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Abstract

In mammals, embryonic diapause, or suspension of embryonic development occurs when embryos
at theblastocyst stage are arrested in growth and metabolism. In the tammar wislitadpdus
eugeni), there are two separate uteri, only one of which becomes gravid with the singlptesnce

at a pospartum,oestrus, so changes during pregnancy can be compared between the gravid and
non-gravid uteras'within the same individual. Maintenance of the viable blastocyst and omhabiti

further conceptus growth during diapause in the tammar is completely dependent on tige uteri
environmentsAlthough the specifemdocrine and seasonal signals are well established, much less

Is known about'the cellular changes required to create this environment. Here we present the first
detailed study of uterine morphology during diapause and early pregnancy of the tariaiar. wa

We combined transmission electron microscopy and light microscopy to des$wibéstological

and ultrastructural changes to luminal and glandular epithelial cells. At entry into diapausesafter th

postpartum oestrus and formation of the new concepghese was an increase in abundance of
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organelles associated with respiration in the endometrial cells of the newly gravid uterus,
particularly in the endoplasmic reticulum and mitochondria, as well as an increase in secretory
activity. Organelle changes and active secretion then ceased in these cells as they became quiescen
and remained so for the duration of diapause. In contrast, cells of thgrawt, postpartum,
contralateral uterus underwent sloughing and remodeling during this time and somell@rga
changes in glandular epithelial cells continued throughout diapause, suggestngelleare not
completely quiescent during diapause, although no active secretion occurred. findewss
demonstrate that diapause, like pregnancy, is under walla®docrine control in the tammar, and

that preparation for and maintenance of diapause requires substantial changes to uterine endometrial

cell ultrastructureand activity.

Keywords: diapause, tammar, transmission electron microscopy, uterus, endometrium

Introduction

Embryonic”diapause is a remarkable reproductive strategy in which normal pregnancy is
interrupted by a period of suspended embryonic development (Renfree & Shaw, 2000). Extension
of the gestation period has important life history eguences for diapausing species because
successful pregnancy is ensured by allowing young to be born at optimal times of t{ieesir
1993; Renfree & Shaw, 2000; Lopes et al. 2004). The selective advantage conferred by embryonic
diapause is reflected hys widespread occurrence in mammals (Renfree & Shaw, 2000). Seven
mammalian_orders have diapause (Renfree & Calaby, 1981; Mead, 1993). The widespread
distributionef-diapause in mammals suggests it has evolved repeatedly (Mead, 4988¢ R
Shaw, 2000; Fenelon et al., 2014; but see also Ptak et al. 2012).

Diapause traits also vary widely between mammalian groups, and even between closely
related species (Mead, 1993; Renfree & Shaw, 2000; Fenelon et al., 2014). For exaenple, t
embryos of many species, including rodents, shed the zona pellucida and contactl roitsrna
before diapause, while those of marsupials and carnivores retain their acellular embryonic coats
(Lopes et al. 2004). Embryonic development completely ceases during diapause iregiest gpt
some still exhibit slow cell growth throughout diapause (Renfree & Shaw, 2000; Licgle2@04).

The controls of diapause are diverse and diapause can either be facultative (i.e. controlled by
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environmental factors or induced experimentally)oacurs in rodents and marsupials, or obligate
(present in every gestation), as occurs in mustelid carnivores, the roe deenardupials (Lopes

et al. 2004). There is also great variation in duration of developmental arrest-ff@mads in rats
and mice to 11 months in the tammar wallaby Macropus eugeniiewed in Renfree & Shaw,
2000).

Despite.wide variation in diapause characteristics, embryonic development is arrested at the
unilaminar blastocyst stage in all mammalian species that hapawtie (Renfree & Calaby, 1981;
Mead, 1998; topes et al. 2004). Recent evidence suggests that the molecular ipatibred in
diapause, including the uterine molecular mediaissl andMsx2, may also be highly conserved
across unrelated groups of diapausing mammals (Cha et al., 2013). The uterus indstce$ arre
embryonic development and maintains viability of the embryo during quiescence (Lopes et al.
2004; Renfree & Shaw, 2014). Secretory activity of the uterus is typically tighitigd to activiy
of the corpusTluteum and its secretion of progesterone, and the uterine environmeated lrye
secretions fremeglandular and luminal epithelial cells during early pregnancy (Renfree & Shaw,
2000). Hence, prdiapause uterine changes are the key to understanding how the uterus prepares
for and maintains diapause. Uterine changes after reactivation of the embryo are tightly correlated
with the ultrastructure of uterine cells and activity of both the uterus and the aagaus (Enders,

1967; Mead, 1993Renfree & Shaw, 2000). However, the period leading up to diapause is poorly
studied, and little,is known of the ultrastructural changes associated wi#tioni of diapause
(Renfree &Shaw, 2000; Lopes et al. 2004).

Diapause studies have typicallyedsthe mouse as a model in which diapause is induced
experimentally"(O’Neill & Quinn, 1983; Renfree & Shaw, 2000). However, the mousey@embr
hatches from'the zona pellucida before diapause, so identifying the role of the aterironment
in the initiation of arrest is confounded by the direct cellular contact with the maternal cells
(Weitlauf, 1994; Renfree & Shaw, 2000). Marsupials are ideal models for suclsdiadaise they
have a keratinous shell coat and thick mucin layer that prevents direattcbetween embryonic
and maternal.cellss Thus from the time the embryo enters the uterus, througbregmgncy and
diapause, and.until placental attachment occurs only in the final third of pregnancy, the embryo i

dependent on.secretions from the uterine glands for nourishment (Renfree & Shaw, 2000).

The reproductive features of the tammar make this species ideal for studies of the initiation
of diapause. Like all marsupials, tammar wallabies possess two completely separate uteri, each with
an associted ovary. The tammar is monovular, and since ovulation alternates between the two
ovaries, only one uterus becomes gravid and carries an embryo (Renfree, 2000). Reproduction in

the tammar is under both lactational and seasonal control (TyBizlee & Refree, 1987;
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Renfree & Shaw, 2000). The annual breeding cycle of the tammar is highly predetable
triggered by the summer solstice, Decembé¥f #2the southern hemisphere. Births occur at the

end of January and are followed by a puomttum oestrsi (TyndaleBiscoe & Renfree, 1987;
Renfree, 1993) and mating normally occurs within an hour of birth (Rudd, 1994). Ovulation occurs
from the ovary contralateral to the p@strtum uterus the day after birth (Figure 1), and the embryo
enters the uterus ipsilateral to this ovary (the newly gravid uterdsyldys later. The embryo
develops to the unilaminar blastocyst stage and diapause is initiated bykiregsstonulus of the

pouch young. Both the corpus luteum and the embryo are held in arrest by the sucking stimulus
until after the shortest day. Seasonal diapause intervenes after the winter solstice and the blastocyst
and corpus luteumy,remain quiescent until the longest day when reactivationeafilihgo and the

corpus luteumreccur (Tyndakiscoe & Refree, 1987; Renfree, 1993; Renfree & Shaw, 2014).

Importantly, the anatomical arrangement of uteri and ovaries in the tammar means that each
individual has=an=igbuilt ‘control’ uterus (Figure 1; Renfree, 2000). Both uteri (gravid and non
gravid) are undr=the same peripheral (systemic) endocrine conditions, but experience different
local, unilateral, effects due to proximity to the developing follicle on one side obtpas luteum
on the other (Towers et al. 1986; Renfree & Blanden, 2000; Shaw & Renfree, 2006) or due to the
presence of a developing embryo in pregnancy (Renfree, 1972). Thus comparison of thei two uter

enables identification of the uterine changes that occur leading up to, and duringseliapa

Here we identify the changes in uteriardometrial cell morphology in both the newly
gravid and “newly” nogravid uterus (pogbartum uterus; Figure 1) required for entry into
embryonic diapause in the tammar wallaby. We combine transmission electron microscopy and
light microscepy“to’identify histological and ultrastructural changes in both glarehdaluminal

epithelial cells.

Materials and Methods
Animals

Tammar wallabies of Kangaroo Island, South Australia origin were held in osupiarcolony of
The University’ of Melbourne, Victoria, Australia or collected from Kangaroo IslaodithS
Australia. Their'diet in captivity consisted of pasture supplemented with lucerne cubes aratiwater
libitum. All animal handling and experimentation were approved by the University of Melbourne

Animal Experimentation and Ethics Committees.

Collection of Uterine Tissues
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Tissue from both gravid and nagmavid uteri was collected from wild pregnant tammar
wallabies shot on Kangaroo Island, South Australia (n=25) or from pregnant femalest hied
breedingcolony, University of Melbourne, Victoria (n=15) as previously described (Renfree &
TyndaleBiscoe 1978). The stage of development of the tissue was determined based on the
developmental stage of the embryo and the age of pouch young using published cgiroesh
(Poole et al."1991) or from a known time after a detected birth or mating. The day ofdsrth w
designated as day O pgsrtum. Uterine tissue was collected from culled animals immediately
after parturition (day 0) until day 8 pegsartum, and from stages during early -8D days post
partum), mid (66100 days pospartum) and late embryonic diapause (>150 daysgerstm). The
reproductive status of the uterus in each female was confirmed after careful examination of the
ipsilateral ovarysforhe presence of a mature follicle, ruptured follicle or new corpus luteum and
upon recovery /of lan embryo from either the oviduct or uterus, depending on the stage of

development,

Full thickness strips of uterine tissue, endometrium and myometrium,laigaudinal
section of the same width were collected from both the newly gravid uterus and tpanost
uterus in all animals to eliminate regional variation. The endometrial layer consists of the luminal
epithelium (a single layer of epithelial celldich make up the inner lining of the uterus and comes
into direct contact with the embryo), the uterine or endometrial glands (tubules lined by secretory
epithelial cells),"and the connective tissue stroma. Each stage of development was represented by a
minimum of‘three samples, and at least four longitudinal strips were edll&om both uteri per

animal for histological and ultrastructural analysis.
Light Microseopy‘of Uterine Tissues

Strips'of uterine tissue were fixed fresh in 4% paraformaldeliip&A) overnight and then
washed and stored in 70% ethanol. Samples were embedded in paraffin for lightapicros
Paaffin blocks\were, serially sectioned at 8 pum on a microtome and mounted onto gelatin-coated
glass slidess =Sections were cleared with histolene (Pathtech Diagnostics, Box Hill, Victoria)
rehydrated through a series of ethanol concentrations and stained with Haemadwylin and
Putt’s eosin. Sections were examined and photographed on a Leitz compound light micréscope.
least four full"thickness strips of uterine tissue from different blocks were examined from each
gravid and nofgravid uterus peanimal. The thickness of the luminal epithelium and endometrial
stroma was measured following the approach of Cruz and Selwood (1997): thicknessasased
along a transect perpendicular to the parallel proximal and distal surfaces of the luminatepithel
and endometrial stroma respectively. The abundance of uterine glands in the endometrium was

estimated by counting the number of cresstions of glands (“whole gland profiles”) within three
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0.5 mm squares for each animal. Whilst oedema of the stouid affect the number of observed
cross sections, it does not occur to any great extent until around day 15 of pregrearime(Rnd

Tyndale-Biscoe, 1973) and these samples were all taken before day 8.
Electron Microscopy of Uterine Tissues

For trahsnssion electron microscopy (TEM), full thickness pieces (Pymwere fixed fresh
in 5% glutaraldehydearaformaldehyde overnight at 4°C and then stored in 0.1 M sodium
cacodylate bufferfuntil processing. Tissues were-foostl in 1% osmium tetroxide (Os@in 0.2
M cacodylate buffer for -2 hours at room temperature, stained with uranyl acetate in maleate
buffer, dehydrated slowly through a series of ethanol concentrations from 30% to 1008terand
fully dehydrated in'100% dry ethanol for 30 minutes. flaswere transferred to epoxy propane
and then to ascombination of epoxy propane with an increasing ratio of Epon Araldite resin. The
epoxy propane“was allowed to evaporate from the solution under a fume hood. Finally, tissues
were embedded in,pure fresh Epon Araldite resin and incubated at 60°C for up to 48 hours. The
resin consisted of a mixture of 25 mL Procure 812, 15 mL Araldite 502, 55 mL dodecenyl Succinic
Anhydride (DDSA) and 1.25 mL benzyldimethylamine catalyst (BDMA) (ProSciTedtD,Q
Australia). At least four samples from the ppsirtum and contralateral uteri were embedded for

each animal.

Semkthin sections of uterine tissue were cut at 1 um with a glass knife on a Reichert-Jung
Ultracut E ultramicrotome and stained with 1% toluidineebluSections were examined under a
light microscope to confirm the presence and correct orientation of the lumitia¢lieypn and
glandular endometrium in each block. The muscular myometrial layer was exclued fr
sectioning. Thin sections were then auZ0 nm with a diamond knife on the ultramicrotome and
mounted on copper grids. Sections on grids weregiasted with 3% uranyl acetate for 5 min and
0.6% Reynold's.lead citrate for 10 min. Images from at least four separate areas on each

micrograph.ere collected with a Phillip€M 10 transmission electron microscope.
Statistical analysis

All measurements are expressed as the mean * standard error (s.e.m) at each stage of
development. Difféerences between pepartum and contralateral uteri at tkeme stage were
analysed using, 'Student'ddsts and differences between stages were determined using analysis of
variance (ANOVA). Significance was determined where P <0.05. Analyses were conducted using
SYSTAT 9.01 software (Richmond, CA, USA).

Results
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Summary of major reproductive events

To assist in understanding the complex timing of events in each uterus precedingediaphas

tammar, a summary of both uterine and embryonic changes is presented asea tifiggire 2).

Mating occurs approximatell h after birth (on day 0; Rudd, 1994; Renfree & Shaw, 2014) which
results in formation of a Graafian follicle in the contralateral ovary. Gueualaiccurs 40 h after

birth after a surge of oestradiol, and a singded embryo enters the uterus on day 2-puaing

and begins cleavage=(reviewed in Renfree, 1994; Renfree & Shaw, 2014). By day 8, the sucking
stimulus of the pouch young induces quiescence of the corpus luteum, and the embryo, by now a
unilaminar blastocyst, enters into diapause (Renfre&gh&w, 2014). The major embryonic events

are aligned with key changes in the uterus and corpus luteum in Figure 2. The uteulae cell
changes involvedyin preparation for diapause in the tammar are described in thendpllowi

paragraphs.

Histology of thenewly gravid and pogbartum uteri
Day of parturition (day 0)

Abundance.of gland profiles was low in the stroma of the newly gravid uterus on the day of
birth (Figure 3a), while gland profiles were significantly more abundant and tightly packed in the
postpartum uterus (Figure 3f; 4a, P <0.01). The luminal epithelium of the newly gravid utexus wa
significantly thicker than that of the pgsartum uterus (Figure 3f; 4b, P <0.01), while the

endometrial stromal thickness was approximately 1.5 mm thickotbrdteri (Figure 4c).
Day of ovulation«(days 1-2)

A signifieant increase in gland profile abundance occurred between day 0 and day 1 in the
newly gravid/uterus (Figure 3b; 4a, P <0.01) while a significant decrease in abundancedoccurr
during this periodoccurs in the pogpartum uterus (Figure 3g; 4a, P <0.01). Luminal thickness
increased significantly in both uteri between days 0 and 1, and was signfittdoker in the

newly gravid uterus than the post-partum uterus (Figure 4b, P <0.01).

Stromalgshickness decreased significantly during this period in the-gsrstim uterus
(Figure 4c, P»<0.01). After day 1, stromal thickness remained relatively constaoth uteri
leading up to diapause, yet was significantly thicker in the newly gravid utenushte pospartum
uterus (Figure 4c, P <0.05).

Early cleavage (daysS)
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Gland profile abundance in both the newly gravid (Figure 3c) aneppostm uteri (Figure
3h peaked on day 5, and was significantly greater in the newly gravid uterus (90.3 = 1.4 per 0.5

mn¥) than the post-partum uterus (68.9 + 0.9 per 0.5;rRigure 4a).

The luminal thickness of the pgsartum uterus was significantly thinner than that of the newly
gravid uterus,throughout early pregnancy and diapause (Figure 4b, P <0.05pame:derelatively

constant.
Cleavage andunilaminar blastocyst (days 6-8)

A rapid decrease in gland profile abundance in the newly gravid uterus occurred between
days 6 and 8.in beth the newly gravid (Figure 3d) and-paxttim uterus (Figure 3i; 4a). Blay 8,
the abundance.of.gland profiles for both uteri had reduced td3@er 0.5 mm(Figure 4a).

Diapause

No changes in luminal cell histology occurred during diapause in either uterus. Gland
profile abundance during diapause in both the newly grandl pos{partum uteri was similar to
that of day 1 pospartum (Figure 3e; 3j; 4a), and significantly lower gland profile abundance
occurred in the pogiartum uterus during diapause than on day O (Figure 4a, P <0.01). Both

luminal (Figure 4b) and stromtiickness (Figure 4c) remained constant throughout diapause.

Ultrastructure of glandular epithelial cells of the newly gravid uterus
Day of parturition (day 0)

The cytoplasm of glandular epithelial cells contained a large-desiloped Golgi body,
lipid droplets (Figure 5a), and undilated strands of smooth endoplasmic reticulurjn (3ER

glandular lumen (GL) contained secreted material (Figure 5a).
Day of ovulation.(days 1-2)

A marked change in gland cell ultrastructure occurred between days 0 and 1. Cells on day 1
contained large basal clusters of lysosomes and elongated mitochondria (Figuree58). Was
still filled with secretions at this stage, but secretory vesicles were fewer than previously, and even
fewer were present by day 2 pgstrtum. Apical and central clusters of lipid droplets and dark
granules appeared by this stage, and strands of rough endoplasmic reticulum (RERarkedly
dilated.

Early cleavage (daysS)
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Gland cells possessed large secretory vesicles by day 3 (Figure 5c), which became more
clustered by day 4 (not shown). Elongated mitochondria and dilated RER were prominent and
lysosomes were particularly common in cells that were shedding into the lumen. The increase in
gland profile abundance on day 5 was accompanied loycamase in gland cell organelles. Golgi
bodies were extensive, and strands of RER and mitochondria were abundant in the cytoplasm

(Figure 5c¢). The glandular lumen was completely filled with secreted material.
Cleavage and.unilaminar blastocyst (days 6-8)

Glandular cells contained massively dilated channels of RER, and the glandudar was
still filled with secretions and vesicles by this stage. The decrease in gland abundance by day 8 was
followed by the apical accumulation of very large secretoricless The gland cell cytoplasm was
devoid of manyserganelles by this stage, although pale secretory granules and lipid droplets

occurred occasionally (Figure 5d). The glandular lumen was filled with denseléiocmaterial.
Diapause

Gland/cell"ultrasticture was relatively consistent throughout diapause. Secretory vesicles
were common,“but‘there was no evidence of active secretion (Figure 5e). The cytapltsned
an abundance of ‘organelles, particularly elongated mitochondria and lysosomes. ast dontr

previous stages, Golgi bodies were poorly developed and SER strands were undilate®f{figure

Ultrastructure of glandular epithelial cells of the ppatrtum uterus
Day of parturition (day 0)

Gland profiles were abundant in the stroma on the day of birth and gland cellschere r
organelles, withavery wellleveloped Golgi bodies, strands of SER and RER, and abundant small
mitochondrial (Figure 6a). Few secretory vesicles occurred, but the glandoien Icontained

secreted material.
Day of ovlation«(days 12)

Gland"cells contained fewer organelles following the decrease in abundancendf gla
profiles between days 0 and 1 (Figure 6b). Golgi bodies were lesslevelloped and only small
amounts of SER"and scattered mitochondria are presestisages also increased in abundance.
Little change in glandular cytology occurred between day 1 and day 2, but ribosomes became
dispersed in the cytoplasm. The glandular lumen was mostly empty by this stagegciawillim

were sparse on the apical surface

Early cleavage (daysS)
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Degenerative cells with abundant lysosomes occurred in the glands of theapost
uterus (Figure 6c¢). Lysosomes were also common in normal cells, and reached peak abundance by
day 5 (Figure 6d). Golgi bodies were well deypeldand channels of RER were dilated. Secretory

vesicles became less common by this stage.
Cleavage and unilaminar blastocyst (days 6-8)

Secretory vesicles began to increase by day 6, as gland profile abundance decreased, and
pale vesiclesswere common tgy 7 (Figure 6e). Gland cells on day 6 contained granular material,
small dark granulesas well as welbleveloped Golgi bodies and dilated RERot shown).

Microvilli were sparse. Golgi bodies were less widlveloped by day 7, and clusters of lysosomes
were the most prominent cell features. Glycogen deposits were occasieeallipysday 8, and the

GL appeared.to be filled by material extruded by cells.
Diapause

In contraststo cells of the newly gravid uterus, gland cells of the-gaogim uterus
undewent some cellular change throughout diapause. Secretory vesicles were comren in t
cytoplasm by mid~diapause (Figure 6f). Cell cytology was very similar betwegn azat| mid
diapause, but electrasense vesicles and SER became much more common by idgteuse
(Figure 6gh). Few dark granules or glycogen deposits were present, and cells lackedlimi&sovi

for the newly gravid uterus, there was no evidence of cellular secretion into the GL.

Ultrastructure of luminal epithelial cells of the newly grdiuiterus
Day of parturition,(day 0)

Cuboidal-epithelial cells possessed very large nuclei that fill most of the cytoplasm (Figure
7a). Other organelles were few, aside from occasional dark granules and lysosomes, suggesting the
cells are relative inactivaBoth microvillous and ciliated cells lined the uterus, and microvilli were

slender.
Day of ovulation.(days 1-2)

Luminal cells showed evidence of active exocytosis by day 1 (Figure 7b). The supranuclear
region contained*abundant mitochondria, lysosoraed, weltldeveloped Golgi bodies. Microvilli

were slender. Some degenerative cells occurred in the uterus by day 2.
Early cleavage (daysS)

Luminal cell cytology was similar between day$.4Many organelles occurred apically,

including welldeveloped Golgi bodies, ovoid mitochondria (Figure 7c), and strands of both rough
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and smooth endoplasmic reticulum. Microvilli were long and slender. Larget@scvesicles

occurred in some cells.
Cleavage and unilaminar blastocyst (days 6-8)

The cell cytoplasm cdained a fine scattering of dark glycogen granules (Figure 7d). Lipid
droplets oceurred.throughout the cytoplasm, but secretory vesicles were rare. On pgmal8, a
microvilli were plump, and cells contained large basal mitochondria;degkloped Golgishort
strands of RER=and=spherical mitochondria near the apical surface. No secretory vesicles were

present, but dark secretory granules occurred in the uterine lumen.
Diapause

As for gland cells, luminal cell morphology remained similar throughout early, micagand |
diapause. Soame ciliated cells occurred, and microvilli were sparse. The cytoplasm contained a
moderately densesscattering of glycogen droplets, giving the cytoplasm a mottledaappear

(Figure 7e). Largednitochondria and SER were common during diapause.

Ultrastructureefluminal epithelial cells of the pgstrtum uterus
Day of parturition’(day 0)

Secretoryvesicles, lysosomes and mitochondria were prominent in theasytogi luminal

cells (Figure 8a)..Cell apices were covered with sloarhpact microvilli.
Day of owvulation (days 1-2)

Degenerative cells appeared in the gastum uterus by day 1. Ciliated cells were more
abundant than microvillous cells by this stage (Figure 8b). Cells contain fegameties than
previously, butsmitechondria were prominent near the basal and lateral membrarleglySogen
deposits were,present in microvillous cells, and ciliated cells possessed large ovoid nuclei with

prominent nucleoli:

Early cleavage(daysS)

In contrast to luminal cells dhe newly gravid uterusecretory granules were prominent in
the cytoplasm, and few organelles occurred apically, except for mitochondyagBic). By day 4,

microvillous cells were more common than ciliated cells, but mitochondria syeese on the
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apical surface (Figure 8c). Few organelles occurred basally, but mitochoredeiaemmon in the

supranuclear region and at the cell borders.
Cleavage and unilaminar blastocyst (days 6-8)

Luminal cell morphology was similar between day§,@&nd clustersf secretory vesicles
appeared by day.7 (Figure 8d). Microvillous cells were more common than ciliatedbcells
ciliated cells were'more common on day 7 than in the newly gravid uterus. Cd&lte contained
abundant lysesemes=and mitochondria, with a prominent supranuclear Golgi body. Miarenglli
sparse and ,the basal cytoplasm of these cells contained dark granules, lipid droplets, and

mitochondria (Figure 8d).
Diapause

Cells of the pospartum uterus were markedly different from those of the newly gravid
uterus. Microvilliswere more numerous, and lysosomes were more abundant. Mitochoewgria w
smaller, and cells/lack glycogen deposits. Cells had prominentdesdloped Golgi complexes

(Figure 8e). Asfound in the newly gravid uterus, thereweasvidence of active secretion.

Discussion

Preparation-for_diapause in the tammar wallaby involved significant changes uftresitructure

and activity. Both luminal and glandular epithelial cells of the newly gravidusitanderwent
changes in @anelle abundance and distribution in early pregnancy, which were accompanied by an
increase in secretory activity. Reganisation also occurred in cells of the pguesttum uterus,
although cells'were markedly different from those of the newly gravidisutdiis difference was

most pronounced during diapause as cells of the newly gravid uterus were contpletstent,

while some organelle changes continued in the post-partum uterus.

Morphelegy-of the gravid tammar endometrium changed dramatically within a day of birth
(between day,0.and day 1 p@strtum) and around the time of the ppattum oestrogen pulse.
Gland profile density and gland cell organelle abundance increased during this pedod, a
previously inaetive luminal cells underwent organetleanges and began active exocytosis.
Luminal cell morphology on this day was similar to that during oestrus of the brushtaihposs
(Trichosurus wulpecula; Shorey & Hughes, 1973) and of women (Ludwig & Metzer, 1976).
Dramatic remodeling of luminal cell mghology also occurs in a wide range of eutherian mammal
(reviewed in Murphy, 2004; 2010) and marsupial species (Laird et al., 2014; 2015; Dudley et al.,
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2015) in preparation for implantation of the embryo. The ultrastructural changes anrtimart
suggesan increase in secretion and packaging processes in the cytoplasm, and thus an increase in
cell activity, occurs during this period, most likely in response to oestradiokeeldaom the

developing follicle (Renfree and Shaw, 2000).

Cellular activityin the newly gravid uterus increased as pregnancy progressed. Luminal
epithelial cellssspossessed wdkveloped Golgi complexes, secretory vesicles and large
mitochondria'by day 3 pogtartum, following entry of the embryo in the uterus on day 2. Notably,

a significant increase in gland profile density occurred on days 5 and-fgrasn, followed by
massive dilation=of:both rough and smooth endoplasmic reticulum and an increase in abundance of
mitochondria. These organelle changes indicate an increaseafrcell respiration and protein
synthesis. In addition, secretory vesicles reach peak abundance by days 5 afgb@yrosas the
sucking of the/pouch young begins to induce the onset of quiescence of the corpus luteum
(Tyndale-Biscoe;1986).

Importantly, uterine gland cell activity decreased just before the onset of diapause. Both
organelle abundance and secretory activity of gland cells decreased by day-farpwst
suggesting that preparation for diapause has already belgsres$ult is consisnt with adecrease
in total protein concentration and volume of secretions in the tammar during tlog (fRenfree,

1972; Renfreey1973), as well as with a significant reduction in plasma progesteittmersdet of
embryonic diapause, resulting from the inhibitory effect of the suckling stémod the pouch
young on thercorpus luteufiRenfreee and Shaw, 200@®s diapause is the result of a uterine
environment that is inappropriate to support continuous growth of the embryo, yet matstains
viability (Mead;"1993; Lopes et al. 2004), the decrease in activity during this period in the tammar

may represent the shift from supporting embryonic growth to preparing for quiescence.

The tammar, embryo is surrounded by the shell coat and a permeableaacellain layer
and a zona pellucida which prevent direohtact between maternal and embryonic cells until at
least 18 dayswafter termination of diapause (Denker and TyBuadee, 1986; Renfree, 2000;
Renfree & Shaw, 2000). In contrast, in species like the mouse, the embryo hatches fzomathe
before diapauseand so may be influenced by both the uterine environment and direwl mater
contact (Weitlauf, 1994; Renfree & Shaw, 2000). Thus, in tammar wallabies, sighdi@nges in
uterine ultrastruct may be important in regulation of diapause, but changes in the surface luminal
epithelium cannot directly affect the embryo through-cell contact (Renfree & Shaw, 2000)
While the uterine changes involved in diapause initiation in mice and ratargedyl unknown,

uterine changes shared by both rodents and the tammar in early pregnancy are likely to be essential
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for diapause. However, changes that are unique to the tammar wallaby are likely to also be related

to the complete dependence of the tammar wallaby on uterine secretions duringediapaus

Cells of the newly gravid and pegartum uteri were markedly different at all stages of early
pregnhancy and diapause. Early pregnancy in the-gayim uterus was characterized by cell
degradation and remodeling. Both lysosomes and degenerative cells were more comneon in th
postpartum uterus and significant decrease in both gland profile abundance and of organelles in
gland cells occurred within a day of birth, suggesting tthattammar uterus may rapidievert to
the receptiverstater Cellular debris was sloughed into the glandular lumezgaarney progresses,
filling the glandular-lumen by day 8 pegsartum. Removal of degenerative material from the uterus
and remodeling pogiartum occurs in many mammalian species, including the rat (Png & Murphy,
1997), and the marsupials Sminthopsis crassicaydaied et al. 2014) an®idelphis virginiana

(Padykula & Taylor, 1975), as the uterus prepares to receive a new conceptus.

Cellular differences betweehd two uteri were most pronounced during diapause as cells of
the newly gravid uterus were completely quiescent while some changes in orgdmgitance
occurred during diapause in those of the ypastum uterus. Quiescence in the newly gravid uterus
Is expected as activity of the uterus is tightly linked to the quiescent corpus IUtgndaleBiscoe
& Renfree, 1987; 'Renfree & Shaw, 2014). No active secretion occurs in either uterus during
diapause and-large secretory droplets accumulate in quiesceditoglés, while glycogen deposits
accumulate in quiescent luminal cells, indicating a reduction in cell gcfemders, 1967). Active
secretion typically*ceases during mammalian diapause (Daniel, 1971; S@an)j, &and many
species also develop seamst vesicles in gland cells, including the roe deer and mink (Enders,
1967), which~are“released after reactivation of the blastocyst (Daniel, 197i, SL8&5).
Reactivation (in the tammar, as in many mammalian species, follows a significant increase in
secretory activity corresponding to a spike in plasma progesterone (Freyer et al. 2002&Hinds
TyndaleBiscoe, 2013). Hence the accumulation of secretory vesicles in the tammaryisdikel

in preparation for embryonic development following reactivation.

The anatomical and functional separation of the newly gravid aneppdsim uteri in the
tammar allows™for comparison of responses of both within an individual throughout pregnancy.
Since both. uteri are under the same peripheral endocrine conddidosal effect, rather than a
peripheral endocrine effect, must be responsible for the structural changes ofrtiseirutdhe
tammar and for the marked cellular differences between both uteri throughout early pregnancy and
diapause. Hence these uterine changes are under unilateral control. Unilateral differences also occur
between the pregnant and nAaregnant endometrium of other marsupial species, including
Antechinus stuarti{Cruz & Selwood, 1993)Sminthopsis macrouréCruz & Selwood, 1997) and
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T. wlpecula(Shorey & Hughes, 1973), despite similar profiles of ovarian hormones in both cycles
(TyndaleBiscoe & Renfree, 1987). In the tammar, preferential delivery of oestradiol the
Graafian follicle to the newly gravid uterus at the time of bigkults in an increase in both
progesterone and oestradiol receptors in the newly gravid uterus relatinee gostpartum uterus
(Renfree & Blanden, 2000), priming the uterus to the subsequent action of progestendres (ke
Blanden, 2000). A similar ulkateral increase in receptors also occurs in the quoBkhoix
brachyurusQwen et al. 1982and the brushtail possum (T. vulpecguurlewis & Stone, 1986).
Hence differences_in hormone receptor concentrations between uteri result in differed ute
responses to the same endocrine conditions (TyRlat®e & Renfree, 1987) and may explain the

observed unilateral effects in the tammar.

The findings of this study demonstrate that major changes in uterine cell ultrastramdur
activity are involve in preparation for diapause in the tammar. Important changes required for
tammar diapause;rincluding cessation of active secretion and reorganisation of uterine cells, are
consistent withemajor patterns across diapausing mammals. Yet the specificuglingasit changes
involved in this process vary remarkably between groups of diapausing mammals¢R&nfr
Shaw, 2000), and even within a genus (Mead, 1993). For example, accumulation of glycogen in
quiescent glandular cells in the tammar also occurs inmtaprity of diapausing mammals.
However, the amount of glycogen stored can be enormous, as in several mustelid spdeies, whi
only a very smallk.amount accumulates in another mustelid, the mink (Enders, 1967)tibonaddi
many species._also. exhibit unique ultrastructural changes, such as the formation of unusually large
spherical mitochondria in the mink (Enders, 1967). Wide variation in uterine cytology suthgest
there may be no.common pattern of change among species (Enders, 1967), and suppeoty the th
that diapauseshasievolved repeatedly in mammals (Mead, 1993; Renfree & Shaw, 2000alPtak et
2012). Shareduuterine changes, both morphological and molecular, are likely to be essential f
initiation of diapause and may constrain the evolution apaiise within mammals (Freyer et al.
2002; Cha et al., 2013) but cellular differences suggest that there may be somigyfl@xithe

specific changes required for preparation for diapause across diverse mammalian groups.
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Figure legends

Figure 1: Reproductive cycle of the tammar wallaMa¢ropus eugeni The uterus associated
with the foregone |pregnancy is termed the qpastum uterus. The contralateral uterus which
receves the embryo, and is associated first with the Graafian follicle, then withetlv corpus

luteum (CL) following ovulation, is termed the newly gravid uterus.

Figure 2: Summary of the key uterine changes during pregnancy and diapause in the tammar
wallaby (Macropus,eugenii) associated with changes in the ovary and embryo; Corpus luteum (CL),
Golgi complex(G)y Graafian follicle (G follicle), granulosa cells (GC), glandular epithelium (GE);
luteal cells (LC); luminal epithelium of uterus (LE); mitochomadiiM); rough endoplasmic

reticulum (RER);:smooth endoplasmic reticulum (SER); sperm (sp); secretory vesicles (SVes).

'Rudd (1994)?Renfree & Lewis (1996), TyndaBiscoe (1986), Renfree (1993Renfree et al,
2011.

Figure 3: Histological sections of the newly gravid and 4pastum uteri of the tammar wallaby.
The uterus is lined by the luminal epithelium (le), with uterine glands (ghedded in the
connective tissuesstroma (st) which is underlaid by myometrium (m). Sections are stalmed wit
haemaoxylin,and eosin. AE: Newly gravid uterus. A) Day 0 pepartum; B) Day 1 pogpartum;

C) Day 5 pospartum; D) Day 8 pogpartum; E) Diapause.-F Postpartum uterus. F) Day 0 pest
partum; G) Day 1 pogtartum; H) Day 5 pogpartum; |) Day 8 pogpatum; J) Diapause; Scale

bar = 100 um.
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Figure 4. Measurements of uterine tissues in the tammar wallaby from -@agedpartum and in
diapause (E= early, M= middle, L= late). A) Abundance of endometrial gland profiles-(cross
sections) per 0.5 mmB) thickness of the luminal epithelium; C) thickness of the endometrial
stroma. Measurements (means * s.e.m) are from botippdsim (open symbols) and newly gravid
uteri (solid symbols) from day O to day 8 ppstrtum, and during embryonic diapause. Astarisk
denote values that are significantly different from the day of parturition (day {padsm), where

* P <0.05; **P <0.01. A timeline shows the stage of embryonic development relative to ¢haf tim
birth: Ovulation (Ov); Embryo enters the uterus (@)eavage stage of the embryo in the uterus (2,

8, 16, 32 or 64 cells); formation of the blastocyst in the days after birth.

Figure 5: Transmission electron micrographs of glandular epithelial ckltke newly gravid
endometrium. Scale’bar = 5 um. A) Day O postpartum; B) Day 12 postpartum; C) Day & post
partum; D) Day 68i postpartum; E) Diapause; F) Higher magnification of E); Scale bar = 1 pum.
Basement membrane (bm), Golgi complex (G), lipid droplets (L), glandular lumen (Lu), lysosome
(Ly), mitochandria (M), microvilli (mv), nucleus (N), rough endoplasmic reticulum (RER),

secretory material (s), smooth endoplasmic reticulum (SER), secretory vesicles (SV).

Figure 6AD: Transmission electron micrographs of glandular epithelial cells of thepadam
endometriumeScale bar = 5 um. A) Day 0 post-partum; B) Day 12 postpartum; C) Day 3 post
partum; D) Day 5 pogpartum. Scale bar = 1 pum. Degenerative cells (deg), Golgi complex (G),

intercellular space (ICS), glandular lumen (Lu), lysosomes (Lyocmondria (M), nuclei (N),
rough endoplasmig reticulum (RER), secretory vesicles (Sv).

Figure 6EH. E) Day 68 postpartum; F) Mid diapause; G) Late diapause; H) Higher magnification
of G); Scale bar.=.1'um. Lipid droplets (LD), glandular lumen (Lu), Lysosomes (Ly), elongated
mitochondria®(M);:smooth endoplasmic reticulum (SER), secretory vesicles (Sv).

Figure 7: "Transmission electron micrographs of luminal epithelial cells of the newly gravid
endometrium. Scale bar = 4 um. A) Day 0 post-partum; B) ay 1 posfpartum; C) Day & post
partum; D) Day 6 postpartum; E) Diapause; Scale bar = 1 um. Basement membrane (bm), cilia

(Ci), Golgi complex (G), glycogen granules (gly), dark granules (gr), lipid dropletsutejine
lumen (Lu), lysosomes (Ly), bals mitochondria (M), microvilli (mv), Nuclei (N), smooth

endoplasmic reticulum (SER), secretory vesicles (Sv), active exocytosis of secretory granules (
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Figure 8: Transmission electron micrographs of luminal epithelial cellshef postpartum
endometium; Scale bar = 4 um. A) Day 0 pog-partum; B) Day 1 pogpartum; C) Day & post
partum; D) Day 6 postpartum; E) Diapause; Scale bar = 1 pm. Cilia (Ci), Golgi complex (G),
glycogen granules(gly), uterine lumen (Lu), lysosomes (Ly), mitochondriariM)ovilli (mv),

nuclei (N), nucleeli (nu), smooth endoplasmic reticulum (SEBgretory vesicles (Sv).
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