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Abstract

The tree shrew has been used as a primate aniod®|rim neuroscience studies but it has only

rarely been employed in the study of reproductixgtesns. This is mainly because we know very little

about the histological features of reproductiveaosy of the tree shrew. In this study, we have

systematically analyzed the histology of reprodiectorgans of tree shrew, in comparison with human

organs. The uterus of female tree shrew is utenméds unicolis, which is connected with an envetbpe

ovary through a thin fallopian tube. Histologicallhe fallopian tube consists of folded mucosa,

muscularis and serosa. Like other mammalian anjrttadsdifferent developmental stages (primordial,

primary, secondary and Graafian follicles) of omarfollicles including inner oocyte and outer griasa

cells are embedded in the cortex. The luminal ereddom, middle muscular myometrium and serosa

constitute the wall of uterus of tree shrew. Therine endometrium contains simple columnar ciliated

cells and goblet cells, and there are rich uteglaeds in underlying stroma. Furthermore, thesadga

of tree shrew are round and smaller during anesan become much longer when they are in estrus.

The uterine endometrium in younger animals wasdesgloped when compared to a mature tree shrew.

Compared to human uterine endometrium, the hisicdbdeatures of tree shrew are very similar,

indicating that it could potentially be good primatimal model for studying the diseases in repstiv

system.
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Introduction

Tree shrews (Tupaia belangeri) are squirrel-likat-sized animals inhabiting in tropical
shrublandand forests of South and Southeast Asigsanth China (Fan et al. 2013). Recently, genomic
analysis has confirmed that the tree shrew is blostated to primates (Fan et al. 2013; Fan 2Gil4).
Zoologists have completed the domestication of Taugselangeri as experimental animal under
laboratory condition, and they have an understandifi the basic physiological parameters of
domesticated tree shrews (Wang et al. 2013). Héremeshrew can be considered as an excellent fgrima
animal model in many research fields of life scencBecause of close similarity with primate, tree
shrew is deemed to be a good alternative for mgnkbich is used in the studies of psychology (Fang
et al. 2016; Nair et al. 2014), immunology (Glebwl &Jrban 2007; Li et al. 2011; Yu et al. 2016),
physiology (Feng et al. 2015; Wang et al. 2013; &¥al. 2013) and pathology (Zhang et al. 2016) and
human disease research (Cao et al. 2003; Par2étlsl, Ye et al. 2016) as a primate experimentahaln
However, compared with frequently-used animal medath as mouse and rabbit, little has been known
about the morphological characters of tree shrevighvcan be employed in many research felids as an
emerging animal model. Hence, there is no doulttdtualying the morphological characters in various
systems of tree shrew is absolutely required tonagsly support the widespread use of tree shrew as
primate animal model. The more we know about tlstological features of the animal the quicker it
could be widely employed as experimental animal.

Reproduction is one of the most important biologmacesses, and it enables the existence and
continuation of species. The female reproductiwtesy undertakes the most important tasks of human
reproduction. This system is composed of ovariesduxt, uterus and vagina, and these organs

implement different roles and works in reproductivecesses. The ovaries supply the optimal conditio



for ovarian follicles to mature and the synthesissirogen and progesterone to control developaient

follicles and uterine endometrium. An oocyte ovesatrom mature follicles and is fertilized with spe

to become a zygote in the oviduct, or will degeteeraventually. The Endometrium of the uterus

undergoes monthly cyclic change and menstruatiomiclwis hormonally responsive during the

reproductive cycle and pregnancy. After succedsfilization, uterine endometrium will sustain the

development of the embryo and the placenta (Coli;26merson 2002).

The increased incidence of reproductive diseasgsvidespread application of IVF, has prompted

scientists and doctors to investigate reprodudiygtems using various animal models including tree

shrew. At present, a number of different animatsgmeare used to mimic humane reproductive systems.

Serious ethical issues and the size of some lasgarimental animals, such as monkey and sheeg mak

them difficult to use routinely in experiments. Sosmaller experimental animals, for example cat,

mouse or rabbit, have reproductive systems thasigréficantly different from human beings. Thus, a

a non-monkey primate, tree shrew is small-size ahamd could be suitable for the study of reproisrect

diseases. Female tree shrews give birth to uprée tioung after a gestation period of 45 to 50 days

reach sexual maturity at about four months, anddfer much of the year, with no clear breedingsaa

in most species (Cobb 2002; Emerson 2002). In cmdetter validate tree shrew as suitable animal

model, a greater understanding or the morphologiodlhistological features of tree shrews compared

with other better documented experimental animatstauman tissues. In this study, we investigate the

histological and morphological description of te@moductive system in tree shrew.



Materials and M ethods

Tree shrew (Tupaia belangeri chinensis) and mice

Female tree shrews (120 g + 10 g) were purchasedltfie experimental animal center of Kunming

Medical College (Kunming, China). The female Kungimice were obtained from the Laboratory

Animal Centre of Sun Yat-sen University (GuangzhBhina). The animals were housed in an alternate

light-dark cycle (every 12 hours) room with a temgtere of 22 + 2°C and a relative humidity of 50—

60%. Tree shrews and mice were fed a complete flarfiood and allowed water adlibitum. 12-week

and immature (11 day) tree shrews and mice were insthis study after a one-week adaption. All the

animal experiments were in accordance with the @inds on the Care and Use of Animals for Scientifi

Purposes (2004, Singapore). The protocols for tim@al studies were also reviewed and approved by

the Experimental Animal Ethical Committee of Jinamiversity.

Histology

Briefly, the 12-week (11 day) female tree shrew Kndming mice reproductive organs including

ovary, oviduct and uterus were dissected, and fited in 4% paraformaldehyde at 4°C for 24 hours.

The specimens were then washed, dehydrated, cl@argdene and embedded in paraffin wax. The

tissue specimens were serially sectioned at 4 ing s rotary microtome (Leica, RM2126RT). The

sections were stained with haematoxylin and eoki&H), or Masson's trichrome dyes (Masson

staining)(Lazarous et al. 1992; Li et al. 2014; @iagnd Lombardo 1984). The Masson staining was used

to reveal the presence of fibrosis and muscleaertigsues.

Photography and Microscopy



For light microscopy, whole mount reproductive arg®f female tree shrews were photographed

using a stereo-fluorescence microscope and pratesseg an Olympus software package Image-Pro

Plus 7.0. Photographs of the stained histologlmabkections of tree shrew and mice were captuiied us

by an epi-fluorescence microscope (Olympus IX5i¢ca®M 4000B) at 200x or 400x magnification.

For transmission electron microscopy (TEM), theted uteruses of tree shrew were fixed with

2.5% glutaral in 0.1 M PBS for 2 hours, and thenkeruses were dissected. The samples were sent to

the TEM Laboratory of Sun Yat-sen University. Thebedding, ultrathin sectioning and staining were

performed by professional technicians and examirség a Tecnai G2 Spirit Twin (FEI, USA).



Results

The intact morphology of female reproductive organsin tree shrew.

To clearly observe the female reproductive orgbors in its full spatial completeness, we isolated

the ovary, oviduct, and uterus and vagina of 12k#emale tree shrew (Fig.1). From the views of dbrs

ventral and lateral sides (Fig. 1A-N), we could & the segment of lower vagina and partial wefu

tree shrew appears to be an oval cylinder (FigF},Gvhile the upper segment is double horn uterus,

which connects with a thin piece of oviduct angpasated ovary (Fig. 1C-K).

The general histology of reproductive organsin tree shrew.

H&E staining was performed on the transverse sastof oviduct (Fig. 2A-J) and ovary (Fig. 2L-

P). Here, we could see that there are many firlgerrhucosal folds in the lumen of oviduct, and the

oviduct wall consists of mucosa, muscularis andseifrom luminal to apical side (Fig. 2A-C, E-G).

Mucosa is formed by a ciliated epithelium on lamprapria in both segments of tube and fimbriate

oviduct (Fig. 2D-H). The ovary is separated intoaater cortex and an inner medulla (Fig. 2L). The

differential developing ovarian follicles includimgimordial follicle (Fig. 2M), primary follicle (fg.

2N), secondary follicle (Fig. 20) and Graafianifid# (Fig. 2P) are embedded in cortex connectasui.

In the mature follicles, the oocyte is surroundgdzbna pellucida and granulosa cells which form the

corona radiate, and the oocyte is ultimately sudpdrin the cumulus oophorus at Graafian folliclig(F

2M-P).

Like the oviduct, the walls of uterus and vagima eomposed of endometrium (mucosal layer),

myometrium (fibromuscular layer) and perimetriurar¢sa) (Fig. 3A-0). Less finger-like mucosal folds

were found in the uterus horn than in the uteriadyb cervix or vagina (Fig. 3B-L). However, much



stronger Masson staining was presented in the ctinedissues of vagina and cervix than in uterush

and body (Fig. 3C-M).

The endometrium, uterine gland and myometrium of uterus and vagina in tree shrew.

In the uterine horn and body, the endometrium ammosed of consists a simple columnar

epithelium (ciliated cells and goblet cells) anduaderlying stroma (connective tissue) (Fig. 4B,

C-G). Meanwhile, many simple tubular uterine glaadsformed through the mucosa’s invagination into

stroma (Fig. 4A-E, B-F) (Fig. 5). Correspondingllgere are many finger-like mucosal folds in the

endometrium of cervix and vagina, instead of matgyine glands (Fig. 41-M, J-N). The epithelium is

full of ciliated and goblet cells, and more fibroseular components in stroma, which is also reftbcte

by the stronger Masson staining (Fig. 4S-T) in cargon to the uterine horn and body (Fig. 4Q-R).

Again, we could find stronger Masson staining ipometrium of the cervix and vagina than in

uterine horn and body (Fig. 6A-J) but more artef$péral artery) could be found (as indicated bpwars,

fig. 6) in uterine horn and body than in cervix argjina.

The histological characters of endometrium in immature and mature tree shrew.

In the endometrium of anestrus, most of the endidume is full of well-arranged ciliated columnar

epithelial cells (Fig. 7A-B), the majority of bloodessels are veins (Fig. 7C) and round tube-like

endometrial glands are predominant (Fig. 7D-E).imuestrus, the endometrium becomes thicker (Fig.

7F); the ciliated cells in endometrium are redudbd;number of arteries in the endometrium incréase

(Fig. 7H); the endometrial glands are presenteldrag-tubules (Fig. 71) and more secretions could be

found in those glands (Fig. 7J).



Compared to mature endometrium, we could not elstre clear boundaries between the three

layers of the endometrium in immature tree shrely.(F), Their epithelial cells arrange closelydFi

7L); very few ciliated cells were observed on theface of the endometrial epithelium (Fig. 7M) and

the majority of blood vessels are vein (Fig. 7N).

Tree shrew shares the histological characters of uterine wall with mice.

In order to compare the characters of uterine Weatlveen tree shrew and mouse, we carefully

observed the histology at uterine horn from treewhand mouse. Here, we can see that both of them

could be divided into three layers as describedval@ithough more finger-like mucosal folds were

observed in C57 mouse in this segment (Fig. 8AtD)addition, few ciliated cells and uterine glands

could be seen in C57 uterine endometrium compardcee shrew (Fig. 8F-1). However, endometrial

stroma are rich of blood vessels in both mice amdhals; and both have similar arrangements of

muscularis (Fig. 8G-J).



Discussion:

The reproductive system has attracted much atteghie@n that it is an intricate and complex system.

Its functionallity includes not only the reprodwetiorgans but also the endocrine organs. It isuseca

of its complex nature that the exact pathologicathanisms of infertility are still not fully undéosd.

To elucidate the various pathways of pathogenesise human reproductive system, it is necessary to

establish a suitable experimental animal modelithalysiologically analagous to humans. In thislgt

we displayed the morphological features of the femeproductive system of the tree shrew, from the

outward appearance to submicroscopic structurstlfithe tree shrew possesses a pair of double hor

like uterus, in a “Y” shape, connecting with oviti@and ovaries respectively at the ends. Obviously,

there are abundant blood vessels distributingdcsthface of the horns (Fig. 1J) and ventral sfdbe

body (Fig. 1F). The oviduct is composed of tube faimtbriae portions, and its histology consiststote

layers including serosa, muscularis and mucosa @AgE). The function of the oviduct is to collect

oocytes and transport them or zygotes to the u{@ay et al. 2012; Ezzati et al. 2014; Hu et all420

The follicle development in tree shrew is similahtuman being, and progresses from immature feflicl

to mature follicles via primordial follicles, primafollicles, secondary follicles and Graafian foliks

(Fig. 2L-P). This suggests that that tree shrewlccdne a good animal model for addressing the

mechanisms of many reproductive system diseasédsasipremature ovarian failure (POF), eccyesis

and other diseases of adnexa uteri.

Under the light microscope, the histological staues of horn, body, cervix and vagina of trees

shrew uterus are generally similar to human beingwhich the wall comprises endometrium

myometrium and perimetrium. Endometrium underggeticproliferation, come-off and repair if there

is no pregnancy during the female fertile windovagiins and Matzuk 2008; Kawano et al. 2014). As
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shown in figure 4, the endometrium epithelium isnpoised of different types of epithelial cells

including goblet cells and ciliated epithelium, aimiare again similar with those in the endometrafm

humans. Under the epithelium, there is basementhrame underlying basal cells in the segments of

horn and body. The endometrium of the cervix arginais constituted only with epithelium including

ciliated epithelium and goblet cells (Fig. 41-M).askon staining demonstrated that the stroma is

composed of stromal cells, in which fibroblasts fihtbcytes are presented differently in horn andyo

because of their different functions (Fig. 4Q-SgcAmulating evidence has shown that uterine glands

and their secretions have considerable biologigiglsrin pregnancy. However, an obvious knowledge

gap remains regarding how human uterine glandsastig@arly pregnancy as well as the impacts of

deficient glandular function on successful pregyaaod complications (Spencer 2014). Hence, a

suitable experimental animal is required to filtie gap. In tree shrew endometrium, there aredenin

“tube like” glands under the surface epithelium,ichhconsist of ciliated epithelium and goblet cells

secreting mucus into lumen (Fig. 5). Uterine glaadsessentially for normal pregnancy. These glands

only exist in endometrium of the horn and body (BiB-N) and would develop and secrete (Fig. 7D-I).

Horn of uterus is the standard site for embryo antdtion during pregnancy in tree shrew (Zhand.et a

2013). In the endometrium of fetal (11 day) fem@ée shrew, we could not identify the glands and

differential endometrium which just present unclegers (Fig. 7K-N). Hence, we speculate that wgeru

of tree shrew matures after birth, which providedance to study the development of the uterugtand

mechanisms of uterine diseases. Myometrium of atptays an important role during pregnancy and

giving birth. As shown in Fig. 6, the myometriumtoée shrew contain two layers of smooth muscles

with transverse and longitudinal smooth muscle testespectively. In addition, there are many arser

and veins in the middle of myofibers which are Ith@nches of blood vessels on the uterine surface.

11



Female reproductive organs go through differentettgwmental periods from childhood to

adolescence. In the tree shrew, many small arteriise endometrium, and small glands in anestrus

develop into long tube glands in estrus (Fig. 7Hadich is similar those in secretory phase of hama

uterus (Dixon et al. 2014; Manohar et al. 2014;rf8pe 2014). It also displays that tree shrew cdald

a suitable non-monkey primate animal model fordlueidation of biological functions of uterine gt

during the reproductive cycle and pregnancy (Haw/kind Matzuk 2008; Spencer 2014).

In sum, our current study reveals that: 1) treewhuterus contains four different segments, which

are horn, body, cervix and vagina; 2) endometridriree shrew is comprised of surface epithelium,

stroma cells and uterine glands; 3) myometriunted shrew consists of two layers of smooth muscle

with perpendicular directions; 4) in estrus, endtoimen presents significant changes, such as

development of small arteries and uterine glaniisitérus of tree shrew undergoes development from

immature to mature after birth in a similar manteehumans. The similarity with humans makes tree

shrew a very suitable primate experimental animadehin studies of life sciences; 6) there is natdo

that tree shrew could be good option as a primaitea model on the study of reproductive system.

12
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Figurelegends

Figure 1. The morphological characters of female reproductive organsin tree shrew.

A-L: The representative dorsal (A), ventral (B), lefetal (G) and right lateral (H) view of uterus,

oviduct and ovary of 12-week tree shr&@vK: The upper portions of A and H respectivédyL : The

lower portions of A and H respectively-F: The schematic diagrams for front (E) and laterahMEw

of uterus, oviduct and ovary of tree shr&8gale bars = 1 mm in A-B&G-H and 2 mm in C-F&I-L.

Figure 2. The histological features of oviduct and ovary in tree shrew.

A-E: Representative images of H&E stained transverstosecof tube (A) and fimbriae (E)

segment of oviducB-C: The higher magnification images focus on mucosaafi) muscularis (C) of

tube region of oviduct respectively: The higher magnificent image focus on epitheliuntubie region

of oviduct.F-G: The higher magnification images focus on mucosa(f) muscularis (G) of fimbriate

region and oviduct respectiveli: The higher magnification image focus on epitheliafrfimbriae

region of oviductl-J: The schematic diagrams for whole uterus horn, atidad ovary (1) and oviduct

histology (J) of tree shrew. Scale bars = 4@0n L; 10Qum in A-E, P; 5am in B-C, F-G, M-N; 2Qm

in D-H.

Figure 3. The histological features of uterus and vagina in tree shrew.

A-J: Representative images of H&E stained transverstosscat level of horn (A), body (D),

cervix (J) of uterus and vagina (B-L: The higher magnification images focusing on thd whlterus

or vagina from A-J respectivel@-M: Representative images of Masson stained transgertmns at

level of horn (C), body (F), cervix () of uteruacavagina (M)N-O: The schematic diagrams for the
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levels of transverse sections at uterus horn, laodycervix (N) and vagina (O) of tree shrew. Stales

=50Qum in A-J and 250m in B-L, C-M.

Figure 4. The histological features of uterus and vagina endometrium in tree shrew.

A-M: Representative images of H&E stained transversgosedocus on endometrium at level of

horn (A), body (E), cervix (I) of uterus and vagifM). B-N: The higher magnification images focus on

endometrial surface epithelium from A-M respectvel-O, D-P: The higher magnification images

were taken from the sites indicated by dotted segiar B-N respectivel\Q-T: Representative images

of Masson stained transverse sections focus onnegttiom at level of horn (Q), body (R), cervix (S)

of uterus and vagina (T). Scale bars = @fd0dn A-M, Q-T; 5Qum in Q-N; 1Qum in C-O, D-P.

Figure5. The histological features of endometrial glandsin tree shrew.

A-B: Representative images of H&E stained transvers@ossdocus on endometrium at level of

uterus horn (A) and body (B-D: The higher magnification images were taken fromsibes indicated

by dotted squares in A-C respectively. Scale ba&s6en in A, C; 2@m in B, D.

Figure 6. The histological features of myometrium in tree shrew.

A-J: Representative images of Masson stained transsecsi®ns focus on partial myometrium and

perimetrium at level of horn (A), body (D), cervig) of uterus and vagina (JB-K: The higher

magnification images focus on myometrium from AegpectivelyC-L : Representative images of H&E

stained transverse sections focus on myometridsvat of horn (C), body (F), cervix () of uteruach

vagina (L). Abbreviation: T, transverse smooth nheidgmindle; L, longitudinal smooth muscle bundle.
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Scale bars = 1Q0n in all.

Figure 7. The histological features of uterus walls at different developmental stage of tree shrew.

A-K: Representative images of H&E stained transversiosscfocus on uterus walls of mature

tree shrews in anestrus (A), estrus (F) and imreatee shrews (KB-E, G-J: The higher magnification

images focus on endometrium sites indicated byedostjuares in A-F respectivel:-J: The higher

magnificent images focus on endometrial glands-ihrEspectivelyK : The H&E stained uterus wall of

immature tree shrevi.-N: The higher magnification images focus on endometrsites indicated by

dotted squares in K. N: The higher magnificatiomg®s focus on stroma of uterus wall indicated by

dotted squares in K. Scale bars = @®0n A-F; 5Qum in C-H, D-I, K; 1@um in B-G, L-N.

Figure 8. The comparison of uteruswalls at uterus horn between mice and tree shrews.

A-B: Representative images of H&E stained transvergessdocus on uterus walls of tree shrew

(A) and C57 mouse (B)C-D: The higher magnification images focus on endometrin A-B

respectively.E-H, F-I: The higher magnification images focus on endometiafaces (E-H) and

endometrial vessels (F-1) indicated by dotted sgsiar C-D respectivelys-J: The higher magnification

images focus on myometrium and perimetrium. Scafe b 20@m in A; 10um in B, C, G; 5@m in D,

J; 2Qum in F-I; 2Qum in E-H.
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