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Sperm reservoirs

sperm deposition in female tract
for 3-5 days (most mammals), weeks (birds), moths (bats) , or even years (snakes)

documented in mice, rats, hamsters, pigs, sheep, cows, horses
anticipated to exist in humans, but no evidence in vivo

binding of sperm head to the cilia of Fallopian tube epithelium (isthmus and ampula)
while preserving their motility and fertilizing capacity

sperm binding mediated by carbohydrate moieties on the cillia

glycoproteins and mucopolysaccharides secreted by tubal cells maintain cell motility
extracellular vesicles promote sperm survival, capacitation and hyperactivation

Kélle et al 2021



Sabine Kolle

- digital live cell imaging

www.nature.com/scientificreports
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W) Check for updates

OFEN Bovine sperm-oviduct interactions
are characterized by specific sperm
behaviour, ultrastructure and tubal
reactions which are impacted
by sex sorting

Miguel Camara Pirez!, Heather Steele’, Sven Reese? & Sabine Kolle'

Camara Pirez et al 2020



Female reproductive tract development
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- Novel derivation of oviduct as

cranial invagination of coelomic epithelium
- Emergence of shell gland
- Increased duct secretions

= cloaca
P = oviduct (uterine tube)

f - Duct differentiation into

uterus, Fallopian tubes,
and vagina

- Loss of shell gland

- Development of placenta

- Uterus fully supports embryo

- Extended intrauterine
development of embryo

Viviparous animals

= mammalian uterus
= vagina

J = ovary

External fertilization

Internal fertilization

Major et al, 2022




*»*Birds (avian species)

right ovary does not form cortex
and regresses

only left oviduct developes
ismus secrete egg shell membrane

shell gland (,,uterus®) lays down
calcificated shell

Large Intestine ~.

<«—Vagina

Cloaca

Chicken
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Sexual differentiation

s Temperature-dependent sex differentiation

- inreptile species

- gonadal differentiation and sex of the embryo is not determined by heterologous

chromosomes but the incubation temperature during early and middle incubatinon
period

- expression of sex-determining factors are subjected to temperature-dependent
regulation (e.g. truncated gene products are dysfunctional)

- global warming can lead to overproduction of one sex
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Sexual differentiation

**Spotted hyena

gonadal androgen independent female masculinization
- male-like external genitalia (,pseudopenis®)
—-> aggressive behaviour

placenta converts androstendione from adrenal glands
to testosterone before gonadal differentiation

shorter gonadal androgen-free window during female
prenatal development

swolled phallus-like clitoris retracted during mating
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Female Male

- difficult labour
(60% of firstborn cubs are stillborn!)




Oogenesis

THE NAKED.
1105[ RATS

** Naked mole rat piE

- eusocial colony forming animals

1-3 males the queen
has chosen to mate with

- division to reproductive and
working groups

The Soldiers

both males and females who
defend against predators and
foreign mole-rats

- long life span, aging- and hypoxia
resistance, rare cancer

The Workers

those responsible for gathering
food, excavating burrows, and
caring for the queen and her pups

- workers have the potential to
become reproductively active if
queen dies or new colony is
formed
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- large ovarian reserve, switch
from anovulatory to ovulatory
phenotype

SOX2 Ki67 DAPI REC8 VASA DAPI

200pm

Place et al 2021 Brieno-Enriquez 2023

- large germ cell nests in adult ovaries

- model of postnatal oogenesis : ' )
- detection of putative germ line stem cells




** Armadillo

Primordial germ cells

(Chetopthractus villosus)

germ cell nests (cysts)
present in the adult ovary

constitutive presence of female germ
cells (leptotene and diplotene)
connected by intercellular bridges

model for investigating female meiosis
and cyst break down process during
folliculogenesis

Nest breakdown Primordial follicles

Germ cell nests

i

Lepto-zygotene Pachytene
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Germ cell cysts, a fetal feature in mammals, are constitutively
present in the adult armadillo
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*** Menstruating species

Suborder
Tarsiiformes

Hominoidea Hominids

T

Humans

New World old World Gibbons Gorillas
Tarsiers monkeys monkeys Oraigutans T

.9’.9

.\
Common hominoid

ancestor

.\
Common anthropoid
ancestor

Bats
(Chiroptera)

Humans
and Old Wold Monkeys

Spiny mouse
(Acomys cahirinus)
the only known rodent
exhibiting menstruation!

(Rhynchocyon petersi)
Insectivorous mammal



Reproductive cyclicity

Endometrium fate
in non-conception cycles

Vaginal bleeding

Sexual receptivity
Duration
Follicular phase
Ovulation
Luteal phase
Luteolysis
Fertile period

P4 effect
on sexual receptivity

Menstruation cycle

shedded

yes
uniform
fixed (~28 days)
Long (50%)
Middle of cycle
50%
Ovarian PGF2¢q,
up to 6 days
P4 - | GnRH

inhibits sexual receptivity

Oestrous (Estrous) cycle

reabsorbed

no/very few
strong sexual urge
variable (7-21 days)

Short (20%)

Beginning/end of cycle
80%
Uterine PGF2¢,
24 hours

P4 - J{ GnRH
does not inhibit sexual receptivity

not described

Menopause occurs
{._
MENSTRUAL E OESTROUS
(Human/Spiny Mouse) : (Mouse)
[ Steroid
= Qestrogen Steroid \d Concentration
Concentration : o . |
Progesterone : u
[}
COvulation ]
d Endometrium
Window o] i e
1r UesrinERhases Endometnal.sheddig Uterine Phases L 14 'iivi rative
Imph‘mta tion 1 7 14 21 Endometrial resorption
Day of Cycle Day of Cycle 1 2 3 4 5

1 3 5 7 9

Bellofiore et al 2018



Reproductive cyclicity

s Estrous cycle

Relative Hormone
Concentrations (blood)

5 days CL regressing
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\17/
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Diestrus

Day of Cycle

Luteal phase
§ \ g » Metestrus (after desire)
il 3 - E2, P4
= - preparation for pregnancy
R > Diestrus (between desire)
A - PAN D
b b - quiescent stage before P4
BEMRBEA 2149 & regresses and next cycle starts




+*»* Estrous cycle

MOMOESTROUS CYCLE

2 3 4 5 6 7 3 J
@ PROESTRUS ~ ESTRUS OVULATION IMPLANTATION GESTATION PARTURITION LACTATION—l

>

| POLYESTROUS CYCLE
ANESTRUS = acyclicity
- Prolonged period of sexual rest
& pregnancy

DIESTRUS 4= METESTRUS

<& lactation

& presence of offspring

& stress ®
& pathology :

& season o

A Melatonin

Relative blood concentrations of Ez

SEASONAL POLYESTRUS (Short Day)
(Ewe, doe, ek, nanny) pyoaay
breeding season




Reproductive cyclicity

**Spontaneous ovulation ***Induced ovulation

- endogenous ovulation trigger - ovulation occurs only after stimulus

¥
£ w

Mare (Equus)
Sow (Sus scrofa), Cow (Bob taurus), Rabbit (Oryctolagus cuniculus),
Ewe (Ovis aries), Mouse (Mus musculus), Alpaga (Vicugna pacos), Shrew (Suncus murinus),

Macaque (Macaca mulata),
Dog (Canis vulgaris)

(e.g. presence of male, mating
behaviour, copulation)

Dromadery (Camelus dormaderius),

Rhinoceros (Diceros bicornis)
Cat (Felis catus)




Linside-out” ovaries

- germinal epithelium is in the inside of the ovary
- ovulated oocytes must pass through the ovulation fossa

Woman [ Medulla Mare
[ cortex implantation

[& A. Embryo mobility (Days 11-15)
@Embryo blocks luteolysis
i rdl f the side of CL
Mesethellom by inhibiting PGF2a production.

throughout the uterus.

Blood vessels

Granulosa cells Contraction
'

Oocyte @ Embryo stimulates A4 @ Mobile Embryo
uterine contractions .: - stimulates uterine tone
causing embryo 7% and decreases uterine
mobility. 4 diameter throughout

,-'. uterus.
Antrum L

B. Fixation (Day 16)

Surface germinal

epithelium
7 | J
Corona radiata Ovulated oocyte Ovulation fossa Flexure Flexure
@wnen blockage of @ Diameters of embryo
" @ " 3 . . " . " . luteolysis is complete, and cross section of
@ Primordial follicle @ Primary follicle @ Developing follicle @ Mature (Graafian) follicle @ Ruptured follicle @ Corpus luteum siaiing digroter has eidomatilint A
decreased and similar. The embryo is
embryo diameter has lodged in a flexure when
increased. traveling from a horn
(right) or from the body
Benammar at al 2021 (lef).

Ginther 2021



Preimplantation conceptus elongation

- occurs in post-hatching embryos UNGULATES AnimatFagt

MIRORDER: EUUNGULATA

N UngUlateS Four-footed mammals with toes modified into hooves.
2 orders, 6 suborders, and 26 families

Fertilization Zygote 2-cell 4-cell
=V / 3\\ > Artiodactyla
. D= ,,) ( @\ ‘ ° (Even-toed or Paraxonian Ungulates)
\ s ) 7
L Q 5 H 3
N \t// \_&/ N\ \ Tylopoda Ruminantia
\_/ \,/' ’;:'\ ﬁa ,,.-\h ] (
Implantation ;‘(‘3’2 ail A
Filamentous Conceptus L d ¥
@ <= 5 /i [ ) Y i\
Camels and llamas Chevrotains Pronghorn Deer Musk Deer

( Elongation
By 2 "

4 iy / % % f:
Ovoid Conceptus T——" '/Hatching Blastocyst v > %&:’ 3 m‘r € h
Davenport et al 2023 N‘ A : | \\,‘k
§i45 3 ] 4 . J

Pigs Peccaries Giraffes and Okapi Cattle and Antelopes

- transformation form spherical Whippomorpha
to filamentous shape (wow!

- o
¢ ¢
150 pm - 30 cm-100 cm 0
(o) T i F Hippopotamus Whales Porpoises Dolphins
b | , %) Perissodactyla

%
%
%

Turenne et al 2012 “ ‘ .
- failure to elongate (~30%) m H %Wf?\ ﬂ Hf

contribute to high high embryonic loss Horses, Asses and Zebras Tapirs Rhinoceroses

(0odd-toed or Mesaxonian Ungulates)

1004 3 o

Hippomorpha Ceratomorpha



Preimplantation conceptus elongation

- massive proliferation of extraembryonic tissues (TE + hypoblast)
- in contrast to mouse and humans, epiblast in ungulates does not cavitate
but form flat embryonic disc and anterio-posterior axis in established

E10 E12 E14 E15-21

® |ICM/EPI

“ HYPO
* TE

& NMesoderm

I
: Implantation

Proximal

Anterior -{- Posterior

Distal

\ |

\ Embryonic disc

X

polar TE removed and epiblast
exposed prior attachment / / Exirs-
embryonic

Pérez-Gomez et al. 2021 = "~ endoderm




Preimplantation conceptus elongation

- 3 germ layers and germ line are

e . . Elongation  Trophoblast ~ Gastrulation
specified before implantation

|n|t|at|on differentiation

- development of epiblast is more ,
vulnarable process than development of
TE an d hypoblas t | Precontact | Apposmon | Adhesion |

Conceptus

- different expression of lineage specific
markers than in mouse

Early blastocyst Spheroid-embryo ED Elongated-embryo ED

Endometrium

‘cﬁ
Anterior «— Posterior
NANOG I Gatae [ R
M ocra FOXA2 0 eomes
I sox2 M sox17 -
: —_ —_— : ED = embryonic disc
Trophectoderm ICM/Epiblast Hypoblast Mesoderm

Pérez-Gomez et al. 2021 Tveden-Nyborg et al 2005



Embryo implantation

s Architecture of luminal epithelium
= ,luminal folds“, implantation chambers®, , uterine crypts”

- invaginations of endometrial luminal epithelium

- enable engulfing of the embryo after apposition and facilitate proper embryo

orientation @
- disorganisation of luminal foldings can compromise implantation efficiency
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Embryonic diapause

reversible pause of early
embryonic development

switching to (near) dormant

DIAPAUSE

state Y \) @
uncoupling mating and birth r MoRULA

time
common in hon-mammalian
species and documented in

BLASTOCYST

Mammalian diapause

> 130 mammalian species Eutherian

can last from days to months oy ﬂ'

obligate/facultative Mo =
lactational/seasonal it i
(photoperiod-dependent) duration | wpto~d0days 5 months
the delivery is timed to P qestaton ongth 16 daye 45 monihs
favourable conditions growth during diapause 8 e eonnuousl
- survival advantage to e siarens o 10020x el

the offspring and mother

IMPLANTATION
Marsupial
Mink Wallaby
2-12 1

obligate facultative or

obligate
2 weeks 11 months
31 days 9 days
no proliferation no proliferation
250-500 cells 80 cells
blastocyst in zona blastocyst in zona pellucida,
pellucida mucin layer and shell coat

van der Weijden and Aydan Bulut-Karslioglu 2021




- mammalian embryo development arrests in blastocyst stage (,,paused pluripotency”)
- prior/after hatching

?

occasional reports of
implantation delay in humans

BUT embryonic
diapause is not a
common reproductive
strategy

Renfree et al 2017



Embryonic diapause

- under maternal control

(non-receptive endometrium, endometrium signalling, uterine milieu)
- dormant state characterized by reduction of mitotic activity (and metabolism
- quiescence (exist of cell cycle G1 - GO in ~17% cells)

e 2 &€ VE2, TP4

Hormonally regulated &%/ %R oy
non-receptive endometrium @ A,
Extracellular vesicles may carry

e d—@‘ &t o /2 @ L cargo between embryo and mother
Uterine fluid lacks LR ( s

e polyamines, AK, Glc — N E =4 |

« growth factors (EGF, HB-EGF) "/« o

» Embryonic proliferation {,c-Myc)
* no/almost complete halt ‘ae._s» o€
e reduced r(
e Globally reduced transcription
and translation e Lypolysis
 Minimal metabolic activity e _s» o€
o Autophagy me

{

van der Weijden and Aydan Bulut-Karslioglu 2021

- inducible in non-diapause species

- sheep embryos can enter diapause under diapause conditions (Ptak et al 2012)




Embryonic diapause

van der Weijden et al 2021

Amino acids activate mTORC1 to release roe deer

embryos from decelerated proliferation
during diapause

wvan der Weijden®, Jochen T. Bick®, Stefan Bauersas
eno i

lore Dani

PMNAS 2021 Vol. 118 Mo. 35 2100500118

endometrial tissue-derived
extracellular vesicles
contain microRNA let-7
that suppress mTORC1 and
thus inhibit proliferation

van der Weijden et al 2021

9 elor iel®, Em
er"9, Rupert M. Bruckmaier" @, Barbara Drews?, and Susanne E. Ulbrich®?

chs®®, Anna B. Riiegg®, Thomas B. Hildebrandt‘®,
e Daniel®, o,

o

Liu et al 2020

SCIENCE ADVANCES | RESEARCH ARTICLE

DEVELOPMENTAL BIOLOGY

Let-7 derived from endometrial extracellular vesicles is
an important inducer of embryonic diapause in mice

W. M. Liu™?*, R. R. Cheng®, Z. R. NIu>**, A. C. Chen?, M. Y. Ma®, T. Li%, P. C. Chiu'?, R. T. Pang™?,
Y. L. Lee'? J. P. Ou®, Y. Q. Yao*, W. 5. B. Yeung'->¢*

- overexpression of let-7 delayed
mouse embryo development and
slightly prologed survival of
human blastocysts in vitro

translation

mTORCA1

diapause

Elcro—l:NA let-7

TCA cycle

E amino acids

..
3 s

transcription

glycolytic pathway
pentose phosphate pathway

Ye et al 2024 pment

in developmental biclogy and stem cells

RESEARCH ARTICLE | 11 APRIL 2024
Nutrient deprivation induces mouse embryonic diapause
mediated by Gator1 and Tsc2 ¥ 9

Incollection: Reproductive biclogy

Jicjia Ye ®, Yuting Xu, Qi Ren, LuLiu, Qiang Sun &

- aminoacid starvation

leads to mTORC1
inhibition

A

diapause

one carbon metabolism

i r » extracellular vesicle

« amino acids



Can reversible arrest in
development be induced
in human embryos?

mTOR inhibitor

- Untreated

O Normal In vitro pause In vivo diapause day 2

&
/
_'} Mouse
embryos '
mTOR inhibitor

In vitro pause Untreated

Normal day 1 day 3

Human
blastoids




Embryonic diapause

Scientists discover ‘Pause Button’ in human
development

Cell

26 September 2024

Nicolas Rivron

mMTOR activity paces human blastocyst
stage developmental progression

Dhanur P. lyer,” " Heidar Heidari Khoei,” " Vera A. van der Weijden,' Harunobu Kagawa,” Saurabh J. Pradhan,”
Maria Novatchkova,” Afshan McCarthy,” Teresa Rayon,” Claire S. Simon,” llona Dunkel,” Sissy E. Wamaitha,” Kay Elder,”
Phil Snell,” Leila Christie,” Edda G. Schulz,” Kathy K. Niakan,*® Nicolas Rivron,”'"." and Aydan Bulut-Karslioglu'."*-12"
I PROLIFERATION ] 1Stem Cell Chromatin Group, Department of Genome Regulation, Max Planck Institute for Molecular Genetics, 14195 Berlin, Germany
ZInstitute of Chemistry and Blochemistry, Frebe Universitit Berlin, 14195 Berlin, Germany

Anstitute of Molecular Biotechnology of the Austrian Academy of Sclences (IMBA), Vienna BloCenter (VBC), 1030 Vienna, Austria
Hnstitute of Molecular Pathology (IMP), Vienna BioCenter (VBC), 1030 Vienna, Austria

5The Human Embryo and Stem Cell Laboratory, Francis Crick Institute, London NW1 1AT, UK

EEpigenatics & Signalling Programmes, The Babraham Institute, Babraharm Research Campus, Cambridge CB22 3AT, UK

Mouse ESC (serum/LIF TSystems Epigenetics, Otto-Warburg-Laboratories, Max Planck Institute for Molecular Genetics, 14195 Berin, Gamany
( ) Mouse blastocyst =Bourn Hall Clinic, Bourn, Cambridga CB23 2TN, UK
Human ESC (PXGL, RSeT) Human blastoid SCentre for Trophoblast Research, Department of Physiology, Development and Neuroscience, University of Cambridge, Cambridge CB2
3EG, UK

These authors contributed equally
"These authors contributed equally

. i 2Lead contact
+
2‘, ' + mTORi mTOR! 2" i *Correspondence: nicolas.s m aw <arshoglu@molgen.mpg.de (AB.-K)
hittps:/fdol.orgM 01016/ call.2
' + IGFRi + ovariectomy ?‘v

e Human pluripotent cells are capable of entering a reversible

BORMARCY dormant state
A « Residual proliferation instead

of complete shutdown . . . .
« Altered metabolism e Human blastoids under mTOR inhibition show a diapause-
» Tissue-specific minimal H

d:av;ZpSrfrenlal prgression Ilke response
* Capacity to reactivate and

resume development .

e Dormant human blastoids show altered developmental

Reversibly dormant ESCs Diapause-like reversible state progression and attachment
*Fatty acid degradation ?" *Up to ~30 daysh
R e iR e * Sinio'd By i‘ e Species-specific metabolic profiles of mouse and human

cells can be seen in dormancy




Improve efficiency of ES lines
derivation

Promoting survival of IVF

embryos

(extending time for, cell specification,
DNA repair and/or autophagy)

proliferation

non-polarized Epi

some PrE cells Oct4*

naive pluripotency
Nanog* Epi

diapause

polarized Epi
all PrE cells Oct4*

Cancer research
(dormancy/reactivation clues)

A time window for PGT ?

van der Weijden and Aydan Bulut-Karslioglu 2021



Embryonic diapause

** Superfetation

- pregnancy with embryos from more than one ovulation
- pregnancy with the offspring fathered by more than one male

Estrusand ->» Ovulation1 - Embryos
Mating in diapause
Tomale 1

Embryos implant
In the uterus

Estrusand -5 Ovulation2 -3 Embryos /’ N —
Mating in diapause Multiple parentage o gl
To male 2 for the litter :
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Placentation

DISTRUBUTION OF CHORIONIC VILLI

Diffuse Cotyledonary

Discoidal



Placentation

. Intervillus
Spiral space
artery ‘

Maternal
blood

Chorionic
villus

Decidua ‘ODDO ®
= T6C Maternal
’ SpT - bIood\'

Labyrinth

junctional zone

Maternal
blood

Maltepe et al 2010




Conserving endangered species

‘Rewinding human mistakes’: can IVF
save the world's most threatened
species?

Technology, viewed as last-ditch insurance policy, this week
led to first successful white rhino embryo transfer

https://ivfmeeting.com/products/copy-of-session-26-assisted-
reproductive-technology-in-endangered-species-conservation

https://safaripark.cz/en/conservation/northern-white-
rhinos/colossal-biosciences-joins-biorescue-on-its-mission-to-
save-the-northern-white-rhino-from-extinction



https://ivfmeeting.com/products/copy-of-session-26-assisted-reproductive-technology-in-endangered-species-conservation
https://safaripark.cz/en/conservation/northern-white-rhinos/colossal-biosciences-joins-biorescue-on-its-mission-to-save-the-northern-white-rhino-from-extinction

