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Abstract

Here we have summarized what is currently known about menstruating animal species with
special emphasis on non-primate species: length of their menstrual cycle, ovulation, implantation,
placentation, decidualization, and endometrial characteristics. Having an overview of all the
possible animal models that can be used to study menstruation and the menstrual cycle could
be useful to select the one that better matches the needs of the individual research projects. The
most promising species to study menstruation seems to be the spiny mouse Acomys cahirinus.
It is a rodent that could be easily held in the existing laboratory facilities for rats and mice but
with the great advantage of having spontaneous menstruation and several human-like menstrual
cycle characteristics. Among the species of menstruating bats, the black mastiff bat Molossus ater
and wild fulvous fruit bat Rousettus leschenaultii are the ones presenting the most human-like
characteristics. The elephant shrew seems to be the less suitable species among the ones analyzed.
The induced mouse model of menstruation is also presented as an adaptable alternative to study
menstruation.

Summary Sentence

A summary of the menstrual cycle and endometrial characteristics of human-like menstruating
species.

Key words: menstrual cycle, endometrium, implantation, ovulation, placentation.

Introduction

Menstruation can be defined as the periodic shedding of the superfi-
cial functional layer of the endometrium in the absence of embryonic
implantation. This endometrial shedding occurs only in a restricted
number of mammals. Indeed, the endometrium, in most mammals,
instead of being shed is resorbed and replaced to start a new uterine
cycle [1]. Most of the menstruating species, including humans, are
primates [2]. Besides in primates, menstruation has been observed

only in the spiny mouse [3], 3-5 species of bats [4-6], and the
elephant shrews [7] (Figure 1).

Here, we summarize what is currently known about their men-
strual cycle. We briefly summarize the characteristic of primates’
menstrual cycle because it has been widely studied [2, 8]. The order
in which the different species will be described will follow the lineage
reconstruction (Figure 2) created using the NCBI taxonomy database
[9]. They will be listed from the closest to Homo sapiens to the most
distant one.
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Figure 1. Reference photo of (A) chimpanzee, credit to Copenhagen Zoo; (B)
spiny mouse, own picture; (C) short-tailed fruit bat C. perspicillata, credit to
Zoo New England; (D) Elephant shrew Rhynchocyon petersi credit to ZOO
Antwerpen/Jonas Verhulst.

The use of one or more animal models that could illustrate human
reproductive processes as close as possible and at the same time being
easily maintained in captivity is fundamental to better understand
all the physiological processes which occur during menstrual cycle
bringing new light on the mechanisms behind infertility and other
pathologies related to the female reproductive system.

In our review, we decided to include also an additional animal
model: the induced mouse model of menstruation [10]. This model
does not represent physiological menses, but it is commonly used as
a model of menstruation thanks to its adaptability [11-13].

Menstruating animals

Primates

Non-human primates, such as the great apes (Figure 1A), the Old
World monkeys, the lesser apes, and the New World monkeys,
have similar menstrual cycles with some minor difference related
to the different species. They are spontaneous ovulators, and most
of them are continuous breeders with some exception, for example,
macaques [14-16]. They have a gestation period that ranges from
6 to 9 months, and they usually give birth to a single pup [16-18].
Embryo implantation is less invasive than in human although their
placenta is hemochorial [19, 20]. The length of their menstrual cycle
ranges from 21 to 37 days [14, 15, 18, 21-24]. Menses duration is
24 days and the hormonal pattern is similar between species [16].
Progesterone pattern is almost identical, and it is characterized by an
increased concentration during the luteal phase. Major differences
can be appreciated in the estrogen pattern. Indeed, in some species,
for example, in baboons, macaques, or capuchin monkeys, there is
only one peak of estrogen during ovulation, while in others, such as
chimpanzees and spider monkeys, it rises again during luteal phase
[16, 23-27]. Decidualization is not extensive as in humans, and in
some species, like in baboons, it is not spontaneous but embryo
dependent [28, 29].

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 13 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use

Spiny mouse

The common or Cairo spiny mouse Acomys cabirinus (Figure 1B)
is the only known rodent that undergoes spontaneous endometrial
decidualization and menstruation [3]. It is native to Africa and the
Middle East and has several characteristics in common with other
menstruating mammals. Indeed, this spiny mouse has a spontaneous
ovulation [30], an intrauterine endocrine milieu similar to humans
[31], and a hemochorial placenta [32], and it has a long gestation (for
rodents) of 39 days with production of few well-developed, precocial
pups (2-4) [33].

According to Bellofiore et al. [3], who have been the first to
observe and describe the spiny mouse menstrual cycle in detail, the
length of the menstrual cycle is 8-9 days. The estrous cycle is similar
to other rodents [30] but includes an extra phase, lasting more or
less 3 days, in which blood is detected either macroscopically, both
on external genitalia and inside the lumen of both uterine horns, or
microscopically, in vaginal lavage smears [3]. The endometrium goes
through modifications following the different stages of the menstrual
cycle. Its thickness increases 4-5-fold during the luteal phase with
a consecutive decrease of uterine lumen diameter. Moreover, at the
same time, angiogenesis and decidualization are observed in the
uterus. This phase, in the absence of ovum fertilization, is followed
by the shedding of superficial layers of the endometrium after the
degeneration of the corpus luteum. The presence of spontaneous
decidualization during the luteal phase is confirmed by the increased
endometrial presence of prolactin [3] and interleukin 11 (IL11)
[34] which are two well-known markers of decidualization [35,
36]. These endometrial changes are also correlated with hormonal
changes typical of menstruating mammals. In particular, it has been
observed a substantial increase of plasma progesterone concentra-
tion during the luteal phase compared to the follicular phase and the
occurrence of menstrual bleeding due to the decrease in progesterone
concentration [3].

Bats
There are at least three species of bats in which menstruation has
been observed:

The short-tailed fruit bat Carollia perspicillata (Figure 1C) is
a microchiropteran bat native to the Neotropical realm. Females
are spontaneous ovulators and seasonal breeders in the wild. They
usually have two pregnancies per year and give birth to one single
pup after a gestation of 4 months [5]. The implantation is limited
to the superior end of the simplex uterine cavity with the formation
of a hemochorial placenta [37]. The timing between ovulation and
menstruation is short; therefore, in these bats, endometrial cellular
proliferation is post-ovulatory. The endometrium appearance after
coitus is different depending upon whether the female is pregnant or
not. If the oocyte is fertilized, 1-3 days after coitus, the endometrium
appears thin but with an elevated glandular and stromal mitotic
activity. Moreover, a well-developed corpus luteum can be observed.
Endometrial mitotic activity proceeds until initiation of implantation
which results in a very thick endometrium close to implantation.
However, there is no clear evidence of a spontaneous decidual
reaction before embryo implantation. If the oocyte is not fertilized,
1-3 days after coitus, the female presents a regressing corpus luteum
and a thick and necrotic endometrium shed with associated bleeding
in a menstruation-like process [5]. It seems that the cycle length is 21—
27 days. This interval has been measured by Rasweiler et al. [38] as
the time necessary to establish a pregnancy after a pregnancy failure
followed by a new breeding period.
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Figure 2. Graphic representation of the cited menstruating species’ lineage. Lineage information obtained from NCBI taxonomy database [9].

The long-tongued bat Glossophaga soricina is also a microchi-
ropteran bat native to the Neotropical realm. Females are polye-
strous, and their ovulation is cyclical and spontaneous during the
year [39]. The implantation site is restricted to a tubular segment
of their simplex uterus, called intramural uterine cornu, at the
uterotubal junction, and their placentation is hemochorial as the
species described above [40]. They have a menstrual cycle of 22—
26 days [39]. The endometrium is thin before ovulation and starts
significantly growing afterward in concomitance with the formation
of the corpus luteum. The endometrium becomes especially thick at
the fundus where implantation usually occurs [41].

In cycles not resulting in pregnancy or in case of embryo loss,
the hypertrophied endometrium break downs and is shed with
associated bleeding [41]. Ovulation and menstruation occur very
close to each other. For this reason, in this species, the ovum remains
for a long time in the oviduct, and embryo development is very
slow, giving the endometrium the time to regenerate [39]. The
endometrium does not present a spontaneous decidualization, but
it appears after the trophoblastic penetration of the endometrial
stroma [40].

The black mastiff bat, Molossus ater, is another microchiropteran
bat native to the Neotropical realm. In this species, ovulation is
spontaneous and occurs only from the right ovary [42]. Embryo
implantation is superficial and restricted to the right horn of the
bicornuate uterus [43]. In the wild, they are seasonal breeders and
usually give birth to only one pup after a gestation of 3-4 months
[43]. Their hemochorial placenta always develops at the superior
end of the right uterine horn [43]. Its creation is preceded by the
formation of a vascular tuft at the same endometrial site [4]. The
preovulatory endometrium is thin, while soon after ovulation it
begins to hypertrophy especially at the superior end of both uterine
horns where vascular tufts start to develop. During the luteal phase,

the endometrium, especially the area around the vascular tuft, under-
goes a spontaneous and extensive decidualization. In nonpregnant
cycles, this decidua becomes necrotic and is shed with associated
bleeding [4].

Menstruation has been also observed in other two species of
bats: the wild fulvous fruit bat Rousettus leschenaultii and the
piscivorous vespertilionid bat Myotis ricketti. However, data from
these two species require confirmation since other researchers
have risen doubts about the accuracy and reliability of the shown
data [38].

The wild fulvous fruit bat R. leschenaultii is a megachiropteran
bat native to the Indomalayan/Oriental realm. Females have sponta-
neous ovulation and usually have two pregnancies per year with the
production of a single pup after a long gestation of 4 months [6]. The
implantation is restricted to the superior end of either uterine horn
and is followed by the formation of a hemochorial placenta [37].
They have a menstrual cycle of 33 days that can be divided into a pro-
liferative, a secretory, and a menstrual phase. The proliferative phase
is characterized by endometrial proliferation, ovarian follicle devel-
opment, and increased production of follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) which reach their maximum
concentration at day 18, coinciding with ovulation. In the secretory
phase, there is a formation of the corpus luteum in the ovary, an
increased production of estradiol and progesterone, and an initial
thickening of the endometrium that is followed by decidualization.
In the event of unsuccessful fertilization or implantation, the corpus
luteum regresses, concentration of progesterone falls, and the upper
part of the endometrium is shed with visible vaginal bleeding. This
menstrual phase lasts only 1 day [6]. Zhang et al. [6] have been able
to observe two consecutive menstruation events in female bats in
the absence of male bats demonstrating that this species cyclically
menstruates independently of coitus.
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The Rickett big-footed bat M. ricketti is a piscivorous vespertil-
ionid bat native to China. It seems to be a spontaneous ovulator. It
has a bicornuate uterus and it usually gives birth to one single pup.
Ovulation of one single oocyte occurs during spring. In this species,
delayed ovulation has been observed with one single Graafian follicle
present in one ovary for 5-7 months during hibernation. They
usually copulate in autumn, before hibernation; for this reason, they
store spermatozoa in the uterotubal junction till spring waiting for
the ovulatory period. Menstruation has been observed during the
preovulatory period in concomitance with an increased production
of estradiol [44].

Elephant shrew

Another example of non-primate menstruating animals is elephant
shrews (Figure 1D) [7]. They are a small group of mammals (15
species) native to Africa and belonging to the family of Macrosce-
lididae [45]. They have a spontaneous polyovulation, but, in all
except one species, only a maximum of two precocial pups are born
for each gestation (42-75 days long) [46, 47]. The implantation is
restricted to the inferior end of each uterine horn [46], and also their
placentation is hemochorial [47]. The average length of their estrous
cycle is 12 days [48, 49].

Most of the information regarding their menstrual cycle derives
from the work of Professor C. J. van der Horst that, in the 1940s, did
an incredible amount of research on this topic examining histological
specimens of female reproductive organs from the Eastern rock
elephant shrew Elephantulus myurus [50]. Menstruation, in the wild,
is not a cyclical event in elephant shrews but occurs only at the
end of the breeding season. Indeed, females that ovulate during
the height of breeding season are most of the time fertilized and
become pregnant, while at the end of the breeding season, there is
a higher possibility to have ovulation without fertilization that is
followed by menstruation [51]. The initial endometrial modifications
in fertilized and unfertilized cycles are similar and characterized
by an extensive increase of endometrial thickness. After ovulation,
there is an edema formation at the site of implantation in each
uterine horn. In fertilized cycles, this edema further develops to
create the embryo chamber with an initial decidual reaction which
requires embryo presence and development to be completed [52]. In
unfertilized cycles, from the edema, there is a polyp-like outgrowth
of stromal cells. After degeneration of the corpus luteum, this polyp
is shed in a process similar to menstruation [7, 51].

Induced mouse model of menstruation

Even though it is not a physiological model of menstruation, the
induced mouse model of menstruation is still worthy of mention
considering its frequent use in research and its adaptability.

The commonly used laboratory mouse Mus musculus has spon-
taneous ovulation and a hemochorial placenta [53] and gives birth
to a litter of 2-14 pups after a gestation of more or less 20 days [54].
As said before, rodents, except the abovementioned spiny mouse,
do not naturally menstruate, but they go through an estrous cycle.
This cycle lasts 4-5 days, and if there is no fertilization, after an
initial thickening, the endometrium is reabsorbed to start a new cycle.
Decidualization is embryo dependent and occurs only after embryo
implantation [55].

Nevertheless, researchers have been able to induce menstrua-
tion in mice. To produce this menstrual-like endometrial shedding,
female mice have to be hormonally stimulated. Female mice can
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be ovariectomized and then stimulated by estrogen injections, fol-
lowed by a subcutaneous insertion of a progesterone implant, or
progesterone production can be stimulated, in intact female mice, by
pseudopregnancy induction. After this first hormonal stimulation,
decidualization is mechanically induced with an intrauterine injec-
tion of sesame or arachis oil. After the decidualization induction, the
progesterone implant is removed, and menstruation can be observed.
Decidualization in this model is rapid, extensive, and very destructive
(10, 55, 56].

Human-like characteristics

Decidual immune cells

One characteristic that has been observed in all these menstruating
species is the presence of decidual immune cells. In recent years, it
became clear that the presence of immune cells at the maternal-fetal
junction is important to promote pregnancy and develop tolerance
to fetal antigens [57]. In primates, as in humans, only a few leuko-
cytes are present in the endometrium during the first stages of the
menstrual cycle. After ovulation, there is a substantial increase in
endometrial leukocytes, especially natural killers and macrophages
[58, 59].

In the spiny mouse decidualized stroma, the presence of
neutrophils, macrophages, and several pro-inflammatory cytokines,
such as interleukin 11 (IL11), interleukin 8 (IL8), and macrophage
migration inhibitory factor (MIF), has been observed. Their presence
was especially pronounced during the late secretory phase and
menstruation supporting the idea that endometrial inflammatory
response plays an important role in preparation for implantation
and during uterine shedding [34].

In the decidua of elephant shrews and three of the abovemen-
tioned bats (M. ater, G. soricina, and C. perspicillata), only the
presence of large granulated cells has been reported. These cells
have periodic acid-Schiff (PAS)—positive granules, and it has been
suggested that they could be similar to the uterine natural killer cells
observed in humans. They have been detected both in pregnant and
nonpregnant cycles especially at the basal lamina of the endothe-
lial cells close to the generally predetermined implantation site
[4, 5, 37,47, 50].

In the induced mouse model of menstruation, an increased pres-
ence of inflammatory mediators and leukocytes, mainly neutrophils,
has been also observed after progesterone removal and beginning of
bleeding [60].

Spiral arteries

The presence of spiral arteries, a key structure in human and primate
endometrial vasculature [61, 62], is a feature present in a few of the
species analyzed here. Indeed, the presence of these arteries has been
observed only in the spiny mouse, in the elephant shrew, and in one
species of bat: the black mastiff bat M. ater.

In the spiny mouse, the formation of spiral arteries has been
observed during the late secretory phase. Moreover, in this species,
also the presence of the vascular endothelial growth factor (VEGF)
has been investigated. VEGF has been detected especially in the
stroma surrounding these spiral arteries suggesting its involvement
in endometrial vascular regulation [34]. While in the spiny mouse,
the presence of these spiral arteries has been detected also in non-
pregnant cycles, in the elephant shrew, they have been observed only
in the decidua of pregnant females. Data about nonpregnant cycles
are not available [47].

020Z 8unp £ uo Jasn ssa2oe alis dNO A €65S//5/091 1/9/Z0 | foesge-ajoie/poidallolq/wod dno-oiwspeoe//:sdiy wolj papeojumoc]



1164

L. Catalini and J. Fedder, 2020, Vol. 102, No. 6

In bats, spiral arteries have been observed only in the black mas-
tiff bat. However, it seems that they are not essential for menstruation
in this species. Indeed, they are mostly located in the myometrium
and in the endometrial lamina basalis, becoming straighter in their
terminal segments in the lamina functionalis. Moreover, they do not
show any increase in coiling during the progression of the menstrual
cycle as observed in primates and humans [4, 63]. In the long-
tongued bat G. soricina and the short-tailed fruit bat C. perspicillata,
the endometrium is vascularized only by capillaries, and no presence
of spiral arteries have been detected even in the late phases of the
menstrual cycle close to endometrial shedding [4, 5]. In the wild
fulvous fruit bat R. leschenaultii, there is evidence of an increased
distribution of capillaries and arterioles in the endometrium during
the proliferative phase, but the presence of spiral arterioles has not
been investigated [6].

Premenstrual spiral arteries remodeling has not been observed in
the induced mouse model of menstruation [34].

Implantation and trophoblast invasion

Most of the examined menstruating animals in this study, as humans
and apes, are characterized by invasive implantation, while one of
them, the black mastiff bat M. ater, has superficial implantation, like
Old World monkeys [64]. Interestingly, the implantation site, in all
the examined species, is predetermined and restricted to a specific
uterine area, while in humans and primates there is not a restriction
in this regard. However, in humans, it preferentially occurs in the
upper and posterior end of the simplex uterus [65]. Information
about implantation on the spiny mouse is not available since until
now it has not been investigated.

In elephant shrews, implantation occurs only at the inferior end
of the uterine horns. The presence of the embryo at the implantation
site stimulates an extensive decidual reaction and a substantial
expansion of the surrounding uterine glands [46]. In this species,
implantation is invasive. Initially, the syncytiotrophoblast invasion
is restricted to the basement membrane of the uterine epithelium.
Then, after the amniotic cavity formation, the trophoblast invades
the decidua to create anchoring points and remodel the mater-
nal capillaries in preparation for the following placenta formation
[50, 52].

As said before, in bats, implantation is restricted to a specific
portion of the uterus, but there are some species-specific differences.
For example, in C. perspicillata implantation is interstitial. Interest-
ingly, in the case of post-implantation delays in embryo develop-
ment, trophoblastic invasiveness highly increases, penetrating also
the myometrium, oviducts, and other extrauterine tissues [66]. It
has been observed that C. perspicillata modifies gestation length,
delaying embryo development, in response to stress in captivity
or seasonally in the wild [67]. In the closely related long-tongued
bat G. soricina, implantation is also interstitial. Decidualization is
not spontaneous and occurs only at day 15 post-coitus after the
trophoblastic penetration of the endometrial stroma, characterized
by extensive destruction of maternal epithelium and trophoblast pen-
etration of maternal basement membrane [40]. The black mastiff bat,
M. ater, is the only menstruating bat with superficial implantation.
The implantation site is restricted to the central area of the right
uterine horn. After an initial spontaneous decidualization around the
vascular tuft, during implantation, the decidual reaction continues
to expand along the endometrial superficial lamina functionalis.
However, no trophoblastic invasion of the endometrial stroma has
been observed. The trophoblast is characterized by a single layer of
flattened cells connecting the blastocyst and the endometrium [43].

Mice have rapid and invasive implantation. After embryo appo-
sition, decidualization is stimulated, and the trophoblastic cells
start penetrating through the uterine luminal basal lamina enter-
ing in contact with the maternal blood to form the hemochorial
placenta [68].

Summary

Looking at the summary table (Table 1) is clear that some species
have more human-like characteristics than others, making them
more suitable animal models. Primates, being the closest related
species to humans (Figure 2), share most of their features with them,
and they would be the easiest choice as animal models to study
menstrual cycle and reproductive processes. However, the use of non-
primate animal models in research is often preferable due to ethical
considerations and the possibility of maintaining big colonies with
less effort in terms of space, money, and handling.

Using non-primate animal models developing spontaneously
pathologies of the reproductive system like endometriosis would
be advisable. It will be important for drug testing and pathology
treatments but also for improvement of assisted reproductive
technologies, ovarian stimulation, and endometrial receptivity.

Bats could be good animal models in reproductive research
especially in their native countries where they are present in a
considerable amount. They can also be caged and maintained in
captivity. However, even though they have spontaneous ovulation
and true menstruation for which they could be used to study men-
strual dysfunction, they lack some other important features of human
physiology. For example, the short-tailed fruit bat C. perspicillata
and the long-tongued bat G. soricina do not present a clear sponta-
neous decidualization or spiral arteries, and no data are available for
what concerns their endocrine profile, while very few information is
available for the Rickett big-footed bat M. ricketti. The black mastiff
bat M. ater and wild fulvous fruit bat R. leschenaultii are the ones
that most resemble humans. However, the bat M. ater has superficial
implantation, and we do not have any endocrine profile data, while
for the bat R. leschenaultii we do not know anything about the
presence of decidual immune cells, spiral arteries, or implantation.
More research should be done in these two last species of bats to
further determine their reproductive physiology and their use as
animal models.

The elephant shrew seems to be less suitable than the bats as an
animal model. Decidualization starts spontaneously, but the embryo
presence is necessary for its further development. Decidualization
and endometrial shedding are localized in the polyp-like outgrowth
of the uterus, and there is no information about its endocrine profile.
Moreover, the lack of cervix and true vagina and the consequent
inability to detect estrus changes by vaginal smear technique add an
additional problem to the use of this animal in research [46]. It is also
the most distantly related species to humans analyzed here (Figure 2),
adding extra concerns in its selection as a preferable animal model.

The most promising animal to be used as non-primate animal
model is the spiny mouse A. cabirinus. It could be easily bred and
kept in captivity, and it has several human-like characteristics even
though no data are available regarding implantation. The fact of
being a rodent, like the rat and the mouse, gives this species an
additional advantage to be considered as a good animal model.
There is plenty of literature about rat and mouse physiology that
could be used as a starting point to further investigate the spiny
mouse characteristics. Moreover, most of the laboratories will have
the facilities to host this new rodent species already in place, being

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 13 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use

020Z 8unp £ uo Jasn ssa2oe alis dNO A €65S//5/091 1/9/Z0 | foesge-ajoie/poidallolq/wod dno-oiwspeoe//:sdiy wolj papeojumoc]



1165

Menstruation: lessons from the animal kingdom, 2020, Vol. 102, No. 6

Downloaded from https://academic.oup.com/biolreprod/article-abstract/102/6/1160/5775593 by OUP site access user on 23 June 2020

skep 0 VN syauou 4 syauow H—¢ VN Syauow 4, skep ¢/-T skep ¢ sypuowr 6—9 syauow ¢ potrad uonelsan)
¥1-C 1 13 13 13 1 1 T I 13 SunidsprO
uonemnAo aseyd aseyd aseyd
paonpu] Suun(y [edin] Suung VN VN VN VN S9X [ean] SuLing [eaan] Suun( yead auo0191s9301]
aseyd
[edin] Suunp
os[e sa10ads sseyd [eain|
UOTIE[NAO aseyd Swos Ul pue pue uonemao
paonpu] Suun(y [edn] Suung VN VN VN VN VN  uonemao suum( Suun( yead uaSonsy
ejudde(d
SOx SOx SOx SOx Sox Sox SOx Sox SOx [eLIOYd0UID ]
snion sniaIn
21eNnuI0dIq snxoin  snrain xordwis 21eNnuIodIq
ul uIoy duLIdINn 21enuIodIq jouonoun(  snign xo[dwis Ul UIOY dULIdIN
o13199ds J0N] VN  JO pud Jouajul ur uroy ysny [eqniordl) o pud Joadng  JO puUd IOLIFUT VN o13193ds JON] o13193ds J0N ay1s uonejuedwy
JATSEAU] VN VN [eoyradng QAISEAU] JAISEAU] SAISEAU] VN JAISBAUJ JAISBAU] uonejue[duy
OoN VN VN Sox OoN oN SOx Sox SOx Sox satra1re [exdg
s[[92
SOX VN VN SOX SOX SOX SOX Sox SOL SOx sunuwiwi [enprd(
saroads UOTIBZI[ENPIOIP
OoN VN SOx SOX ON ON ON Sox awos ur A[uQ SOx snoaueiuodg
UOTIB[NAO
SOx Sox SOx SOx SOx Sox Sox SOx SOX SOx snoaueiuodg
ON VN skep ¢¢ VN skep 97-7C skep /7-1T sfep 71 skep -8 skep /¢-1T skep 87 324> [ennsusIN
uonenIISuIUI 12303014 "I 1[MPUIYISI] 1210 viv|1o1dsiad
Jo [opowr 1eq pa300j-31q J 3eq 3y SHSSOJOIN 1Bq  DUILIOS *5) JBq ) Jeq anag SMIIYS asnowr
asnow paonpuy 1YY SNOANJ PIIA Jusew Yoe[q panguoi-guo pares-10yg Jueydarg Aurdg SBWITI] uBWNE]

"9]9A9 [enJlsUsW uewNY 8y} YIm uosiiedwod ul sa1oads pald ay} JO SO1IS1I8l0eIBYD 8]9AD [ENJISUSW BY} JO MBIAIBAQ | dlqeL

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 13 Jun 2025

Terms of Use: https://complete.bioone.org/terms-of-use



L. Catalini and J. Fedder, 2020, Vol. 102, No. 6

1166

Downloaded from https://academic.oup.com/biolreprod/article-abstract/102/6/1160/5775593 by OUP site access user on 23 June 2020

Arpueqsny pue urpuey 2aIsuadxa JON
Arpueqsny pue Surpuey 10§ 9[(B[IBAE UOIIEWIONU] "¢
padofaasp Apeaife satpoquue pue Jusdear ‘sanbruyday, -7
sassadoxd
UONBZI[ENPIJIP SNOdULIUOAS pUE UOIENIISUIW [BINIBU ON °| AI031BWWE[JUT ‘UONBIOUISAI [BLIISWOPUS PUE UONENIISUIW ‘UONEBZI[BNPIOAP APNis 01 poox) *| UONBNIISUAUW JO [OPOW ISNOW Padnpuf
A1pueqsny pue Surpuey 10§ J[qe[IEAE UONBULIOJUI ON] '}
pasoxdur 9q 03 aaey satpoquue pue ‘quadear ‘sanbruysa], "¢
S[qe[IeAR BIEP JB[NIJ[OW ON] ‘T
s[qefieae Apeaife eyep [edsrdojoydiowr mag | UuonEIoUaSaI [BLIIAWOPUS PUE UONENIISUIW ‘UOIRZI[ENPIdIp snoaueiuods Apnis 01 pooo) | 12703214 [ 3eq P100J-51q 1391y
A1pueqsny pue Suljpuey 10§ S[qE[IBAE UOIIBWIOJUI ON
pasoxdwr oq 03 9Aey saIpoquue pue Juagedr ‘sonbruydsy ¢
9[qe[IeAR BIED JB[NJJ[OW ON] ‘T
UOTIB[NPOUT [BUOULIOY
s[qefieae Apeaife eyep [edsrdojoydiowr mao | ‘UO1ILIdUAFI [BIISWOPUS PUE UOHBNISUSW ‘UONBZI[ENPIdIP snodueluods £pnis 03 poos) '] 1 MpUaosa] Y Yeq INIJ SNOAINJ PIIA\
A1pueqsny pue Suljpuey 10J S[qE[IBAE UOIIBWIOU] "¢
pasoxdur 9q 03 aAeY sapoquUE pue ‘Juadear ‘sanbruyday, -7 Jqe[reae Apeaije eyep [edgrsojoydiow swog ‘g
uonejue[dwr ‘Surppowar L1311 [erids ‘sassadord A1ojewrue|jul
S[qE[TEAE BIBP TB[NDI[OW M3 T ‘uonezI[enpIoap snoaueiuods ‘UONEIUIFT [ELIIIWOPUI PUE UOTIENIISUIW £pnis 01 POoL) '] 4270 "\ Yeq JFrsews Yoe[q
Arpueqsny pue Surpuey 2AIsuadxa 10N ‘4
A1pueqsny pue Suljpuey 10J S[qE[IBAE UOIIBWIOU] "¢
pasoxdwr 9q 03 2AeY SAIPOqIIUE puek ‘sjuagear ‘sanbruyday, ‘7 Jqe[reae Apeaiye eyep [edgrsojoydiow swog ‘g
uonejue[dwr
Sqe[IeA’ BIEP JB[NOJ[OW MI] '] ¢$98$9001d AI03BWIWIE[FUT UONIBISUIGZAT [BLIIQWOPUS PUB UOHENIISUIW APNIS 03 pPOOD) | pu12140s *£) 3eq panduol-3uog
Arpueqsny pue Surpuey 2arsuadxa 10N
A1pueqsny pue Surpuey 10§ S[qE[IBAE UOIBWIOU] ¢
d[qe[reae Apeaife eiep Je[nddjow pue [edg3ojoydiow swog ‘g
uonejue[duwr
pasoxdwir 9q 031 aaeY SAIPOqUUE pue ‘sjuagedr ‘sonbruyday ‘T ¢$9$$9201d £103PWIWIEFUT ‘UOIBIIUSSIT [BIIIOWOPUD PUE UOHENIISUSW APNIs 03 POOL) ‘T pav1191dsiad *7) 1eq 3MIF PI[1eI-II0YS Y,
Arpueqsny pue Surpuey aarsuadxa 10N
pasoxdurt oq 03 A saTpoqUIUE puE ‘S1UaSeaT ‘sanbruyday ‘¢ A1pueqsny pue Surpuey I0J d[qe[IEAE UOLBUIIOJU] "€
S[qE[IeAR BIEP JB[NII[OW MI] T dqe[reae Apeaije eyep [edgrdojoydiow swog ‘g
uonejue[dwr ‘urppowar 19318
£31anded Ul UOIENIISUIW PIAIISO ON] ‘T [eads ‘sassa001d A103RWIIER[JUT ‘UONBIDUIGIT [BLIIQWOPUS PUE UOHENIISUIW APNIS 03 pOOD) | moarys jueydorg
A1pueqsny pue Suljpuey 10J 9[qE[IBAE UOIIBWLIOU] "¢
s[qe[reae Apeaife eyep Ienosjow pue [edrgojoydiow swog ‘g
uone[npow [euowioy ‘gurppowar £1911e [e1ids ‘s3ssadoid Ar01ewwe|jur
pasoxdwr 9q 031 aaeY sAIpoquIUE pue ‘sjuadear ‘sanbruyday T ‘UONIBIAUIGAT [BLIIOWOPUS PUE UONENIISUIW ‘UONBZI[ENPIOdp snosueiuods £pnis 01 poon) *| ssnow Aurdg
padojaasp Apeaife sarpoquue pue ‘sjuagear ‘sonbruyda ‘¢
A1puegsny pue Surpuey aaisuadxy g Jqe[reae Apeaie eiep Ie[ndsjow pue [ed1Sojoydioy ‘¢
uonempow [euowtoy ‘uvonejueduwr ‘Gurepowar £191re [eads ‘sassado1d Lrojewruwreur
suoneIWI| [BdIYIY T ‘UO1ILISUAFI [BIIISWOPUS PUE UOHBNIISUSW ‘UOIEZI[ENPIdSP snosueluods £pnis 03 poos) '] RERUIRE
sagejueapesig sageiueApy

‘sjapow |ewiue se saoads paio 8yl Buisn jo sabeiueapesip pue sebeiueApy ‘g ajqeL

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 13 Jun 2025

Terms of Use: https://complete.bioone.org/terms-of-use



Menstruation: lessons from the animal kingdom, 2020, Vol. 102, No. 6 1167

similar to other rodents. However, further studies have to be done in
this species to better characterize its menstruation. The colony at the
Hudson Institute of Medical Research in Australia is the only colony
in which menstruation, in this species, has been reported in scientific
journals.

The induced mouse model of menstruation is easily maintained,
menstruation induction is reproducible, and the immune response
during menses seems to be similar to humans. However, it does not
present spiral arteries remodeling, and the induced decidualization
reaction is too destructive and extensive and does not resemble the
physiological process observed in humans.

Anyway, the absence of detailed genetic information, techniques,
and reagents, particularly antibodies, that would allow routine use
of the abovementioned menstruating animal models still renders the
induced mouse model of menstruation a valid alternative.

The use of naturally menstruating animal models would be rec-
ommendable because, in addition to true menstruation, they present
several other human-like characteristics like long gestation with the
production of one single pup, invasive placentation, and spontaneous
ovulation. Their use and more detailed characterization will allow a
more comprehensive overview of all the interconnected mechanisms
that lead to the evolution of these features. Moreover, the study
of factors involved in severe menstrual bleeding, endometriosis,
or premenstrual syndrome will be more easily studied in animal
models with physiological menstruation. Unfortunately, until now,
comparative studies of different models of menstruation have been
done only between the spiny mouse and the induced mouse model
of menstruation [34]. Indeed, in bats, most of the studies have
been observational or morphological studies, and there is almost
no molecular information about them. However, there is already
information about care and handling and histology descriptions
since most of them have used animal models in the studies of
reproductive biology especially ovarian and placentation studies
[69-71]. Information on handling and husbandry is available also
for elephant shrews, but it seems that females do not menstruate in
captivity but enter in an anestrous state [49, 51].

The animals listed in this review are the ones that so far are
known to menstruate. It seems menstruation appeared several times
during the speciation of mammals, and it is not related to just one
lineage (Figure 2). Several hypotheses have been proposed during
the years for menstruation evolution, but no definitive answer has
been found. The first theory suggested that menstruation evolved
to clean the uterus from sperm-borne pathogens introduced dur-
ing coitus [72]. Then it has been argued that menstruation was
necessary to conserve energy, claiming that the cyclical renewal of
the endometrium would be less costly than the maintenance of a
continuous metabolically active endometrium which is required for
implantation [73]. However, these first theories have been criticized
in favor of a new theory that defines menstruation as a nonadaptative
consequence of uterine-embryo coevolution and the development
of decidualization. Indeed, to balance the increased invasiveness of
the embryo, the uterus evolved increasing its cellular growth and
differentiation (decidualization) to protect itself [74]. Since in non-
menstruating species decidualization is embryo induced while in
most of the menstruating species it is spontaneous, the key to men-
struation seems to be the evolution of spontaneous decidualization.
In the most recent theory, spontaneous decidualization evolved by
genetic assimilation of the decidualization reaction, which is induced
by the fetus in non-menstruating species, driven by two possible
selective forces: invasive embryos and high incidence of impaired
embryos [2]. The reason why only a few species and not closely
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related to each other seems to have spontaneous decidualization and
menstruation is still unknown but recently has been suggested that
nutrition (omnivorous diet and food availability) could have played
a role in species selection [75].

Researchers should keep investigating the possible presence of
other menstruating animals that maybe have been overlooked not
being closely related to known menstruating species or for their lack
of clear macroscopical bleeding.

As can be deduced from this review, there is a need for more basic
and comparative studies to better characterize these menstruating
species. The information available for most of the different non-
primate menstruating species is still not enough to render these
species a competitive alternative to the use of primate or mouse
models (Table 2).

The spiny mouse seems to be the one with more potential to
become a common and valid alternative to the models. Nevertheless,
other menstruating species also deserve further studies to develop a
more comprehensive view of menstruation and its evolution. Indeed,
the presence of robust animal models will allow further understand-
ing of why menstruation occurs, what controls menstrual blood loss,
and the mechanism behind the endometrial cyclical “injury” and
“repair” system [76]. Moreover, comparative studies will be neces-
sary to test the theory of genetic assimilation. Several experiments
could be set up in the lab to test this theory comparing data from
menstruating and non-menstruating species bringing new knowledge
on how menstruation and spontaneous decidualization evolved [2].
The availably of genetically known menstruating animal models
would be also very important to test the role and the importance
of genes and proteins discovered thanks to the advancement of
genomics and proteomics. Indeed, to develop new therapeutic targets
would be important to understand the cellular and phenotypic
changes that the selected genes may mediate, their interactions, and
signaling pathways [77].

Acknowledgment

We thank biologist Jonas Schou, Skaerup Zoo, for supplying us with spiny mice.
We thank the Region of Southern Denmark and the University of Southern
Denmark for supporting Laura Catalini.

Conflict of Interest

The authors have no conflicts of interest to declare.

Author contribution

Laura Catalini: literature review, manuscript drafting. Jens Fedder:
work conception, critical manuscript revision, final approval of the
manuscript.

References

1. Johnson MH. Essential Reproduction, Malden, MA: Blackwell; 2007.

2. Emera D, Romero R, Wagner G. The evolution of menstruation: a new
model for genetic assimilation: explaining molecular origins of maternal
responses to fetal invasiveness. Bioessays 2012; 34:26-35.

3. Bellofiore N, Ellery SJ, Mamrot J, Walker DW, Temple-Smith P, Dickinson
H. First evidence of a menstruating rodent: the spiny mouse (Acomys
cahirinus). Am | Obstet Gynecol 2017; 216:40.e41-40.¢e11.

4. Rasweiler JJ. Spontaneous decidual reactions and menstruation in the
black mastiff bat, Molossus ater. Am | Anat 1991; 191:1-22.

020Z 8unp £ uo Jasn ssa2oe alis dNO A €65S//5/091 1/9/Z0 | foesge-ajoie/poidallolq/wod dno-oiwspeoe//:sdiy wolj papeojumoc]



1168

L. Catalini and J. Fedder, 2020, Vol. 102, No. 6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 13 Jun 2025

Rasweiler JJ, de Bonilla H. Menstruation in short-tailed fruit bats (Carol-
lia spp.). ] Reprod Fertil 19925 95:231-248.

Zhang X, Zhu C, Lin H, Yang Q, Ou Q, Li Y, Chen Z, Racey P, Zhang S,
Wang H. Wild fulvous fruit bats (Rousettus leschenaulti) exhibit human-
like menstrual cycle. Biol Reprod 2007; 77:358-364.

Van Der Horst CJ, Gillman J. The menstrual cycle in Elephantulus. S Afr
J Med Sci 1941; 6:27-42.

Martin RD. The evolution of human reproduction: a primatological
perspective. Am | Phys Anthropol 2007; 45:59-84.

Federhen S. The NCBI taxonomy database. Nucleic Acids Res 2012;
40:D136-D143.

Finn CA, Pope M. Vascular and cellular changes in the decidualized
endometrium of the ovariectomized mouse following cessation of hor-
mone treatment: a possible model for menstruation. | Endocrinol 1984;
100:295-300.

Cousins FL, Murray A, Esnal A, Gibson DA, Critchley HO, Saunders
PT. Evidence from a mouse model that epithelial cell migration and
mesenchymal-epithelial transition contribute to rapid restoration of uter-
ine tissue integrity during menstruation. PLoS One 2014; 9:¢86378.
Kaitu’u-Lino TJ, Morison NB, Salamonsen LA. Estrogen is not essential
for full endometrial restoration after breakdown: lessons from a mouse
model. Endocrinology 2007; 148:5105-5111.

Chen X, Liu J, He B, Li Y, Liu S, Wu B, Wang S, Zhang S, Xu X,
Wang J. Vascular endothelial growth factor (VEGF) regulation by hypoxia
inducible factor-1 alpha (HIF1A) starts and peaks during endometrial
breakdown, not repair, in a mouse menstrual-like model. Hum Reprod
2015; 30:2160-2170.

Walker ML, Gordon TP, Wilson ME. Menstrual cycle characteristics of
seasonally breeding rhesus monkeys. Biol Reprod 1983; 29:841-848.
Kerber WT, Reese WH. Comparison of the menstrual cycle of cynomolgus
and rhesus monkeys. Fertil Steril 1969; 20:975-979.

Stevens VC. Some reproductive studies in the baboon. Hum Reprod
Update 1997; 3:533-540.

Hartman CG. The period of gestation in the monkey, MACACUS rhesus.
Science 1928; 67:15.

Tinklepaugh OL. Sex cycles and other cyclic phenomena in a chim-
panzee during adolescence, maturity, and pregnancy. | Morphol 1933;
54:521-547.

Wynn RM, Panigel M, MacLennan AH. Fine structure of the placenta
and fetal membranes of the baboon. Am ] Obstet Gynecol 1971,
109:638-648.

Martin CB Jr, Ramsey EM. Gross anatomy of the placenta of rheusus
monkeys. Obstet Gynecol 1970; 36:167-177.

Stevens VC, Sparks SJ, Powell JE. Levels of estrogens, progestogens
and luteinizing hormone during the menstrual cycle of the baboon.
Endocrinology 1970; 87:658-666.

Carpenter CR. The menstrual cycle and body temperature in two gibbons
(Hylobates lar). Anat Rec 1941; 79:291-296.

Nagle CA, Denari JH, Quiroga S, Riarte A, Merlo A, Germino NI, Gomez-
Argana F, Rosner JM. The plasma pattern of ovarian steroids during the
menstrual cycle in capuchin monkeys (Cebus apella). Biol Reprod 1979;
21:979-983.

Hernandez-Lopez L, Mayagoitia L, Esquivel-Lacroix C, Rojas-Maya S,
Mondragon-Ceballos R. The menstrual cycle of the spider monkey (Ateles
geoffroyi). Am | Primatol 1998; 44:183-195.

Hotchkiss J, Atkinson LE, Knobil E. Time course of serum estrogen and
luteinizing hormone (LH) concentrations during the menstrual cycle of
the rhesus monkey. Endocrinology 1971; 89:177-183.

Hopper B, Tullner WW. Urinary estrone and plasma progesterone levels
during the menstrual cycle of the rhesus monkey. Endocrinology 1970;
86:1225-1230.

Reyes FI, Winter JSD, Faiman C, Hobson WC. Serial serum levels of
gonadotropins, prolactin and sex steroids in the nonpregnant and preg-
nant chimpanzee. Endocrinology 1975; 96:1447-1455.

Wadsworth PF, Lewis DJ, Heywood R. The ultrastructural features
of progestagen-induced decidual cells in the rhesus monkey (Macaca
mulatta). Contraception 1980; 22:189-198.

Terms of Use: https://complete.bioone.org/terms-of-use

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Tarantino S, Verhage HG, Fazleabas AT. Regulation of insulin-like growth
factor-binding proteins in the baboon (Papio anubis) uterus during early
pregnancy. Endocrinology 1992; 130:2354-2362.

Peitz B. The oestrous cycle of the spiny mouse (Acomys cahirinus). |
Reprod Fertil 1981; 61:453-459.

O’Connell BA, Moritz KM, Walker DW/, Dickinson H. Sexually dimorphic
placental development throughout gestation in the spiny mouse (Acomys
cabirinus). Placenta 2013; 34:119-126.

King BF, Hastings RA 2nd. The comparative fine structure of the interhe-
mal membrane of chorioallantoic placentas from six genera of myomorph
rodents. Am | Anat 1977; 149:165-179.

Lamers WH, Mooren PG, Griep H, Endert E, Degenhart HJ,
Charles R. Hormones in perinatal rat and spiny mouse: relation
to altricial and precocial timing of birth. Am | Phys 1986; 251:
E78-E8S.

Bellofiore N, Rana S, Dickinson H, Temple-Smith P, Evans J. Charac-
terization of human-like menstruation in the spiny mouse: comparative
studies with the human and induced mouse model. Hum Reprod 2018,
33:1715-1726.

Maslar IA, Riddick DH. Prolactin production by human endometrium
during the normal menstrual cycle. Am | Obstet Gynecol 1979;
135:751-754.

Dimitriadis E, Salamonsen LA, Robb L. Expression of interleukin-11
during the human menstrual cycle: coincidence with stromal cell decid-
ualization and relationship to leukaemia inhibitory factor and prolactin.
Mol Hum Reprod 2000; 6:907-914.

Rasweiler JJ. Early embryonic development and implantation in bats. |
Reprod Fertil 1979; 56:403-416.

Rasweiler JJ, Badwaik NK, Mechineni KV. Ovulation, fertilization, and
early embryonic development in the menstruating fruit bat, Carollia
perspicillata. Anat Rec 20115 294:506-519.

. Rasweiler JJ. Reproduction in the long-tongued bat, Glossophaga soric-

ina.l. Preimplantation development and histology of the oviduct. ] Reprod
Fertil 19725 31:249-262.

Rasweiler JJ. Reproduction in the long-tongued bat, Glossophaga soric-
ina. II. Implantation and early embryonic development. Am | Anat 1974;
139:1-35.

Hamlett GWD. Uterine bleeding in a bat, Glossophaga soricina. Anat Rec
1934; 60:9-17.

Rasweiler JJ. Ovarian function in the captive black mastiff bat, Molossus
ater. | Reprod Fertil 1988; 82:97-111.

Rasweiler JJ. Implantation, development of the fetal membranes, and
placentation in the captive black mastiff bat, Molossus ater. Am | Anat
1990; 187:109-136.

Wang ZLB, Racey PA, Wang Y-L, Zhang S-Y. Sperm storage, delayed
ovulation, and menstruation of the female Rickett’s big-footed bat (Myotis
ricketti). Zool Stud 2008; 47:215-221.

Ockleford EM. The social structure and ecology of elephant shrews Galen
B. Rathbun. Paul Parey, Hamburg, 1979. 88 pp., DM. 49.00. Behav
Process 1981; 6:197-198.

Tripp HR. Reproduction in elephant-shrews (Macroselididae) with spe-
cial reference to ovulation and implantation. J Reprod Fertil 1971;
26:149-159.

Oduor-Okelo D, Katema RM, Carter AM. Placenta and fetal membranes
of the four-toed elephant shrew, Petrodromus tetradactylus. Placenta
2004; 25:803-809.

Lumpkin S, Koontz F, Howard JG. The oestrous cycle of the
rufous elephant-shrew, Elephantulus rufescens. | Reprod Fertil 1982;
66:671-673.

Tripp HR. Capture, laboratory care and breeding of elephant-shrews
(Macroscelididae). Lab Anim 19725 6:213-224.

Carter AM. Classics revisited: C. J. van der Horst on pregnancy and
menstruation in elephant shrews. Placenta 2018; 67:24-30.

Horst CJVD. Elephantulus going into anoestrus; menstruation and abor-
tion. Phil Trans Roy Soc Lond B Biol Sci 1954; 238:27-61.

van der Horst CJ. The placentation of Elephantulus. Trans R Soc S Afr
1949; 32:435-629.

020Z 8unp £ uo Jasn ssa2oe alis dNO A €65S//5/091 1/9/Z0 | foesge-ajoie/poidallolq/wod dno-oiwspeoe//:sdiy wolj papeojumoc]



Menstruation: lessons from the animal kingdom, 2020, Vol. 102, No. 6

1169

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

Soares M], Varberg KM, Igbal K. Hemochorial placentation:
development, function, and adaptationst. Biol Reprod 2018; 99:
196-211.

Dewar AD. Litter size and the duration of pregnancy in mice. Q | Exp
Physiol Cogn Med Sci 1968; 53:155-161.

Rudolph M, Décke W-D, Miiller A, Menning A, Rése L, Zollner TM,
Gashaw 1. Induction of overt menstruation in intact mice. PLoS One
20125 7:€32922-€32922.

Brasted M, White CA, Kennedy TG, Salamonsen LA. Mimicking the
events of menstruation in the murine uterus. Biol Reprod 2003;
69:1273-1280.

Liu S, Diao L, Huang C, Li Y, Zeng Y, Kwak-Kim JYH. The role of
decidual immune cells on human pregnancy. | Reprod Immunol 2017,
124: 44-53.

Bondarenko GI, Durning M, Golos TG. Immunomorphological changes
in the rhesus monkey endometrium and decidua during the men-
strual cycle and early pregnancy. Am | Reprod Immunol 2012; 68:
309-321.

Drury JA, Parkin KL, Coyne L, Giuliani E, Fazleabas AT, Hapangama
DK. The dynamic changes in the number of uterine natural killer cells are
specific to the eutopic but not to the ectopic endometrium in women and
in a baboon model of endometriosis. 2018; 16:67.

Menning A, Walter A, Rudolph M, Gashaw I, Fritzemeier KH, Roese
L. Granulocytes and vascularization regulate uterine bleeding and tis-
sue remodeling in a mouse menstruation model. PLoS One 2012; 7:
e41800.

Enders AC, King BF. Early stages of trophoblastic invasion of the maternal
vascular system during implantation in the macaque and baboon. Am |
Anat 1991; 192:329-346.

Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arter-
ies in human pregnancy: facts and controversies. Placenta 2006; 27:
939-958.

Espinoza ], Romero R, Mee Kim Y, Kusanovic JP, Hassan S, Erez O,
Gotsch F, Than NG, Papp Z, Jai KC. Normal and abnormal trans-
formation of the spiral arteries during pregnancy. | Perinat Med 2006;
34:447-458.

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 13 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Carter AM, Enders AC, Pijnenborg R. The role of invasive trophoblast in
implantation and placentation of primates. Philos Trans R Soc Lond Ser
B Biol Sci 2015; 370:20140070.

Kim SM, Kim JS. A review of mechanisms of implantation. Dev Reprod
2017; 21:351-359.

Badwaik NK, Rasweiler JJ. Altered trophoblastic differentiation and
increased trophoblastic invasiveness during delayed development in the
short-tailed fruit bat, Carollia perspicillata. Placenta 2001; 22:124-144.
Rasweiler JJ, Badwaik NK. Delayed development in the short-tailed fruit
bat, Carollia perspicillata. ] Reprod Fertil 1997; 109:7-20.

Lee KY, DeMayo FJ. Animal models of implantation. Reproduction 2004;
128:679-695.

Rasweiler JJ, Cretekos CJ, Behringer RR. The short-tailed fruit bat Car-
ollia perspicillata: a model for studies in reproduction and development.
Cold Spring Harb Protoc 2009; 2009; pdb.emo118.

Komar CM, Zacharachis-Jutz F, Cretekos CJ, Behringer RR, Rasweiler JJ.
Polarized ovaries of the long-tongued bat, Glossophaga soricina: a novel
model for studying ovarian development, folliculogenesis, and ovulation.
Anat Rec 2007; 290:1439-1448.

Rasweiler JJ. The black mastiff bat (Molossus ater): a novel, mammalian
model for studies of ovarian, uterine, and placental biology. ] Exp Zool
Suppl 1990; 4:210-212.

Profet M. Menstruation as a defense against pathogens transported by
sperm. Q Rev Biol 1993; 68:335-386.

Strassmann BI. The evolution of endometrial cycles and menstruation. O
Rev Biol 1996; 71:181-220.

Finn CA. Menstruation: a nonadaptive consequence of uterine evolution.
O Rev Biol 1998; 73:163-173.

Bellofiore N, Cousins F, Temple-Smith P, Dickinson H, Evans J. A missing
piece: the spiny mouse and the puzzle of menstruating species. ] Mol
Endocrinol 2018; 61:R25-r41.

Maybin JA, Critchley HO. Menstrual physiology: implications for
endometrial pathology and beyond. Hum Reprod Update 2015;
21:748-761.

Jabbour HN, Kelly RW, Fraser HM, Critchley HO. Endocrine regulation
of menstruation. Endocr Rev 2006; 27:17-46.

020Z 8unp £ uo Jasn ssa2oe alis dNO A €65S//5/091 1/9/Z0 | foesge-ajoie/poidallolq/wod dno-oiwspeoe//:sdiy wolj papeojumoc]



	Characteristics of the endometrium in menstruating species: lessons learned from the animal kingdom 
	Introduction 
	Menstruating animals
	Primates
	Spiny mouse
	Bats
	Elephant shrew
	Induced mouse model of menstruation

	Human-like characteristics
	Decidual immune cells
	Spiral arteries
	Implantation and trophoblast invasion

	Summary
	Conflict of Interest
	Author contribution


