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INTRODUCTION 

Successful embryo transfer requires a receptive uterine environment to support embryo 

implantation. In female laboratory animals inducing a receptive state is typically 

accomplished by mating with a sterile male (Behringer et al., 2014; Tarkowski, 1959). This 

process initiates a cascade of physiological changes termed ‘pseudopregnancy’, with the 

uterine decidua undergoing substantial remodelling in preparation for implantation of 

blastocysts (Paria et al., 2002; Wang & Dey, 2006). The successful induction of 

pseudopregnancy is typically assessed by the presence of a vaginal mucous plug the day after 

pairing (Bronson & McLaren, 1970; Hogan et al., 1986; Yang et al., 2009); however, this 

does not guarantee that the female will remain in the pseudopregnant state until implantation 

of embryos occurs, which is approximately four days after mating in mice, as pseudopregnant 

females have been found to re-enter the estrous cycle in response to various stimuli (Whitten, 

1956). Verifying that recipient mice have remained in the receptive ‘diestrus’ state until the 

time of embryo transfer may provide a key measure of the suitability of the recipient to 

undergo the procedure and consequently increase the overall success of the transfer process. 

The mouse estrous cycle can be observed indirectly through changes in the reproductive tract. 

Cyclic changes in epithelial cell structure within the vaginal and uterine lumen have been 

characterised in many species, with cell type and relative prevalence correlating strongly with 

estrous state (Byers et al., 2012; Gal et al., 2014; Nelson et al., 1982; Papanicolaou, 1933). 

This relationship was first documented in the guinea pig by Stockard & Papanicolaou (1917), 

and shortly after in the rat (Long & Evans, 1922), and mouse (Allen, 1922). The criteria used 

to determine estrous state in these landmark papers has remained relatively unchanged 

(Allen, 1922; Bertolin & Murphy, 2013; Cora et al., 2015; Thung et al., 1956); however, its 

application in embryo transfer experiments has not been routine, because vaginal cell 

sampling typically requires instrumental penetration of the vagina (Caligioni, 2009; Nelson et 

al., 1982) which can induce inflammatory processes resulting in loss of the diestrus state 

(Bertolin & Murphy, 2013; McLean et al., 2012). McLean and colleagues have recently 

addressed the ‘negative’ aspects of the sampling technique proposing a protocol for non-

invasive sampling of exfoliative epithelial cells in mice (McLean et al., 2012). We 

hypothesised that embryo transfer done at the time of cytologically-proven diestrus would 

result in an increased implantation rate, and application of this non-invasive protocol would 
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allow accurate staging of the estrous cycle while avoiding the unwanted effects of penetrative 

sampling via the vagina. 

MATERIALS AND METHODS 

Animals and treatments 

All experiments were approved by the Monash Medical Centre Animal Ethics Committee 

and conducted in accordance with the 8th edition of the Australian Code of Practice for the 

care and use of animals for scientific purposes (2013). Mice were obtained from Monash 

Animal Services (Clayton, Vic, Australia), and housed in high barrier specific pathogen free 

(SPF) housing ≤4 per cage, 12 h light cycle (lights on at 0800h) at 22-23°C, 40-55% relative 

humidity, and food and water were available ad libitum. 

Inducing pseudopregnancy 

Pseudopregnancy was induced by pairing eight to twelve week old CD1 females with 

vasectomised CD1 males. Estrus was first induced in the females with the introduction of 

soiled bedding from a sexually mature male cage 3 days prior to mating (Whitten, 1956). 

CD1 males were housed 1 per cage, with a female introduced at 1400h and separated at 

0930h the following morning. Females were independently examined for the presence of a 

vaginal plug and plug-positive mice were moved into conventional housing for 3 days prior 

to embryo transfer. The morning of plug detection was designated day 1 of pseudopregnancy, 

with embryo transfer conducted on the morning of day 4 (~72 h after plug detection). Non-

plugged mice were returned to stock for re-pairing >2 weeks later. 

Vaginal lavage 

Avoiding contact with the vagina, 20µl of sterile saline was repeatedly expelled (3-5 times) 

onto the vaginal opening and re-drawn up into the pipette tip (McLean et al., 2012). The fluid 

was then expelled onto a glass slide and smeared using the pipette tip to facilitate evaporation 

at room temperature. 

For the purposes of this study, vaginal lavage samples were not stained or examined until 

after embryo transfers had been performed to reduce potential experimenter bias. 

Exfoliative vaginal cell staining 
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After lavage fluid had evaporated, cells were fixed with 10% neutral buffered formalin for 5 

min. Smeared lavage fluid was stained with Haematoxylin and Eosin. Cells were rehydrated 

in deionised water for 15 sec, stained with Harris haematoxylin (Amber Scientific, Victoria, 

Australia) for 6 min, differentiated with acid ethanol, and submersed in basic ammonium for 

up to 10 sec. Slides were counterstained with 1% aqueous eosin (Amber Scientific, Victoria, 

Australia) for 3 min, then dehydrated, cleared, and coverslipped using DPX mounting 

medium. Slides were scanned using Aperio ScanScope and viewed using ImageScope (ver 

11). 

Cytological analysis 

Estrous state was determined from vaginal exfoliative cytology smears (as shown in Fig. 1) 

following specific criteria. Proestrus was defined as the presence of nucleated epithelial cells 

and leukocytes and the absence of cornified epithelial cells. Diestrus was defined as the 

presence of leukocytes only, or with leukocytes comprising more than 90% of the total cells. 

Metestrus was defined as the presence of all three cell types, with leukocytes comprising less 

than 90% of the total cells.  Estrus was defined as the presence of cornified epithelial cells 

alone. 

*Insert Figure 1 

The number of anucleated cornified epithelial cells, nucleated epithelial cells and leukocytes 

were counted on the centre 0.25 mm2 area of each slide (corresponding to 200X 

magnification), with one slide processed per animal. Image J version 1.48 (National Institutes 

of Health, Chicago, Illinois, USA) was used to quantify cell type and number with each 

image undergoing threshold-adjustment, binary conversion, and watershed adjustment to 

clearly identify individual cells. Cells were analysed by volume: leukocytes between 10 - 80 

µm2 in size, nucleated epithelial cells between 90 - 500 µm2, and cornified squamous 

epithelial cells were counted manually. Detailed instructions for cell counting using Image J 

are available online (e.g.: imagej.net/Particle_Analysis) 

Generating embryos for transfer 

Donor embryos were generated as previously described (Gardner & Lane, 2014). Four weeks 

old F1(C57BL/6 X CBA) female mice were given an i.p. injection of 5 IU pregnant mare 

serum gonadotrophin (PMSG; Intervet, Australia) and, 48 h later, an i.p. injection of 5 IU 
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human chorionic gonadotrophin (hCG; Intervet, Australia). They were then paired with F1 

(C57BL/6 X CBA) hybrid males; pairing was conducted 1 day prior to pairing of recipient 

females to induce pseudopregnancy. At 1.5 days post-coitus (dpc), donor females were killed 

by cervical dislocation, oviducts were excised, and embryos were flushed into MOPS-

buffered medium G1 (Gardner & Lane, 2014) supplemented with HSA (5mg/ml; Vitrolife). 

Embryos were cultured at 37°C, 6%CO2, 5%O2, 89%N2 in groups of 10 embryos per 20 µl 

G1 microdrop supplemented with HSA (5mg/ml) and covered with Ovoil™ liquid paraffin 

(Vitrolife). After 24 h, when embryos were at the 8-16 cell stage, they were transferred into 

20 µl G2 embryo culture medium droplets supplemented with HSA (5mg/ml), with 10 

embryos per 20 µl microdrop, as outlined in Gardner and Lane (2014). Expanded blastocysts 

of excellent morphology were selected for transfer (graded as per Gardner and Lane, 2014); 

morphologically abnormal blastocysts were excluded. 

Embryo transfer 

Embryo transfer was performed after vaginal lavage of the pseudopregnant CD1 recipient 

females on day 4 after pairing, with embryos transferred into the uterus at day 5. Anaesthesia 

was induced in the recipient mice with 4.9% isofluorane in air, and was maintained 

throughout the experiment with 2.5% isofluorane in air. Four to eight embryos were 

transferred into the lumen of each uterine horn through a small dorsal incision using a pulled 

and flame-polished glass Pasteur pipette. Following embryo transfer, the peritoneum was 

sutured (Maxon, Covidien, US), and the skin wound closed with sterile surgical clips. The 

procedure was conducted on a warmed stage and typically took <20 min. Lignocaine 

(Xylocaine) was applied topically (0.1 ml), and mice recovered for 30 min in a dark cage at 

37°C before being transferred to their original cage. After transfer, recipients had 3 mg/ml 

paracetamol added to their drinking water and were monitored for signs of distress. All 

females were killed 6 days post surgery (day 10 post-pairing), with the uterus excised and 

fixed in 10% neutral buffered formalin post-mortem. 

Uterine morphology 

After fixation in formalin for 48 h, each uterus was processed through graded ethanols, 

xylene and paraffin wax, and sectioned at 4 µm. Representative sections were stained to 

verify the number of implantation sites. Slides were dewaxed through xylene and graded 

ethanol in preparation for Masson’s Trichrome staining. Samples were post-fixed in Bouin’s 
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fluid for 1 h at room temperature, then stained with Weighert’s iron haematoxylin (Amber 

Scientific, Victoria, Australia) for 10 minutes and differentiated in 1% acetic acid. Slides 

were then stained with beibrich scarlet-acid fuchsin (POCD, NSW, Australia) for 5 min and 

differentiated in phosphotungstic-phosphomolybdic acid (POCD, NSW, Australia), before 

being stained with aniline blue (POCD, NSW, Australia) for 2 min, dehydrated, cleared, and 

coverslipped in DPX mounting medium. Slides were scanned using Aperio ScanScope slide 

scanner, and viewed using ImageScope (ver 11). Embryo implantation sites were counted for 

each uterine horn in the stained sections by three independent scorers. Scorers were blinded 

to the cytological data obtained. 

Statistics 

Statistical analysis was conducted using GraphPad Prism (version 6.0, GraphPad Software, 

San Diego, CA). The Kruskil-Wallis non-parametric statistical comparison was used, as the 

data did not meet normality and homogeneity of variance needed for parametric analysis. 

Data is presented as mean ± SEM with significance established at p<0.05. 

RESULTS 

Representative exfoliative vaginal cytology for each stage of the estrous cycle is presented in 

Figure 1. Relative prevalence of each cell type was used to ascertain the estrous state for each 

recipient mouse (Table 1). 

* Insert Table 1 

When vaginal cytology was retrospectively analysed to determine estrous state (Table 1), the 

implantation rate in diestrus-stage females (n=6) was 96 ± 2% (Figure 2). The average 

implantation rate for females not in diestrus at the time of embryo transfer (n=16) was 10 ± 

4%, with no difference in implantation rate detected between uterine horns (left vs right) or 

between non-diestrus states (Figure 2). 

* Insert Figure 2 

Pregnancy was histologically confirmed in all diestrus recipients (n=6), with implantation 

sites confirmed for 57 of 59 embryos transferred. Representative stained histological sections 

displaying individual implantation sites within the uterus are presented in Figure 3. 
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* Insert Figure 3 

 

DISCUSSION 

Here we describe a simple non-invasive technique for determining the estrous state in female 

recipient mice prior to embryo transfer. We show that this established technique allows 

diestrus to be determined quickly and accurately, and that the decision to conduct embryo 

transfers on the basis of these findings can significantly increase the efficacy of the embryo 

transfer process. The results show that simple lavage of the vaginal opening provides a 

sufficient number of cells for accurate determination of estrous state, with the result that 

embryo transfer done at the time of histologically-verified diestrus is highly efficient. The 

implantation rate in females was 96% when retrospective cytological analysis signified 

diestrus, whereas, if the presence of the copulatory plug alone is used to assess suitability for 

use, the implantation rate was significantly less, at 33%. A large number of common stressors 

have been reported to affect the maintenance of pseudopregnancy in plug-positive 

pseudopregnant females, such as described in detail by Whitten (1956), yet the results of this 

study show that objective confirmation of diestrus prior to surgery can reduce variation in 

embryo transfer experiment outcomes, and increase the overall implantation rate independent 

of the method of embryo transfer employed. 

Based on the original protocol for embryo transfer (McLaren & Michie, 1956), a large 

number of publications have reported improved success rates from technical improvements 

and optimisations to the embryo transfer procedure, such as non-surgical trans-cervical 

embryo transfer (Green et al., 2009; Moreno-Moya et al., 2014), and embryo transfer via the 

utero-tubal junction (Bermejo-Alvarez, 2014). Innovations such as these report near-perfect 

implantation rates, however these success rates remain predicated on the continued presence 

of diestrus in the pseudopregnant recipients. Conducting an objective assessment of this 

aspect of uterine receptivity prior to embryo transfer surgery in mice merits inclusion in 

current and future embryo transfer protocols and optimisations. 

This simple, quick and non-invasive exfoliative cytological analysis requires minimal 

training to implement, with an instructional video of the technique available (McLean et al., 

2012). Quantifying cell type and number in cytological smears is quick and simple to 

conduct, minimising bias and subjectivity, with the definitions proposed here shown to 

accurately reflect defined estrous states. The key benefits of implementing this technique, 
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regardless of the specific protocol used to conduct embryo transfer, is minimising variation in 

embryo transfer outcome and minimising the number of mice required. As embryo transfer in 

mice is one of the most frequently conducted surgical procedures worldwide (Department of 

Primary Industries, 2014; European Commission, 2014), this technique will substantially 

reduce the number of animals needed in such experiments; not only because of the increased 

implantation success, but also because early identification of non-suitable recipients will 

allow their use elsewhere. 
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FIGURE LEGENDS ONLINE 
 
Figure 1: Representative images of haematoxylin/eosin-stained exfoliative vaginal cytology 

corresponding to (A) metestrus, with anucleated cornified epithelial cells (white arrows), 

nucleated epithelial cells (black arrows) and leukocytes present, (B) diestrus, with leukocytes 

the most prevalent cell type, with minimal presence of nucleated epithelial cells (C) 

proestrus, with nucleated cells (black arrows) and leukocytes present, and anucleated 

cornified epithelial cells absent, (D) estrus, with anucleated cornified epithelial cells only. 

Table 1: Relative epithelial cell type and prevalence for each embryo transfer recipient 

obtained from vaginal lavage smears conducted immediately prior to embryo transfer (n = 

22). 

Figure 2: Implantation rate for female recipients with estrous state determined by exfoliative 

vaginal cytology. *p<0.05. 

Figure 3: Representative stained uterine sections from female mice in diestrus (A) and estrus 

(B) at day 10 of gestation. Implantation sites are indicated with black arrows, and ovaries 

indicated with asterisks. 

 
 
 
FIGURE LEGENDS IN PRINT 
 
Figure 1: Representative black and white images of haematoxylin/eosin-stained exfoliative 

vaginal cytology corresponding to (A) metestrus, with anucleated cornified epithelial cells 

(white arrows), nucleated epithelial cells (black arrows) and leukocytes present, (B) diestrus, 

with leukocytes the most prevalent cell type, with minimal presence of nucleated epithelial 

cells (C) proestrus, with nucleated cells (black arrows) and leukocytes present, and 

anucleated cornified epithelial cells absent, (D) estrus, with anucleated cornified epithelial 

cells only. 

Table 1: Relative epithelial cell type and prevalence for each embryo transfer recipient 

obtained from vaginal lavage smears conducted immediately prior to embryo transfer (n = 

22). 



 13 

Figure 2: Implantation rate for female recipients with estrous state determined by exfoliative 

vaginal cytology. *p<0.05. 

Figure 3: Representative stained uterine sections from female mice in diestrus (A) and estrus 

(B) at day 10 of gestation (black and white). Implantation sites are indicated with black 

arrows, and ovaries indicated with asterisks. 
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