen in der
Gebarmutter und im Gebarmutterhals, die den Zeitpunkt der Geburt beeinflussen, mit
transkriptionellen und histologischen Techniken. Wir vergleichen 3- und 8-monatige
Mause von 15,5 bis 17,5 Trachtigkeitstag. Die meisten strukturellen Veranderungen in
der utero-plazentaren Einheit und im Gebarmutterhals werden durch das Fortschreiten
der Trachtigkeit erklart, wahrend die Unterschiede in der Kollagendichte im Gebarmut-
terhalsstroma durch die Alterung bedingt sind. Daruber hinaus weisen die Glykogen-
spiegel in der Plazenta altersspezifische Muster auf, wobei junge Mause um Tag 15,7
hohere Glykogenwerte aufweisen, die spater sinken. Im Gegensatz dazu weisen alte
Mause bereits zum friheren Zeitpunkt niedrige Glykogenwerte auf. Die Analyse der dif-
ferenziell exprimierten Gebarmuttergene zeigt unterschiedliche Muster zwischen den
Altersgruppen. Von Tag 15,5 bis 17,5 zeigen junge Mause im Uterus eine hohere Ex-
pression von Genen, die an Zellatmungsprozessen beteiligt sind, wahrend alte Mause
eine Hochregulierung von Genen aufweisen, die mit dem Hormonstoffwechsel verbun-
den sind. Beide Altersgruppen weisen eine Herabregulierung von Genen auf, die an der
Zelladhasion und der Immunantwort beteiligt sind, und zwar um Tag 17,5. Wir fanden
auch Genfamilien (Psg, Ceacam und Prl) mit gegensatzlichen Expressionsmustern:
hochreguliert bei jungen und herunterreguliert bei alten Mausen um Tag 17,5. Mit dieser
Studie tragen wir zum Verstandnis der Auswirkungen des Alterungsprozesses auf die
komplexen Regulationsmechanismen der Geburtseinleitung bei Mausen bei.



3. Introduction

The process of aging is characterized by a progressive loss of physiological and
structural integrity, caused by changes in metabolism and accumulation of damage dur-
ing the lifespan of an organism. In mammals, the female reproductive system ages
more rapidly, with a decline in function occurring decades prior to other organs. There
are multiple plausible causes for reproductive senescence and subsequent infertility. In
many species, reproductive senescence is associated with a decrease in both the num-
ber and the quality of primordial oocytes in the ovaries (Meldrum, 1993; Crawford &
Steiner, 2015). However, aging also influences the progression of pregnancy and the
length of gestation, including complications in parturition, such as difficult, abnormal or
dysfunctional labor, i.e., dystocia (Zaborski et al., 2009; Patel et al., 2017; Cornelius et
al., 2019; Fura, 2022). As many tissues are involved in parturition, dystocia - delayed
and difficult labor - can be influenced not only by ovarian senescence, but also by se-
nescence of the uterine and cervical tissues, as well as the factors involved in the com-
munication among these tissues (Meldrum, 1993; Sugimoto et al., 1997; Patel et al.,
2017; Yomogita et al., 2022).

Both, genetic predisposition and stochastic damage contribute to the progression
of aging as they lead to impaired function, tissue and cellular deterioration, as well as
chronic disease (Lopez-Otin et al, 2013; Giller et al., 2020). Thereby, the timing, mech-
anisms, and stimulation for aging varies across tissues, depending on the tissue-
specific function (Gensler & Bernstein, 1981; Yureneva et al., 2021).

Dystocia is one of the most prevalent and clinically difficult conditions in mouse
colonies (Burkholder et al., 2012). This condition can be triggered by multiple factors.
For example, stress exposure can disrupt the delivery in humans, pigs, and rodents
(Douglas et al., 2002); nutritional imbalance like hypocalcemia or vitamin E deficiency is
associated with dystocia in buffaloes, goats, dogs and cats (Sathya et al., 2007; Pretzer,
2008; Bayoumi et al., 2021); and advanced maternal age as a common cause for diffi-
cult labor in mice (Wilkinson et al., 2020). In mice, the onset of parturition is determined
by progesterone withdrawal associated with a uterine increase in prostaglandin F2alpha
(Figure 1) and subsequent ovarian luteolysis. The parturition is thus triggered by a dia-
logue between the uterus and the ovary. In old mice, progesterone withdrawal is de-
layed or absent, leading to impaired parturition (Patel et al., 2017). The difference in
progesterone decrease between young and old mice likely indicates a disruption in the
luteolysis pathway in old mice (Patel et al., 2017). As luteolysis is initiated by prosta-
glandin F2alpha, it is likely that the alterations in this inductive process precipitate the
observed phenotype. The requirement of prostaglandin receptors for progesterone
withdrawal and parturition was demonstrated in an experimental knock out of the pros-
taglandin F2alpha receptor gene (Sugimoto et al., 1997), which mimics the phenotype
observed in the aged mice.
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Figure 1 - A diagram illustrating the underlying hormonal mechanisms that lead to parturition in mice.
Legend: COX - cyclooxygenase; HPDG - 15-hydroxyprostaglandin dehydrogenase; PGF2a - prostaglan-
din F2a; P4 - progesterone; CAPs - contraction-associated proteins. Based on the work of Ratajczak &
Muglia, 2008; and Bezold et al., 2013.
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To understand the complex causality of this phenotype, it is important to under-
stand changes in the ovary as well as the uterus (including the cervix). In this work, we
focus on senescence in the uterine and cervical tissues. Upstream (prostaglandin) and
downstream (uterine activation and contractility) changes in the aging uterus may con-
tribute to increased gestational length (Yomogita et al. 2022, Herington et al. 2018). Ag-
ing has been shown to influence the timing of parturition through abnormal timing of
cervical ripening or impaired prostaglandin responsiveness (Patel et al., 2017, Yomogita
et al. 2022). In this study, we will conduct an in-depth transcriptional and histological
investigation of the mechanisms through which uterine and cervical changes in older
mice contribute to the effects of aging on the timing of parturition.



4. Materials and Methods

4.1. Experimental design

In order to unravel the age-related changes in the uterus that may influence gestational
length, we compare two age-groups of mice at two time points of pregnancy. The age-
groups consist of 6 three months old (henceforth: young) mice at the beginning of their
reproductive maturity; and 6 eight months old (henceforth: old) mice at the presumable
beginning of the decline of their reproductive function (see Figure 2 for study design).
The pregnancy time points were chosen based on the reported dynamics of the serum
progesterone levels, where the onset of progesterone withdrawal is at 15.5 dpc (days
post copulation), and by 17.5 dpc the levels of progesterone are significantly decreased
in the serum of pregnant mice (Holinka et al., 1978; Holinka et al., 1979). Three individ-
uals of each age group were analyzed at each of the two time points. From each mouse
tissues were harvested for transcriptomic analysis (endometrium/decidua), for histology
(uterus with placenta and uterine cervix) and for hormone measurement (progesterone
in blood serum and prostaglandin in uterine tissue). Thus, the same individuals are rep-
resented in each kind of data.

3 month old 8 month old
15.5 dpc 17.5 dpc 15.5 dpc 17.5 dpc

Figure 2 - Experimental design illustrating the age groups of mice we used in our study (young or 3
months old, and old or 8 months old) and the time points we harvested the tissues labeled as dpc - days
post copulation.

Image source: biorender.com; istockphoto.com



4.2. Animal husbandry

We used mice from the strain C57 BL/6 (Charles Rivers Laboratories). The mice were
housed in an animal facility in accordance with the regulations on animal welfare and
ethics of the University of Vienna, under conditions of a 12:12 hour light : dark cycle with
a room temperature of 22-24°C. Ad libitum access to food and water with 1,5ml 1%HCI /
liter was always secured. After colony mating, mice were weaned from the mother at
three weeks of age, in separate cages based on their sex. Female mice were kept in
cages together prior to mating (2-4 mice per cage), while males had separated cages if
previously mated. Males of all ages (3 months old to 12 months old) were used for mat-
ings. The mating was carried out by transferring females in estrus (for staging the cycle
see below) into the male cage overnight, and confirming copulation by checking for a
vaginal plug the following morning. The noon of the day finding a copulatory plug marks
the 0.5 day post copulation (i.e., 0.5 dpc), of the potential pregnancy that lasts ap-
prox.19 days in this strain.

4 3. Tissue collection

Animals were euthanized by cervical dislocation. Reproductive tissues (uterine horns
and cervix) and blood samples were harvested immediately after euthanasia from 12
mice: 6 young, and 6 old mice (in each age cohort 3 at 15.5 dpc and 3 at 17.5 dpc).
First, blood samples were collected with a 1 ml syringe and a needle directly from the
heart. Next, the gastrointestinal tract was removed for a better view of the internal or-
gans. The fat, blood vessels and connective tissue, were carefully trimmed from the
uterus upon which the pregnant uterus was detached from the body and transferred to a
petri dish filled with 1x phosphate-buffered saline (PBS) for dissection under the dissect-
ing microscope. Microdissection of the uterus involved isolation of the cervix for histolo-
gy, and isolation of segments of pregnant uterus containing single embryos, which was
subsequently cut longitudinally at the antimesometrial side opposite of the placenta in
order to remove the embryo, while keeping the placenta and/or the placenta-maternal
interface intact. The last step was repeated for all of the embryos and corresponding
uterine portions in order to acquire tissues for the following procedures: 1) for histology -
tissues were stored in a 15 ml tube filled with 4% PFA overnight on a rocker; 2) for RNA
sequencing - tissues were stored in 2 ml tubes filled with RNALater solution; and 3) for
PGF2a measurement - tissues were flash frozen in liquid nitrogen at dissection in 2 mi
cryotubes, and transferred to -80C storage until further analysis.

4.4. Serum preparation

After collection in a 1.5 ml eppendorf tube, the blood sample was sitting at room tem-
perature for 20 minutes. Then it was spun in the centrifuge at 3400 rpm for 30 minutes.
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The supernatant (serum) was collected with a micropipette and stored in a new 1.5 ml
labeled eppendorf tube at -80°C.

4.5. Tissue processing for histology

In order to stop the decomposition processes, the tissues collected for histology were
immediately fixed in 4%PFA on a rocker overnight, so denaturation and coagulation of
proteins in the tissues can occur. After fixation, the tissues are soft and thus for good
sectioning and staining results, the tissues were treated with a dehydrating agent. For
paraffin embedding, dehydration is an important step, as paraffin is a hydrophobic sub-
stance and does not penetrate wet tissue effectively. Because of this, water in the tissue
should be removed before embedding, which we achieved with a series of graded con-
centrations of ethanol: 30%, 50% and 70%. This technique prevents mechanical dam-
age to the intracellular structures, which might occur due to the rapid extraction of water
from the cells to the dehydrating medium (i.e. ethanol of high concentration). Once the
tissues are in 70% ethanol, they can be stored in the fridge at 4°C, or embedded in par-
affin. In order to proceed all water must be extracted from the tissues, so higher concen-
trations of ethanol were used: 95% and two rounds of absolute ethanol. Next, the etha-
nol is removed by replacement with a cleaning agent/solvent (benzol). At last, melted
paraffin was used to penetrate the tissue and replace the solvent. Paraffin blocks were
molded in plastic embedding molds and attached to disposable plastic cassettes. Sec-
tions were made with motorized, programmable rotary microtome Leica RM2265 with a
thickness of 5um.

Sections from the uterus and the cervix were stained with 4 different techniques: Hema-
toxylin and Eosin (H&E) — staining the nuclei of the cells purple with hematoxylin, and
the cytoplasm and extracellular matrix pink with eosin; for qualitative analysis of all the
tissues; Masson's Trichrome - staining the collagen fibers for estimating tissue remodel-
ing and/or fibrosis in particular in cervix; and Periodic Acid-Schiff (PAS) Stain - evaluat-
ing the amount of carbohydrates in general and glycogen specifically, in the uterine tis-
sue. The protocol for the PAS staining was modified with a step that included amylase
treatment and distilled water treatment at the temperature of 37°C of neighborhood
slides from the same individuals.

4.6. Image analysis

Where relevant, the stained histological sections were subjected to imaging and image
analysis with the EVOS M7000 Imaging System (ThermoFischer). The thickness of co-
lumnar epithelium in the Masson’s Trichrome-stained sections was measured with the
line tool from the EVOS Analysis Software, whereas the statistical calculations on these
measurements were performed in MS Excel. The intensity of staining in PAS stained
sections was quantified with Celleste 6 Image Analysis Software using the following var-
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iables: Intensity Uncalibrated (lum) - average uncalibrated luminance (intensity or opti-
cal Density) of region; Intensity Red (lum) — region’s red mean value; and YIQ color Q
(lum) - Q component (chrominance information) of YIQ color space, chrominance in
purple-green range. The statistical analysis on the results from these measurements
was performed in MS Excel.

4.7. Hormone assays

Concentration of progesterone in blood serum was measured with a competitive en-
zyme-linked immunosorbent assay (ELISA), using the Mouse Progesterone ELISA kit
(Crystal Chem). We used 10 ul of serum from each replicate, with 50 pl incubation buff-
er and 50 pl conjugation solution (horseradish peroxidase) in a 96-well microplate with
progesterone antiserum-coated wells. Optical density of each replicate and standard
was measured with an absorbance reader (SpectraMax ABS by Molecular Devices) at
450/630 nm wavelength, using (SoftMax Pro 7.1 software). The results from the optical
density measurement are inversely proportional to the concentration of progesterone.

Prostaglandin F2a measurements were conducted on flash frozen uterine tissue sam-
ples. The weighed tissues were first homogenized in flash freezing tubes containing
70% ethanol and a stainless-steel bead, using a tissue lyser (Precellys Evolution). Next,
ethanol was removed using nitrogen gas in an evaporator, to prepare the sample to be
measured using competitive ELISA Mouse PGF2a kit (antibodies.com). Samples diluted
in a buffer (Sample Dilution Buffer) were loaded into PGF2a-precoated wells along with
standards and Anti-PGF2a Antibody (Biotin) in a 96-well microplate. HRP-conjugated
streptavidin was used to catalyze the later added TMB substrate, which results in blue
coloration. Stop Solution was used to terminate the reaction, which changed the color
from blue to yellow. The intensity of the signal was measured with an absorbance read-
er (SpectraMax ABS) at 45 nm, using SoftMax Pro 7.1 software. The concentration of
PGF2a is inversely proportional to the intensity of the measured signal.

4 .8. RNA extraction

After dissection, uterine tissue was stored in RNALater Solution (Invitrogen) at -20°C.
Prior to RNA extraction, the uterine tissue was micro-dissected and half of the endome-
trium was homogenized in a lysis buffer with dithiothreitol (DTT), using tissue lyser
(Precellys Evolution) in flash freezing tubes containing a stainless-steel bead. RNA ex-
traction with RNEasy mini kit (Qiagen) was performed according to the manufacturer's
protocol. Isolated RNA was eluted in 45 ml sterile water. DNA was removed from the
samples using Turbo DNA-free kit (Invitrogen) Protocol.



4.9. Acquiring and analysis of transcriptomic data

Library prep and sequencing was performed by NovoGene with lllumina, providing pair-
end reads of 150 base pairs. The samples had RNA concentrations in the range of
73.1-107.8 ng/ml and all passed RNA quality control prior to sequencing (Bioanalyzer).

All analyses of transcriptomic data were performed using R, the Project for Statistical
computing (https://www.r-project.org; Version 4.3.1). Quality control of the raw reads
from the sequencing was performed by multiQC. Each individual read was mapped to a
mouse genome (GRCm38.p6) from Ensembl with STAR, using The Life Science Com-
pute Cluster (LiSC) at the University of Vienna. Primary assembly was stored in BAM
file format, quantified by Gene Counts with sequences containing one less base pair
than the output of the sequencing.

All files were loaded and merged in a list in RStudio. Differential gene expression analy-
sis based on the negative binomial distribution was performed using the DESeq2 pack-
age (Love at al., 2014) from Bioconductor (http://www.bioconductor.org). Variance-
stabilized transformed data (vst function from DESeq2 package) resulting from the dif-
ferential gene expression analysis were used to arrive at the relationships among sam-
ples using principal component analysis (PCA) and correlation. Next, integrated analy-
sis of factors by employing the DESeq2 package was performed. Log2 fold change val-
ues were shrunken with IfcShrink function. The similarity between samples was visual-
ized by transforming the measurements onto log ratio (M) and mean average (A)
scales, which were then plotted in MA plots. We performed separate analysis of time
points within age groups in order to look at differential expression with combined factors
(young 15.5 dpc vs. young 17.5 dpc and old 15.5 dpc vs. old 17.5 dpc). The correlation
of log2 fold change between time points and PCA loading values were plotted. This was
followed by a functional analysis of differentially expressed genes using enrichGO for
Gene Ontology (Thomas et al., 2022) and Fast Gene Set Enrichment Analysis (fgsea,
Mootha et al., 2003; Subramanian et al., 2005). Genes of interest (genes with con-
trasting patterns of expression) were plotted so we can see how they change differently.
All plots were produced with ggplot from ggplot2 package.

4.10. Statistical Analysis

Data visualization and statistical calculations (T-test for independent samples, 2-tailed)
for progesterone and PGF2a results, as well as for the colorimetry and histological
measurements were performed using MS Excel.


https://www.r-project.org/

5. Results

5.1. Hormone measurements

The results of the progesterone analysis are plotted in Figure 3a. Statistical analysis (2-
tailed T-test for independent samples) was performed between groups: young 15.5 dpc
vs. young 17.5 dpc (p=0.2); old 15.5 dpc vs. old 17.5 dpc (p=0.5); young 15.5 dpc vs.
old 15.5 dpc (p=0.8); young 15.5 dpc vs. old 15.5 dpc (p=0.9). These results imply that
there are no significant differences between the samples, neither due to the pregnancy
stage, nor due to the age.

a) b)
40 0.016
35 0.014 .
30 0.012
25 . s 0.01
20 . 0.008
L ]
15 . 0.006
10 ¢ 0.004
5 0.002
0 0
Y15.5 Y175 0155 017.5 Y15.5 Y175 0155 017.5

Figure 3 — a) Progesterone levels in old mice (blue) and young mice (green), at 15.5dpc (Y15.5 and
015.5) and 17.5dpc (Y17.5 and O17.5). On the X-axis age groups at early and late time points are plot-
ted, and on the Y-axis the average concentration of progesterone in ng/ml. Young mice at 15.5 dpc and
old mice at 17.5 dpc have 4 replicates each, as opposed to the other groups who have 3 replicates each.

b) Prostaglandin F2a (PGF2a) levels in young (blue) and in old mice (green), at 15.5dpc and 17.5dpc. On
the X-axis age groups at early and late time points are plotted, and on the Y-axis the average concentra-
tion of PGF2a in pg/ml.

Results from the PGF2a analysis (Figure 3b) are revealing average concentration for
young mice of 0.0065 pg/ml at 15.5dpc and 0.00883 pg/ml at 17.5dpc; and for old mice,
0.011 pg/ml at 15.5dpc, and 0.001 pg/ml at 17.5dpc (Fig4). T-test reveals no significant
difference between the samples: young 15.5 dpc vs. young 17.5 dpc (p=0.9); old 15.5
dpc vs. old 17.5 dpc (p=0.6); young 15.5 dpc vs. old 15.5 dpc (p=0.5); young 15.5 dpc
vs. old 15.5 dpc (p=0.8).

All together, we did not detect significant differences in measured hormonal levels in our
samples, either between the stages within age groups, nor between the age groups.
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5.2. General structure of utero-placental units and cervices does not differ
between age groups

To understand the structural changes during pregnancy and aging, histological sections
of pregnant uteri and cervices from young and old mice at the two time points were
stained with Hematoxylin and Eosin (Figure 4 and Figure 5). Tissues from the uterine
sections contain myometrium (M), maternal decidua (D), placental junctional zone (JZ2),
placental labyrinth (L) and yolk sac (YS) — the latter is absent from the section of young
uterus at 17.5 dpc. In all samples, the placenta makes up the largest part of the tissue.
Images in figure 5 a) through c), show the normal changes in the young uterus during
pregnancy, while d) through g), show the changes in the old mice during pregnancy.
The decidua is not a prominent structure in both age groups, and appears almost ab-
sent at later time points. The blood vessels in the labyrinth and the junctional zone be-
come more prominent at 17.5 dpc compared to 15.5 dpc in young mice. The junctional
zone contains large quantities of glycogen-containing trophoblast cells (GC) (see sup-
porting evidence by Schiff staining) and spongiotrophoblast cells. There appears to be
no obvious difference in tissue structure of the utero-placental samples between age
groups nor time points. H&E stained section from the cervical tissue shows two general
compartments: stroma (composed by fibrous connective tissue) and luminal epithelium.
The epithelium consists of a single layer of mucin-secreting columnar cells, and is lo-
cated on the endocervical lumen and the endocervical glands. The columnar epithelium
(labeled CE-EC in Figure 5) is more pronounced at 17.5 dpc in both age groups (aver-
ages across 4 animals: young mice 50.22 ym; old mice 32.95 um), as opposed to 15.5
dpc (young mice 29 um; old mice 27.21 ym). The squamous epithelium of the ectocer-
vix (labeled SE-EC in Figure 5) is more pronounced at 17.5 dpc in young mice (averag-
es across 4 animals: young mice at 15.5 dpc 30.42 ym; and 17.5 dpc 48.91 ym), and
displays the opposite pattern in old mice (old mice at 15.5 dpc 36.84 ym; and 17.5 dpc
42.31 ym).
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1600 um

Figure 4 - Hematoxylin and Eosin-stained 5 um thick transversal sections of uterine and placental tissues
of: a) a young mouse at 15.5 dpc (magnification 20x, scale bar 1500 um); b) a young mouse at 15.5 dpc
(40x, scale bar 250 um); c) a young mouse at 17.5 dpc (20x, scale bar 1150 ym); d) a young mouse at
17.5 dpc (40x, scale bar 250 ym); e) an old mouse at 15.5 dpc (20x, scale bar 1150 uym); f) an old mouse
at 15.5 dpc (40x, scale bar 300 pym); g) an old mouse at 17.5 dpc (20x, scale bar 1600 ym); h) an old
mouse at 17.5 dpc (40x, scale bar 500 ym). In all sections, the placenta makes up the largest portion of
the tissues. The following structures are labeled with their respective acronyms: myometrium (M), decidua
(D), junctional zone (JZ), labyrinth (L), yolk sac (YS), glycogen cells (GC), and blood vessels (BV). Blood
vessels are more visible in the labyrinth and the junction zone at 17.5 dpc compared to 15.5 dpc in young
mice, whereas in old mice tissues appear to be more vascularized at 15.5 dpc than at 17.5 dpc.
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Figure 5 - Hematoxylin and Eosin-stained 5 um longitudinal sections of cervixes of: a) a young mouse at
15.5 dpc (magnification 20x, scale bar 2550 um); b) a young mouse at 17.5 dpc (20x, scale bar 2050
pum); c) cervix of an old mouse at 15.5 dpc (20x, scale bar 1850 uym); d) an old mouse at 17.5 dpc (20x,
scale bar 2300 ym). The stroma is labeled with an S. Columnar epithelium of the endocervix (CE-EN) is
more pronounced at 17.5 dpc, compared to 15.5 dpc in both age groups. Squamous epithelium of the
ectocervix (SE-EC), is more pronounced at 17.5 dpc, compared to 15.5 dpc in young mice, and opposite
in old mice. The image of the cervix of an old mouse at 17.5 dpc is suboptimal, as the section plane is
tilted relative to the cervical canal, on the right side is the proximal (uterine) side of the cervix, and on the
left side is the distal (vaginal) side of the cervix.
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5.3. Distribution of collagen in the cervix of young and old pregnant mice

To understand whether the reported tendency of older mice for delayed parturition may
also be reflected as delayed remodeling of the cervix, we stained the cervix of both age
classes using Masson'’s Trichrome, which stains collagen blue. The red stain in these
tissues is denoting cytoplasm, muscle and blood.

As expected, we see strong collagen staining in the cervical stroma. Figure 6 shows a
difference in the cervical tissues between age groups, with larger interstitial spaces
(white areas) between collagen fibers in young mice, as opposed to old mice. This is
especially apparent at 17.5 dpc where the interstitial spaces in old mice are much less
abundant.

Figure 6 - Masson’s Trichrome-stained 5 um thick longitudinal sections of cervical tissues: a) young
mouse at 15.5 dpc; b) young mouse at 17.5 dpc; c¢) old mouse at 15.5 dpc; d) old mouse at 17.5 dpc. All
images are taken with 20x magnification. The following structures are labeled: stroma (S), endocervix
(EN), ectocervix (EC), interstitial spaces (IS). Blue stain indicates collagen fiber, while red stain denotes
cytoplasm, muscle cells and blood. Young mice display more interstitial spaces (white areas) between
collagen fibers as opposed to old mice. The image for the cervix of an old mouse at 17.5 dpc (Fig 7 d) is
suboptimal (see the comment in caption of Fig.6).
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5.4. Glycogen content of the tissue

Periodic acid—Schiff (PAS) staining with and without amylase treatment was performed
on utero-placental tissues to estimate their glycogen content. Periodic-Schiff stain colors
the carbohydrates pink, and by pretreatment with amylase, the glycogen portion is de-
graded, enabling its measurement by comparison. By using this method, we detected
glycogen in the uterine-placental unit. In Figure 7, the results from the PAS staining with
amylase treatment (left) and distilled water incubation (right) of uterine-placental unit is
shown. Uterine tissue is marked with U in the figures, labyrinth with L, and junction zone
with JZ. Complementary to the H&E staining, the results from the PAS staining clearly
mark the layer of glycogen-containing trophoblast cells in the junctional zone of the pla-
centa (labeled with GC in Figure 7). The glycogen-containing trophoblast cells appear
as large, empty cells in a H&E staining (Figure 4), while they gain intense pink colora-
tion in PAS-stained tissues (Figure 7).

Placenta attached to the uterine tissue in young mice at 15.5 dpc contain higher levels
of glycogen, while young mice at 17.5 dpc and old mice at both time points contain very
low levels of glycogen.

We then assessed the glycogen levels in the labyrinth and the junction zone in these
tissues by measurement of intensity of staining. We used 3 different variables available
in Celleste 6 image analysis software, capturing somewhat different aspects of intensity
of staining, to test for consistency thus providing a robust assessment. These variables
are: the Intensity Uncalibrated (lum), Intensity Red (lum), and YIQ color Q (lum). The
results shown in Figure 8 are illustrating higher levels of glycogen content in young mice
at 15.5 dpc, compared with the other age groups and time points. The statistical signifi-
cance of these results was confirmed with a T test, where young mice at 15.5 dpc had
p<0.05 when compared to multiple groups (in the labyrinth: young 15.5 dpc vs. old 15.5
dpc for intensity uncalibrated and intensity red; young 15.5 dpc vs. old 17.5 dpc for in-
tensity uncalibrated, intensity red and YIQ color Q; and in the junction zone: young 15.5
dpc vs. old 15.5 dpc for intensity uncalibrated, intensity red and intensity red and YIQ
color Q; young 15.5 dpc vs. old 17.5 dpc for intensity uncalibrated, intensity red and YIQ
color Q).

The results using measures of different aspects of color intensity are consistent (Figure
8).
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Figure 7 - Periodic acid—Schiff stain staining of uterine and placental tissues: a) of a young mouse at 15.5
dpc treated with amylase (20x, scale bar 1500 um); b) of a young mouse at 15.5 dpc treated with distilled
water (20x, scale bar 1850 um); c) of a young mouse at 17.5 dpc treated with amylase (20x, scale bar
1700 pm); d) of a young mouse at 17.5 dpc treated with distilled water (20x, scale bar 1700 um); e) of an
old mouse at 15.5 dpc treated with amylase (20x, scale bar 1250 ym); f) of an old mouse at 15.5 dpc
treated with distilled water (20x, scale bar 1500 um); g) of an old mouse at 17.5 dpc treated with amylase
(20x, scale bar 1500 um); h) of an old mouse at 17.5 dpc treated with distilled water (20x, scale bar 1500
um). The sections treated with amylase (left side) are visibly lighter than sections treated with distilled
water. The following structures are labeled in the images: labyrinth (L), junctional zone (JZ) and uterine
tissues (U).
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5.5 Transcriptome analysis reveals effects of aging on gene expression

Results from the MultiQC analysis show that the number of aligned reads in the tran-
scriptome of young mice at 15.5 dpc ranges from 20.4M to 24.2M, and for young mice
at 17.5 dpc from 19.5M to 25.5M. The numbers for old mice range from 20.4M to 22.1M
at 15.5 dpc, and 17.7M to 25.1M at 17.5 dpc. Number of reads for gene counts ranges
between 17 471 643M and 20 816 893M for young mice at 15.5 dpc, 15 939 558M and
21 976 282M for young mice at 17.5 dpc, 17 612 753M and 18 946 856M for old mice at
15.5 dpc, and 14 951 492M and 21 496 842M for old mice at 17.5 dpc. Initial data anal-
ysis in RStudio reveals 53 801 expressed genes in the decidua of all replicates at a lev-
el of transcription. After filtering (>= 10), 19 483 genes remained that we considered
expressed. Un-normalized counts were used for analysis with DeSeq2, whose output
was used to look at relationships among samples. General relationships among tran-
scriptomes of the samples were examined by using the principal component analysis
(PCA). Figure 9 shows the first two principal components together explaining 68,9% of
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the variation between samples. The first principal component (43,8% of variation) sepa-
rates young mice at the later pregnancy from young and old mice at the earlier preg-
nancy and old mice at the later pregnancy, suggesting that the old mice did not transi-
tion into the transcriptome characteristic of later pregnancy. The second principal com-
ponent (25,1% of variation) captures the difference between the two stages of pregnan-
cy in old mice. These results suggest that the two age groups cluster together in the
early pregnancy, but change differently across time points, the change in young mice
being captured by the PC1 and the change in the old mice by the PC2. Because the
results from the PCA are highlighting differences in expression between young and old
mice at 17.5 dpc, we further examine genes that exhibit differences in their dynamics of
expression between age groups.

Figure 9 - PCA plot. Major
axis of variation corre-
sponds to differences be-
tween times for young
(PC1) and differences be-
tween times for old (PC2).
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MA plots shown in Figures 10 and 11 display the change in expression for each gene at
two time points of gestation (15.5 dpc and 17.5 dpc), plotted against its mean expres-
sion across all samples in young mice (Figure 10) and in old mice (Figure 11). This al-
lows us to look at the increase and decrease of expression in one age group across
time points. When we compare the MA plots in Figure 10 and Figure 11, we can clearly
notice the higher number of genes that increase in expression in young mice from 15.5
dpc to 17.5 dpc, as opposed to old mice. The decrease of expression from 15.5 dpc to
17.5 dpc is similar between age groups. The higher number of genes changing expres-
sion in young mice is illustrated also with Euler plots in Figure 9. The increase of ex-
pression refers to genes upregulated at 17.5 dpc, a time point where 839 genes were
found in young mice and 42 in old mice, with a small overlap between age groups. The
decrease of expression is referring to genes upregulated at 15.5 dpc relative to 17.5 dpc

where 141 genes were found in young and 149 genes in old mice.
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Figure 10 - MA plot display-
ing the log2 fold change
compared with mean ex-
pression of genes in young
mice. Each data point rep-
resents a gene, with statis-
tical significance labeled in
blue. Points that fall above
the positive threshold on
the y-axis indicate upregu-
lated genes at 17.5 dpc,
while points that fall below
the negative threshold on
the y-axis indicate down-
regulated genes at 17.5
dpc.

Figure 11 - MA plot display-
ing the log2 fold change
compared with mean ex-
pression of genes in old
mice. Each data point rep-
resents a gene, with statis-
tical significance labeled in
green. Points that fall above
the positive threshold on the
y-axis indicate upregulated
genes at 17.5 dpc, while
points that fall below the
negative threshold on the y-
axis indicate downregulated
genes at 17.5 dpc.

In comparison with the data
from young mice (Figure
10), old mice exhibit lower
number of upregulated and

downregulated genes.
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We next consider the genes differentially expressed between the early and late
timepoints in young and old mice separately and their potential functional importance. In
young mice, Gene Set Enrichment Analysis (GSEA - Mootha et al., 2003; Subramanian
et al., 2005) highlights upregulated genes associated with 4 hallmarks, and downregu-
lated genes associated with 12 hallmarks from 15.5dpc to 17.5dpc (Table 1). In old
mice, only a single hallmark (HALLMARK_COAGULATION) was detected among genes
significantly upregulated from 15.5dpc to 17.5dpc. There is an overlap between the
genes Apoal and Mmp10 (in association with the HALLMARK _COAGULATION) be-
tween age groups, which suggests that some aspect of coagulation is upregulated from
15.5dpc to 17.5dpc in both age groups. There is an extensive enrichment for downregu-
lated genes in young mice (see Table 1), and none for old mice.

HALLMARK Age Change Genes
Apoc1/Apoa1/Fgg/Trf/Mmp15/S100a13/Csrp1/Mmp11/Hmgcs2/Ang/
COAGULATION young up Gnb2/Mmp10/Klk8/Iscu/Crip2/Maff/Proc/S100a1/Comp/Htra1/Bmp1/

Pros1/Mmp7/Rapgef3/C1qga/Msrb2

Kcnh1/Foxo4/Fxyd1/Tnnt1/Tpm2/Bdkrb2/Des/Ptgis/Ckb/Tnnc1/Myl4
/Smtn/Eno3/Pdlim7/Gadd45b/Taglin/Bin1/Sh3bgr/Mapk12/Lsp1/Hda
c5/Cryab/Sod3/Ckm/Bag1/Rit1/Acta1/Ncam1/Dmpk/Actn3/Tnnt3/Kc
nh2/ltgb5/Cav3/Myl6b/Fabp3/Ak1/Crat/Psen2/Pfkm/Casq2/Tgfb1/Itg
a7/Speg/Ocel1/Pick1/Cox7a1/Gaa/PIxnb2/Ppp1r3c/Efs/Myl7/Fst/Sy
ngr2

MYOGENESIS young up

Ada/Aprt/Cda/Ercc1/Edf1/Bola2/Sac3d1/Nt5c/Zfp707/Gtf2f1/Suptdal
Nelfe/Polr2f/Pold 1/Poll/Adrm1/Taf10/Polr2i/Polr2j/Dad 1/Pold4/Vps3
7d/Rfc2/Taf1c/Gpx4/Tarbp2/Nelfcd/Pola2/Vps28/Gtf2h5/Guk1/Snap

DNA REPAIR young up c4/Taf9/Gtf3c5/Dguok/Snapc5/Dut/Polr2h/Ddb1/Polb/Ercc8/Rbx1/Ak
1/Npr2/Impdh2/Tk2/Polr2e/Aaas/Cant1/Ercc2/Polr3c/Ssrp1/Polr2c/P
olr1d/Alyref/Mpc2/Polr2d/Brf2/Rad52/Gsdme/Lig1/Nelfb/Rfc4/Supt5/
Surf1

Timm13/Uqcr10/Ndufa2/Uqcr11/Atp5e/Ndufs7/Uqcrg/Atp50/Cox4i1/
Ndufb7/Atp5d/Ndufs6/Ldhb/Mrpl11/Atp5j2/Ndufs8/Timm50/Cox6a1/
Atp5k/Mrps11/Ndufv1/Ndufs3/Mrpl34/Mrps15/Ndufa5/Etfb/Ndufc1/M
gst3/Acaa2/Cox7a2/Cox6b1/Atp5g1/Polr2f/Cox5b/Ech1/Uqgcrc1/Aca
ala/Mrps12/Ugcrh/Atp5h/Gpx4/Cox6¢c/Ndufa3/Hsd17b10/Cox8a/Nd

young up ufs4/Ndufb5/Ndufa8/Got2/Atp6v1f/Ndufa7/Ndufv2/Mdh2/Ndufa4/Mrp
s30/Tcirg1/Iscu/Bax/Ndufa1/Cyc1/Cyb5r3/Gpi1/Ndufs2/Supv3I1/Sic2
5a4/Idh3g/Ndufb6/Retsat/Atp5j/Fxn/Hadha/Ndufa6/Ndufb8/Vdac3/B
ckdha/Ndufb3/Atp6v0b/Cox7b/Cox7a2l/Bdh2/Sdhb/Cox7c/Grpel1/S
urf1/Tomm22/Mrpl15/Timm9/Ndufab1/Atp5g3/Oxa1l/Slc25a3/Idh2/A
tp5pb/Decr1

OXIDATIVE PHOS-
PHORYLATION

COAGULATION old up Apoa1/F2/Serpina1b/Cfi/Mmp10/Pf4/Thbs1

Klk1b21/Abhd2/Akap12/Ptpn21/Dhcr24/Adamts1/Ncoad/Sgk1/Lifr/SI
c26a2/Hmgcs1/Ccnd1/Tpd52/Slc38a2/Ngly1/Gnai3/Cdc14b/Elovi5/P

ANDROGEN RE- young  down  tk2b/ltgav/Gpd1liZmiz1/Uap1/Arid5b/Rps6kad/Sec24d/KIk1/Stk39/P

SPONSE gm3/Gucy1a1/Scd2/Herc3/Lman1/Dnajb9/Cdk6/Sms/Idi1/Map7/inpp
4b/ElI2/Bmpr1b/Abcc4/Iggap2
Tnfsf10/Atp2b1/Nfkbia/ll15ra/Ptger4/Sic31a1/Osmr/Nfkb1/Nirp3/Abi

INFLAMMATORY RE- . g 1/Atp2a2/Ptger2/TIr3/Slc4ad/II1Ora/Slc7a1/Fzd5/Clecsa/Met/Ahr/Slc

SPONSE young OWN 28a2/Acvr1b/F3/Kenj2/Pik3r5/Semadd/Csf1/112rb/l1a/Cd48/Cd69/Ra
sgrp1/Sgms2

Arfip1/Bet1/Kif1b/Gnas/Sec22b/Tmed2/Egfr/Copb2/Adam10/Atp7a/
Sh3gl2/Scamp1/Ap3s1/Stam/Yipf6/Ppt1/Vps4b/Sgms1/Dop1a/Anp3
2e/Napg/Rab14/Arfgef2/Sec31a/Galc/Bnip3/CIn5/Dnm11/Tpd52/1gf2r
/Cav2/Mon2/Ap3b1/Arfgap3/Ap1g1/Tmx1/Stx7/Snap23/Mapk1/Lam
p2/Cltc/Rps6ka3/Rab5a/Uso1/Arcn1/Clcn3/Sec24d/Copb1/Snx2/Cts
¢/Stx12/Ocrl/Lman1/M6pr/Arfgef1/Golga4/Tom1I1

PROTEIN SECRETION young down

ALLOGRAFT REJEC-
TION

Gzmb/Tpd52/Ccr2/Eif3a/Elf4/Ccnd2/Bcl10/Ets1/Brca1/NIrp3/Abi1/U

young  down o 41/Ly75/Itk/Gent1/TIr3/If8/CA247/Fyb/Carb/St8siad/Fgr/CA96/II2
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7ra/ll12rb1/Gpr65/Fasl/Ptprc/ligb2/Csf1/l12rb/Jak2/Ncr1/Cd28/1tgal/ll
2ra/Tgfb2

WNT BETA CATENIN

SIGNALING young

down

Gnai1/Ptch1/Rbpj/Numb/Hey2/Ccnd2/Adam17/Ncstn/Notch1/Fzd1/L
ef1/Ctnnb1/Jag1

KRAS SIGNALING UP  young

down

Cbl/Prrx1/Etv5/Dnmbp/Gfpt2/Ammecr1/Emp1/Ccnd2/Adam17/Ptprr/
Ero1a/Ets1/Cfh/Strn/Lat2/Laptm5/Crot/F2rl1/Tspan7/Rabgap1l/AvI9/
Ad-
gra2/Trib2/Birc3/Pecam1/Gucy1a1/Lcp1/1rf8/Dusp6/1110ra/ld2/1133/A
damdec1/KIf4/Tnfaip3/Traf1/Mycn/Map7/Aldh1a2/Galnt3/Prkg2/Hsd
11b1/Spp1/ltgb2/Abcb1a/Dock2/Ikzf1/Adam8

UV RESPONSE DN young

down

Has2/Arhgef9/Gja1/Cav1/Fbln5/Scn8a/Dyrk1a/Notch2/Kit/Tjp1/Insig
1/VIdir/irs1/Aggf1/Mta1/Grk5/Pdgfrb/Atp2c1/Igfbp5/Dab2/Pdlim5/Bhl
he40/Tent4a/Snai2/Ythdc1/Sfmbt1/Ptprm/Dlc1/Rnd3/Cdon/Efemp1/

Plcb4/Smad3/Ptpn21/Col11a1/Tgfbr3/Nr3c1/Cdkn1b/Apbb2/Col1a2/
Abcc1/Pias3/Lamc1/Phf3/Kalrn/Scaf8/Atrx/Acvr2a/Fyn/Plpp3/Atrn/L

dir/Cdk13/Celf2/Nek7/Nipbl/Atxn1/Atp2b1/Prkca/Zmiz1/Col5a2/Rasa
2/Cdc42bpa/Nfkb1/Wdr37/Bmpr1a/Nr1d2/Pten/Gent1/Col3a1/Tgfbr2
/Togaram1/Sipa111/DIg1/Slc7a1/Add3/Met/Inpp4b/F3/Adgri2

MITOTIC SPINDLE young

down

Vcl/Kif1b/Cenpf/Kif15/Clip1/ltsn1/Kif3c/Ranbp9/Myh9/Arhgef11/Stau
1/Ezr/Kntc1/Nf1/Tiam1/Pdlim5/Cep57/Arap3/Arhgap29/Tubgcp6/Sor
bs2/Fgd4/Tubgcp3/Wasf2/Arhgap4/Pafah1b1/Sos1/Arhgef3/Als2/Cd
c27/Arf6/Cntrob/Espl1/Rasal2/Cenpe/Kif11/AnIn/Trio/Digap5/Nck1/
Mid1/Rabgap1/Nusap1/Ccdc88a/Pkd2/Arhgap27/Hook3/Smc3/Kif3b
/Arhgef12/Tsc1/Rab3gap1/Wasl/Pcm1/Rapgef5/Tubgcp5/Cntrl/Clas
p1/Epb4112/Lrpprc/Ppp4r2/Prc1/Lats1/Rock1/Smc4/Rasa1/Akap13/
Apc/Cep192/Rasa2/Cdc42bpa/Cenpj/Abl1/Kif5b/Shroom2/Myh10/Ri
ctor/Sptbn1/Ect2/Rapgef6/Arhgap5/Kif20b/Bub1/Abi1/Pcnt/Cd2ap/TI
k1/Dock4/Ssh2/Rhof/Top2a/Dig1/Mid1ip1/Abr/Lmnb1/Arfgef1/Net1/
Dock2/Nedd9

TNFA SIGNALING VIA

NFKB young

down

Pdlim5/Yrdc/Zc3h12a/Plau/KIf10/Bhlhe40/Tnfsf9/Ripk2/Slc16a6/Ccl
2/Tnfaip6/Nfe212/Serpinb8/Rnf19b/Icam1/Map3k8/Tnfaip2/Smad3/P
de4b/Birc2/Sik1/Cflar/Ccnl1/Vegfa/Nfat5/Rel/lfit2/Dnajb4/Sgk1/Tank/
Cxcl10/Tiparp/Ptpre/Ccnd1/B4galt5/Plpp3/Zfp36/LdIr/Gfpt2/Btg3/Atp
2b1/Nfkbia/ll15ra/Ptger4/Slc2a3/Nfkb1/F2rl1/Gem/Birc3/Ptx3/Id2/Fo
sI2/KIf4/Tnfaip3/Traf1/F3/Stat5a/Plek/Nr4a3/Nr4a2/Csf1/l11a/Jag1/C
d69/1123a

INTERFERON GAMMA

RESPONSE young

down

Tnfsf10/Adar/Nfkbia/ll15ra/Parp14/Cfh/Gbp9/Arid5b/Nfkb1/Rapgef6/
Isoc1/Pnpt1/Herc6/Casp8/Ddx60/1rf8/1110ra/Gbp8/Helz2/Trim21/Epst
i1/St8sia4/Sppl2a/Rnf213/Gbp3/Samd9l/Trim14/Plscr1/Tnfaip3/Cmp
k2/Casp3/Gbp4/112rb/Jak2/ldo1/Cd69/Slamf7

IL2 STATS SIGNALING  young

down

Emp1/Hopx/Ccnd2/Tnfsf10/Itgav/Gucy1b1/Slc2a3/Lrig1/Smpdi3a/R

hoh/Rabgap1l/Lrrc8c/Cyfip1/Prkch/Furin/Sic39a8/She/Ptger2/Spred

2/1rf8/Sh3bgrl2/1110ra/Ahr/Gbp3/Plscr1/Ttc39b/Traf1/Icos/Casp3/Gpr
65/Spp1/ltgae/Abcb1a/Csf1/112rb/Itga6/Ctla4/Cd48/Eomes/Il2ra

G2M CHECKPOINT young

down

Tle3/Rad541/Cenpf/Kif15/Bard1/Hif1a/Meis2/Ss18/Dmd/Odf2/Stag1/
Tnpo2/Hnrnpu/Kpna2/Hnrnpd/Sfpg/Tent4a/Xpo1/Sic38a1/Ythdc1/Ch
ek1/Hmmr/Pafah1b1/Plk4/Mcm3/Cdc27/Espl1/Rasal2/Cenpe/Kif11/
Top1/Lbr/Smad3/Ctcf/Nusap1/Lig3/Prpf4b/Srsf1/Cdkn1b/Aurkb/Stil/
Amd1/IIf3/Tmpo/Srsf10/Cul5/Atrx/Hus 1/Mtf2/Mad2I1/Ccnd1/Pura/Sy
ncrip/Ccnt1/Gspt1/Ccna2/Cul3/Nup98/Wrn/Prc1/Rad21/Tfdp1/Smc4
/Dkc1/Slc12a2/Srsf2/Pds5b/Cul4a/Dbf4/Smc2/Abl1/Kif5b/Rad23b/K
pnb1/Kif20b/Bub1/Dr1/SIc7a5/Arid4a/Top2a/Casp8ap2/Mcm2/Rbl1/
Slc7a1/Lmnb1/Polqg

Table 1 - List of upregulated and downregulated genes and their respective hallmarks, based on gene

enrichment analysis.

22



Next, we used Gene Ontology Analysis (GO - Thomas et al., 2022) to functionally char-
acterize gene expression changes between the age groups. Overrepresentation in dif-
ferentially expressed genes of category biological processes displays similarities be-
tween age groups in downregulated genes associated with cell-cell adhesion and the
immune response (regulation of cell-cell adhesion, positive regulation of cell adhesion,
mononuclear cell differentiation, lymphocyte differentiation, leukocyte cell-cell adhesion,
regulation of leukocyte cell-cell adhesion, T cell activation, regulation of T cell activation,
regulation of lymphocyte activation). In addition, we found that the gene set upregulated
in later stage in young mice, could be associated only with cell respiration (oxidative
phosphorylation), whereas in old mice upregulated genes are related to hormone me-
tabolism (hormone metabolic process, hormone biosynthetic process, regulation of
hormone levels, steroid catabolic process).
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ATP metabolic process - ®

mitochondrial ATP synthesis |
coupled electron transport

ATP synthesis coupled |
electron transport

hormone metabolic process -

p.adjust

hormone catabolic process - 004

hormone biosynthetic process 0.03
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regulation of cell-cell |
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The plot of the correlation of log2 fold change shown in Figure 15, shows that statistical-
ly significantly differentially regulated genes follow a trend of change in the same direc-
tion in both age groups, but without a large overlap among genes. We have also found
a number of genes that exhibit opposite patterns of expression: upregulated in young
but downregulated in old mice from 15.5dpc to 17.5dpc. The correlation of temporal
gene expression change between young and old mice reveals genes with contrasting
expression patterns, i.e., genes that are significantly (p>0.05) upregulated from 15.5dpc
to 17.5dpc in young mice, while being downregulated in old mice (upper left square of
the plot shown in Figure 10).
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Figure 15 - Plot of correlation between the log2 fold change in the young mice (y-axis), and the log2 fold
change in the old mice plotted on the x-axis. Blue data points represent significantly expressed genes in
young mice, green represent significantly expressed genes in old mice, and red significantly expressed
genes in both age groups. There is no obvious overlap in significantly differentially expressed genes be-
tween age groups, but genes of both age groups trend in the same direction. There is also a number of
genes that are upregulated in young but downregulated in old mice.
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Some of the genes that exhibit a contrasting pattern of expression between age groups
are: pregnancy-specific glycoprotein genes (Psg16, Psg17, Psg18, Psg19, Psg21,
Psg22, Psg23, Psg25, Psg26, Psg27, Psg29) (Figure 16), most expressed carcinoem-
bryonic antigen-related cell adhesion molecules (Ceacam3, Ceacamb, Ceacam10,
Ceacam11, Ceacam12, Ceacam13, Ceacam14, Ceacam15, Ceacam16; Figure 17),
several genes encoding prolactin (Prl2a1, Pri2c2, Pri2c3, Pri2c5, Pri3a1, Pri3b1, Prl4at,
Pribat1, Pri7al, Pri7a2, Pri7d1, Pri8a6, Pri8a8, Pri8a9, Prih) (Figure 18), Ctsj and Bhl-
he41. These genes are upregulated in young and downregulated in old mice from 15.5
dpc to 17.5 dpc. The significance (p>0.05) of these dynamics is shown in Figures 16, 17
and 18.
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6. Discussion

Motivated by the established effects of aging on the gestational length and parturition in
mice, this study asked about the underlying mechanisms and analyzed the effects of
age on the pregnant uterus histology and transcriptome. The experiment was based on
the previous observations of delayed progesterone withdrawal in (8 month) old mice,
which we did not observe in our population. Somewhat surprisingly, the progesterone
withdrawal in this population is apparently initiated later than in the US population of the
same line studied previously. Not observing the actual decrease of progesterone levels
in the young mice (3 months) at 17.5 dpc also prevented us from observing the possible
delay in progesterone withdrawal in the old group. However, we did observe longitudinal
changes in the uterine transcriptome which reflect the progress of pregnancy inde-
pendently of observable decrease in progesterone levels, and these do show age-
related effects, which may even be plausibly associated with previously reported effects
of age on delayed and dystocic parturition.

The concentration of PGF2a exhibits no significant change in both young and old mice
between time points. A study conducted on knockout mice that lack the prostaglandin F
receptor demonstrated the importance of PGF2a signaling in luteolysis, which would
eventually cause a decrease of progesterone levels. In these mice, delayed progester-
one withdrawal, a consequence of failure in luteolysis, causes delayed parturition
(Sugimoto et al., 1997).

Structural differences in utero-placental unit and cervix are due to pregnancy
progression, not aging

Utero-placental unit at the stages of pregnancy considered here, is dominated by the
fetal tissue, while the uterine decidua is very thin, where visible at all. This is no sur-
prise, given that the mouse decidual tissue begins to deteriorate at later time points in
pregnancy (from 15.5 dpc onwards), in preparation for parturition (Edwards et al., 2014).
Edwards et al (2014) also reported that after 12.5 dpc, the numbers of spongiotropho-
blast cells in the junctional zone increase by 4-fold, while the numbers of glycogen-
containing trophoblast cells increase by 250-fold (Edwards et al., 2014). This observa-
tion is confirmed in the present study, with high abundance of glycogen-containing
trophoblast cells in young mice at 15.5 dpc. Our results are thus consistent with the find-
ings by Edwards and collaborators (2014). H&E-stained cervixes show a difference be-
tween time points, where the secretory columnar epithelia is more pronounced at 17.5
dpc, and this change occurs regardless of the age group of the animal. These results
highlight the dynamic structural changes that the cervical epithelium undergoes during
pregnancy, and are consistent with recent findings by Cooley and collaborators (2022).
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Collagen density in the cervix

Patel and collaborators (2017) reported a decrease in collagen density throughout
pregnancy in the cervical tissues of 3-, 5- and 8-months old mice. This decrease may be
due to the remodeling that the cervix undergoes during late pregnancy. Prior to parturi-
tion, the cervical tissue becomes less compact, with increased presence of interstitial
spaces in the extracellular matrix (Chatterjee et al., 2021). Our results confirm this for
young mice, whereas the presence of interstitial spaces in the cervical stroma of the old
mice is not as pronounced as in young mice, indicating a defect of tissue remodeling in
old mice at 17.5 dpc.

Glycogen content in placental tissues

We found that placentas of young mice display higher levels of glycogen at 15.5 dpc,
which decreases during the next two days of gestation. Old mice do not show this pat-
tern, having low level of glycogen already at 15.5 days. The pattern in young mice is
consistent with previous findings (Coan at al., 2006; Edwards et al., 2014), describing
an 80-fold increase in glycogen cells from 12.5 dpc to 16.5 dpc in 6- to 8-week-old C57
BL/6J mice, followed by a notable decrease to 18.5 dpc. This pattern may be due to
placental support of fetal growth during late gestation, slowly exhausting glycogen
stores as a glucose source towards the end of pregnancy (Coan et al. 2006).

Transcriptomic changes during pregnancy and effects of age

Initial transcriptome analysis revealed that mice from different age groups undergo dif-
ferent changes in gene expression profile from early to late time points. There is also a
clear difference in the number of highly expressed genes between age groups at late
time point, with young mice displaying a much higher expression of significant genes,
relative to old mice. There is no significant difference between young and old mice in
genes that decrease in expression in late timepoint.

Genes, uprequlated at the later timepoint

Among genes, upregulated at the later, relative to the earlier time point in the young
mouse cohort, several processes characteristic of the transition to late pregnancy phase
are enriched: coagulation, oxidative phosphorylation/ oxidative stress, DNA repair, and
muscle contractility. We will in the following briefly outline some of the main processes.

Coagulation: Our findings suggest a transition of the maternal compartment towards a
procoagulant state during the time of parturition. This is consistent with finding that the
coagulation system undergoes changes throughout pregnancy, aimed at preventing
excessive bleeding during delivery (Klaitman et al., 2013). Among the upregulated
genes are those that regulate anti-coagulation (Proc and Pros1), genes involved in for-
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mation of new blood vessels (Ang), genes that encode apolipoproteins (Apoa? and
Apoa4), and matrix metalloproteinases (Bmp1, Mmp7, Mmp10, Mmp11, Mmp15) in-
volved in tissue remodeling and wound healing.

Oxidative phosphorylation, oxidative stress and DNA repair: We find upregulation of
these processes in young mice. This is consistent with previous reports showing that
there is notable pregnancy-associated enhancement in the mitochondrial/nuclear
(mt/nu) genome ratio in myometrial tissues. The process of oxidative phosphorylation
relies on interaction of protein complexes in the inner mitochondrial membrane, utilizing
the reduction of oxygen to generate adenosine triphosphate (ATP), which stores high-
energy phosphate bonds within cells (Sunnucks et al., 2017; Deshpande & Mohiuddin,
2022). Elevated rate of this process is reflected in enhanced mitochondrial/nuclear
(mt/nu) genome ratios and is frequently linked to higher rates of reactive oxygen spe-
cies (ROS) generation by reverse electron flux from complex Il to complex | (Quinlan et
al. 2012; Dedkova et al. 2013).

Muscle contraction: Another set of upregulated genes in young cohort are genes ex-
pressed in muscle cells (Kcnh1, Foxo4, Bdkrb2, Smtn, and other) and genes related to
histones, DNA damage, cell growth and apoptosis (Hdac5, Gaad45b, Bag1). Together
this pattern may indicate a pattern of activation of uterine contractility, or tension, possi-
bly due to fast growth of fetuses.

Effect of aging on uprequlated genes
Of the above processes, it appears that age does not affect coagulation, since the
genes involved in this process are upregulated in both young and old mice at 17.5 dpc,
relative to 15.5 dpc. However, the old mouse cohort differs from the young mice in that
we do not observe the upregulation of oxidative phosphorylation or muscle contraction.
The lack of upregulation of oxidative phosphorylation is in agreement with the previous
findings on murine reproductive aging. Patel et al. (2017) have shown a clear senes-
cence-associated reduction in the mitochondrial/nuclear (mt/nu) genome ratio DNA
copy number in myometrial tissues from both pregnant and non-pregnant mice. The
authors show that there is a notable pregnancy-associated enhancement in the mt/nu
ratio in younger mice, whereas the enhancement is suppressed in older mice. In con-
gruence, previous studies have shown the effect of aging on the decline of number and
function of mitochondria (Wallace 1999). It appears that none of the mean activities of
mitochondrial electron transport chain enzymes in the mouse myometrium are influ-
enced by age, but the activity of succinate dehydrogenase (complex Il) is enhanced on-
ly in a state of pregnancy (Patel et al., 2017). The only gene related to the complex Il we
identified as upregulated in young mice is Sdhb, a gene that provides instructions for
synthesizing one of the four subunits of the succinate dehydrogenase (SDH) enzyme.
Elevated activity of succinate dehydrogenase is frequently linked to higher rates of reac-
tive oxygen species (ROS) generation by reverse electron flux from complex Il to com-
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plex | (Quinlan et al. 2012; Dedkova et al. 2013). The increased ROS production even-
tually diminishes oxidative capacities and reduces the rate of ATP synthesis (Patel et
al., 2017).

During pregnancy, there is a high oxygen demand from the mother and fetus, which
increases oxidative metabolism that results in generation boost of free radicals (Wisdom
et al., 1991). DNA is susceptible to damage caused by ROS, and DNA damage alone
results in increased levels of intracellular ROS (Evert et al., 2004; Salmon et al., 2004;
Maynard et al., 2009). When not properly repaired, DNA damage can severely disrupt
normal cellular functions, leading to mutations and cell death. Because of this, cells
have acquired pathways to repair or respond to the presence of DNA damage (Barnes
et al., 1993; Demple & Harrison 1994; Rowe et al., 2008; Maynard et al., 2009). One of
the major DNA repair pathways in eukaryotic cells is nucleotide excision repair (NER).
Aging studies of NER consistently demonstrated a decline of NER capacity with in-
creasing age (Gorbunova et al., 2007). Our results are contributing to this with demon-
strating upregulated expression of genes involved in NER (Ercc1, Ercc2, Ercc8, Gtf2f1,
Gtf2h5, Lig1, Ddb1, Rad52) in young and their lack of expression in old mice in late
timepoints.

According to the mitochondrial theory of aging (Linnane et al., 1989), a decrease in
abundance of mitochondria arises as a direct result of mitochondrial ROS buildup. This
in turn, leads to progressive damage to mitochondria and other cell constituents. The
absence of expressed genes related to cell respiration in older mice in our transcrip-
tome might have physiological consequences in parturition due to lower capacity for
generating sufficient levels of ATP that will drive uterine contractions.

Finally, we also observe an upregulation in the old cohort of genes associated with
hormone metabolism at 17.5 dpc, which was not observed in young mice.

These genes include several genes associated with steroid metabolic processes
(Cyp21at1, Cyp26b1, Cyp27b1, Srdba1, Sult1ie1) and vitamins, ion transport, and the
extracellular matrix. This may be another sign of increased inflammatory state specific
to old mice, as Cyp26b1 encodes a P450 cytochrome enzyme which degrades retinoic
acid — known to promote anti-inflammatory response through Treg cells activation (Nie-
derreitheret al., 2002; Duester et al., 2003; Bowles et al., 2006; Koubova et al., 2006;
Kipp et al., 2011; Ross, 2012).

Genes, downrequlated at the later timepoint

There is an extensive enrichment among downregulated genes in young mice for pro-
cesses including: androgen response, WNT beta catenin signaling, protein secretion,
enhanced KRAS signaling, proliferation, and an inflammatory response.

Proliferation (the cell cycle): The downregulation of genes associated with maintenance
of mitotic spindle and G2M checkpoint in young mice at the late time point, may be a
consequence of stalled proliferation of decidual cells. The decidua is formed de novo in
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each pregnancy, with its life span limited by gestation length. With progressing preg-
nancy, the rate of proliferation of endometrial cells decreases and the rate of apoptosis
of decidual cells increases, i.e. proliferation predominates apoptosis at early gestation
and vice versa at late gestation (Kazakov et al., 1994; Kazakov et al. 1995; Mikhailov,
2003).

Moreover, human decidual stromal cells secrete CCL2, thereby recruiting peripheral T
helper 17 cells into the decidua, which both promote proliferation and invasion of human
trophoblast cells, while inhibiting apoptosis by secreting IL-17 during early pregnancy
(Wu et al., 2014). Our results in young mice suggest coordinated decrease of both
these functions, downregulation of proliferation as well as downregulation of genes as-
sociated with T cells in the later time point, further supporting a decreased activity of
decidua.

Processes associated with androgen response: We found downregulation of genes as-
sociated with androgen response in young mice at 17.5 dpc. This is consistent with
downregulation of androgen receptors from early towards late pregnancy reported be-
fore (Cheon et al., 2009; Matsumoto et al., 2013). While in female mammals, including
humans, rats, and mice, the levels of androgens in blood and the uterus during estrus
cycle and pregnancy are high (including dehydroepiandrosterone (DHEA), dehydroepi-
androsterone sulfate (DHEAS), androstenedione (A4), testosterone (T), and dihydrotes-
tosterone (DHT); (Kowalski et al., 2004; Cheon et al., 2009; Makieva et al., 2014), partu-
rition is associated with decreased levels of free testosterone (Keelan et al., 2012).
Similarly, androgen receptors, localized in the uterine epithelium, stroma, and myome-
trium (decrease mRNA and protein expression towards mid- or late-pregnancy (Pelletier
et al., 2000; Weihua et al., 2002). Importantly, experimental studies using 5a-reductase-
deficient mice and testicular feminized female (Tfm/Tfm) mice have revealed defects in
parturition and accelerated ovarian aging (Lyon & Glenister, 1980; Mahendroo et al.,
1996). Furthermore, the specific androgen antagonist hydroxyflutamide has been shown
to delay implantation initiation, fetal development, and parturition in pregnant rats, as
well as suppress decidualization in pseudo-pregnant rats (Chandrasekhar et al., 1990).

Effect of aging on downregulated genes

In the transcriptome of the old mice, we observed a large portion of genes associated
with cell adhesion and immune response. However, genes that are involved in these
processes are downregulated in young mice as well, the aging does not seem to affect
the genes that become downregulated in mouse uterus during late pregnancy.

Genes with contrasting expression dynamics between age groups

CEA genes: We have also found the opposite patterns of temporal expression change

in a number of genes: many genes become upregulated in young and downregulated in

old mice from 15.5dpc to 17.5dpc. Two pregnancy interface-specific gene families are

enriched in this pattern: pregnancy-specific glycoproteins (Psg) and carcinoembryonic
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antigen-related cell adhesion molecules (Ceacam). These families are subgroups of the
carcinoembryonic antigen (CEA) gene family which is located on mouse chromosome 7:
Ceacam subgroup are mainly membrane-bound genes that code for CEA and its classi-
cal cross reacting antigens, and Psg subgroup encode secreted proteins (Thompson et
al., 1991; Zebhauser et al., 2005). Because expression of CEA genes has been found in
the invasive trophoblast of species with hemochorial placentation, these genes are
thought to be involved in the processes of maternal-fetal conflict (Kammerer & Zimmer-
mann, 2010).

Even though Psgs had been previously associated explicitly with placental expression,
we detected them in the transcriptome of the uterine tissue. This may either indicate
that they are indeed expressed in the maternal tissue, or that placental cells were in-
cluded in the interface, perhaps indicating the intimate spatial entangling between the
maternal and fetal tissues, composed of uterine decidual cells, maternal vasculature,
glycogen trophoblast cells, and spiral artery-associated trophoblast giant cells (Panja &
Paria, 2021). The expression pattern of Psg genes we found in young mice is consistent
with literature (McLellan et al., 2005). Due to the lack of functional studies in this gene
families, it is difficult to know whether the observed dysregulation in old mice has con-
sequences for pregnancy and parturition.

Also, most members of the Ceacam gene family tend to increase expression in preg-
nancy in young and decrease it in old mice. This gene family has been associated with
a regulatory role in immune tolerance during pregnancy (Mach et al., 2017), but our
knowledge of individual Ceacam genes is not vast. Therefore, more research is needed
in order to unravel the roles that these genes play in pregnancy and parturition.

Prolactin genes: Also, the expression of prolactin genes decreases in old, while increas-
ing in young mice in late pregnancy. Prolactin is known to be synthetized locally in uter-
us and placenta, as extrapituitary prolactin (Bao et al., 2007, James Cross’s papers),
although the large majority of circulating prolactin is produced by the lactotrophic cells of
the anterior pituitary. Decidual prolactin has been proposed to have an active role in
functional and morphological changes in the decidua from implantation to parturition
(Jabbour & Critchley, 2001; Goffin et al., 2002). Prolactins are sustaining progesterone
production from the corpus luteum during pregnancy in rodents by repressing the ex-
pression of IL-6 and 20a-HSD in the decidua, and absence of this hormone affects the
ability of progesterone to sustain pregnancy (Bao et al., 2007). Our results of differen-
tially expressed prolactin genes in the mouse decidua are complementing previous
studies that describe expression of these genes in the tissues of reproductive organs,
such as decidua of rats and humans (Prigent-Tessier et al., 1999) and human myome-
trium (Bonhoff & Gellersen, 1996). However, it is not clear whether and how the
changed expression in old mice may be contributing to the prolonged gestation pheno-
type.

32



Interestingly, expression of genes that encode prolactin has been detected in glycogen
trophoblast cells. It has been proposed that glycogen in the placenta may provide ener-
gy for hormone synthesis from locally expressed genes such as Prl and Psg genes
(McLellan et al., 2005; Simmons et al., 2008; Tunster et al., 2020). Higher glycogen lev-
els in young mice as opposed to old mice, could thus be associated with contrasting
expression pattern of Prl and Psg genes. This question would need a separate analysis
in the future.

7. Conclusion

This study provides compelling evidence for the impact of female reproductive aging on
the parturition in a mouse model. Notably, older mice display differences at a molecular
level, compared to younger mice. The remodeling of the cervical tissues is affected in
older mice, indicated by lower abundance of interspatial spaces between the collagen
fibers prior to parturition. Moreover, placentas of young mice exhibit higher glycogen
content at the early time point, whereas old mice have lower glycogen levels at both
time points. These observations may reflect the contrasting expression of certain genes
between age groups we found in the transcriptome of the decidua. To unravel the role
these genes have in initiation of parturition, more research is needed. Old mice differ
from young mice in gene expression profiles, with lacking upregulation of genes associ-
ated with oxidative phosphorylation and muscle contraction. These findings demon-
strate that aging impacts the expression of genes involved in processes with crucial role
in pregnancy progress and parturition. Taken together, the results of this study highlight
the structural and genetic changes that are a consequence of reproductive senescence
in mice, underscoring the importance of further research to fully comprehend the effects
of aging on pregnancy and parturition.
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