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A B S T R A C T

Vaginal cytology evaluation is an economic, non-invasive technique for indirect monitoring of
fluctuations in estrogen concentrations, and thus progression of the estrous cycle. This technique
is widely used in domestic dogs for determining timing of artificial insemination. There, however,
are only a few reports on the vaginal cytology of non-domestic felids, including lions. This study
was conducted, therefore, to describe the vaginal epithelial changes throughout the reproductive
cycle of African lions, and to investigate the efficacy of vaginal cytology assessments for pre-
dicting reproductive stages. During a 12-month period, reproductive behavioral data and vaginal
swabs were collected daily from five lionesses. In total, 541 vaginal smears were evaluated for the
proportion of mucosal epithelial cells, neutrophils, bacterial cells, and amount of mucous, cel-
lular debris. One single swab with a large proportion of superficial cells, absence of neutrophils,
large number of bacteria, without cellular debris was sufficient for detecting lionesses in estrus.
Likewise, one cytology sample with a large proportion of parabasal and intermediate cells, few
neutrophils, few bacteria, and large amount of mucous, cellular debris enabled detection of fe-
males in advanced diestrus or gestation. To distinguish lionesses in early diestrus from those in an
inter-estrous period, at least two consecutive swabs were necessary for satisfactory classification.
Overall, evaluation of vaginal cytology samples was an effective technique for differentiation
among different stages of the reproductive cycle, confirmation of estrus, and pregnancy diagnosis
in lionesses. This technique, therefore, has the potential for application in classifying different
stages of the reproductive cycle in other feline species.

1. Introduction

The International Union for the Conservation of Nature (IUCN) considers most non-domestic felids threatened with extinction,
including lions (IUCN, 2019). Basic information about the reproductive physiology of these species, therefore, is needed to develop
successful conservation and ex situ breeding programs (Swanson, 2006).

Most felids only have ovulations if mating occurs (induced ovulations) and during the period of the ovarian cycle there may be no
ovulations (alternate periods of estrus and inter-estrus without ovulation), or ovulations (diestrus occurs after estrus and ovulation;
Fig. 1) (Andrews et al., 2019). When there is conception after ovulation, a luteal phase ensues and is maintained beyond the typical
period of luteal function if there is a signal from the developing fetal tissues indicative of pregnancy. If there is no pregnancy, the
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period of diestrus ensues and the luteal tissues regress after a typical period of function (Andrews et al., 2019).
Variations in the concentration of circulating estrogen during the estrous cycle are associated with changes in the cells of the

mucous membrane of the reproductive tract (Johnston et al., 2001). Thus, evaluation of the type and proportion of epithelial cells in
serial vaginal smears serves as an indirect method to monitor fluctuations in estradiol concentrations, and therefore, progression of
the reproductive cycle (von Heimendahl and England, 2010). In addition, vaginal cytology evaluations may potentially be used to
predict the time for mating and artificial insemination in non-domestic felids, similar to what occurs in domestic dogs (Johnston
et al., 2001). In the domestic dog, cytological changes of the vaginal epithelium have been precisely determined (e.g., Schutte, 1967;
Bell et al., 1973). There, however, are few reports on vaginal cytology evaluations of domestic cats (Mowrer et al., 1975; Herron,
1977; Shille et al., 1979; Mills et al., 1979; Cline et al., 1980) and even fewer with non-domestic felids (Liche and Wodzicki, 1939;
Asa et al., 1992). The results from these previous studies indicated vaginal cytology observations could be used for detection of estrus
in domestic cats, but was not useful to distinguish between inter-estrous periods and diestrus (Johnston et al., 2001; von Heimendahl
and England, 2010). Additionally, in cheetahs (Acinonyx jubatus), there seemed to be a larger number of leukocytes in the vaginal
cytology samples during inter-estrus than during gestation (Asa et al., 1992). In most studies performed in non-domestic cats, there
was use only of opportunistic or infrequent vaginal samples, and therefore, there was a lack of a systematic approach with many of
these previous assessments.

The aims of the present study, therefore, were: 1) to describe the type and proportion of cells as well as related changes observed
in the vaginal cytology samples of African lions throughout the period of the reproductive cycle, and 2) to investigate the use of this
technique to predict the reproductive stage of the lioness.

2. Materials and methods

2.1. Study animals

Five adult (3.5–9 years of age) female African lions located in a private conservation center in South Africa served as study
subjects for this research. Three of these females were proven fertile, cohabiting with an adult male (6 years of age) in an
800–1200m2 outdoor enclosure which included natural substrate, trees, and a shelter. The remaining two females were nulliparous
and were located together in another enclosure with similar conditions as those for the females housed with the male. All animals
were within visual, auditory, and olfactory range of each other. All lions were healthy and in good body condition. The five lionesses
were trained by positive reinforcement conditioning to voluntarily allow for collection of vaginal cytology samples using swabs
(Callealta et al., in press). This study was conducted with the permission of the Animal Ethics, Use and Care, and Research Com-
mittees of the University of Pretoria, South Africa (V052-17).

2.2. Behavioral monitoring

For 12 months, the behavior of the five females was monitored twice a day (at sunrise and dusk) 5–7 days per week, in sessions of
15−60min. A relative increase in the frequency of specific reproductive symptoms such as purring, flirting run, lordosis, allowing for
mounting, copulation, and rolling, enabled detection of females in natural estrus (Stanton et al., 2015). Behavioral estrus usually

Fig. 1. Feline reproductive cycle: non-ovulatory cycle (1), cycle without associated ovulation (2), and cycle with associated ovulation (3).
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lasted about 6 days, while inter-estrous periods and diestrus were identified by absence of specific reproductive symptoms for fewer
than 21 consecutive days and more than 21 consecutive days, respectively (Callealta et al., submitted-a). Lactational anestrus was
observed after parturition and was sustained for a maximum of 3 weeks.

2.3. Collection of vaginal cytology samples, sample smear preparation, and sample interpretation

In parallel to behavioral monitoring, vaginal samples were collected during training every 1–3 days from females in estrus and
during the inter-estrous interval, and every 3–7 days from females during the diestrous period (Callealta et al., in press).

Before vaginal swabbing, the vulvar labia were externally examined and the appearance classified as “covered” (vulva was
obscured by hair) or “exposed” (obvious hairless vulvar labia). The presence/absence of vaginal discharge was also recorded. With
the lioness positioned in sternal recumbency and after separating the labia with a gloved hand, a dry cotton-tipped swab was carefully
introduced about 4 cm dorsally into the vagina to avoid the urethral orifice. The swab was gently rotated against the vaginal walls
and rolled twice onto a clean glass microscope slide (Johnston et al., 2001). The prepared slide was then air-dried at room tem-
perature (26 °C) and the sample on the slide was fixed and stained using the modified Wright-Giemsa method (Rapidiff Fixative®,
Clinical Sciences Diagnostics CC, South Africa).

The samples on every slide were assessed using a microscope at x40 and x200 magnification to quantify the amount of mucous
and cellular debris and the extent to which cell clumping occurred. The quantity of mucus and/or cellular debris (i.e., clearing) were
rated from 0 to 6 and classified as “minimal quantity/no debris” (0–1), “small quantity/small debris abundance” (1–2.5), “moderate
quantity/moderate debris abundance” (2.5–4.5), and “large quantity/large debris abundance” (4.5–6). Cellular distribution (i.e.,
clumping) was rated from 0 (single epithelial cells) to 3 (large piles or clusters of epithelial cells). There was assessment of 200
epithelial cells at x1000 magnification and cells were classified into groups (i.e., basal, parabasal, intermediate, superficial nucleated,
and superficial enucleated) as described for other species (Johnston et al., 2001). To standardize these groups, the major axes of 30
cells of each type were measured in six vaginal cytology samples of three different females in estrus and diestrus, using an ACA Basler
1300-200 μc camera attached to a Nikon E50i microscope and the software Sperm Class Analyser SCA 6.3 with Morphology Module
(Microptic SL, Barcelona, Spain). The relative number of epithelial cells was classified as “small” (0 %–20 %), “moderate” (20 %–50
%), and “large” (50 %–100 %). In addition, the number of polymorphonuclear neutrophils (PMN) observed per 100 epithelial cells, as
well as the quantity of microbial presence (including genus Simonsiella) were recorded. The number of PMN was classified as
“minimal or absent” (0–2/100 epithelial cells), “small” (2–20/100 epithelial cells), “moderate” (20–100/100 epithelial cells), “large”
(100–400/100 epithelial cells), and “very large” (> 400/100 epithelial cells). The number of bacteria was classified as “minimal”
(< 10 microorganisms per field), “small/few” (10–25 microorganisms per field), “moderate” (25–50 microorganisms per field), and
“large” (> 50 microorganisms per field). In total, there was evaluation of 541 vaginal smears (108.2 ± 13.9 samples per female;
range: 56–133), collected within the 12-month observation period.

2.4. Data analysis

Statistical analyses were conducted using the R version 3.6.1 (The R Foundation for Statistical Computing, Vienna, Austria). Basic
results appear as untransformed mean ± standard error of the mean (SEM), unless otherwise indicated. All data sets were tested for
normality using the Shapiro-Wilk’s normality test (R stats package), and for equality of variances using Levene's and Fligner-Killeen’s
tests. In general, confidence intervals (CI) were calculated for the mean (metric variables) and the median (ordinal variables) using
normal approximation. For small samples (n < 30), the Cl were estimated using non-parametric bootstrapping. Differences in
epithelial cell groups, number of PMN, number of bacteria, and extent of background debris between every two stages of the re-
productive cycle were tested using the Mann–Whitney test. Corresponding canonical correlation coefficients (η) were calculated to
estimate the effect sizes of groups. Homogeneity between proportions of epithelial cell groups during inter-estrus was investigated
using the Friedman rank sum test and the pairwise post-hoc Nemenyi test for multiple comparisons, using the R stats and PMCMR
packages. Significances were determined at the P < 0.05 α level.

3. Results

3.1. Vaginal epithelial cell types

Basal epithelial cells of female African lions were small (15.6 ± 0.48 μm diameter), rounded, and stained pink to pale blue
(Fig. 2a). These cells had a large nucleus and small cytoplasm, and were not frequently detected in the vaginal smear at any stage of
the reproductive cycle. Parabasal epithelial cells were similar to basal cells in shape and color of staining, but had a larger diameter
(22.3 ± 0.67 μm; Fig. 2b). Intermediate epithelial cells had large nuclei and stained pink to pale blue; however, there was con-
siderable variation in shape and size (36.0 ± 1.12 μm diameter; Fig. 2c). Superficial epithelial cells were large (54.4 ± 0.82 μm
diameter), angulated, and generally stained dark blue. The nuclei of these cells were generally small, dark, and pyknotic; however,
could also be stained to a minimal extent or staining could be completely absent due to degeneration and apoptosis (Fig. 3).

3.2. Cytological cellular characteristics of the lioness reproductive cycle

One single vaginal smear was sufficient to identify when a lionesses was in estrus (Fig. 4a, b).This stage of the reproductive cycle
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was precisely characterized when there was presence of a large proportion of superficial epithelial cells (n=155; mean=99.79 %;
95 % CI [99.69, 100]), absence of PMN (n=155; mean= 0.36 PMN; 95 % CI [0, 0.59]), moderate-to-large number of bacteria
(n=139; median=moderate; 95 % CI [moderate, large]), and minimal quantity of mucus/cellular debris (n=155; median=
minimal; 95 % CI [minimal, minimal]) (Table 1). Simonsiella spp were detected in 52.9 % of vaginal smears collected during estrus
and were most prevalent from the third day of estrous behavior (72.6 %), compared with the first (16.7 %) and second (36.7 %) days
of the estrous period.

Likewise, the assessment of one single cytology sample enabled detection of females in advanced diestrus (Fig. 4c, d). In this stage,
there was a large proportion of parabasal and intermediate cells (n=222; mean=79.76 %; 95 % CI [78.14,100]), small number of
PMN (n=222; mean=9.96 PMN; 95 % CI [0, 13.9]), few bacteria (n=36; median= few; 95 % CI [minimal, few]), and a moderate
quantity of mucus/cellular debris (n=222; median=moderate; 95 % CI [moderate, moderate; Table 1).

To distinguish females in early diestrus from those in inter-estrous period of the reproductive cycle, at least two to three con-
secutive vaginal cytology samples needed to be assessed. This transitional stage was considered to be “post-estrus” (Fig. 4e, f). During
the post-estrous period, there was a large proportion of generally aggregated superficial cells (n=63; mean=81.93 %; 95 % CI
[76.52, 100]), moderate-to-large number of PMN (n=63; mean= 114.5 PMN; 95 % CI [56.71, 172.29]), moderate number of
bacteria (n=24; median=moderate; 95 % CI [moderate, large]) including Simonsiella spp (n=63; prop= 20.63 %; 95 % CI

Fig. 2. Microscopic images of vaginal basal (a), parabasal (b), and intermediate (c) epithelial cells of African lions, stained with modified Wright-
Giemsa.

Fig. 3. Microscopic images of vaginal superficial epithelial cells in different amounts of degeneration, stained with modified Wright-Giemsa: nu-
cleated (a), nucleated with partially pyknotic nucleus (b), and enucleated (c).
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[10.36, 30.91]), and moderate abundance of mucous and cellular debris, mainly due to a moderate-to-large amount of cellular debris
(n=63; median=moderate; 95 % CI [moderate, large]) (Table 1).

Inter-estrus was generally characterized by similar moderated proportions of parabasal, intermediate, and superficial cells
(Friedman Test: χ2 (2)= 1; n=24; P=0.664), moderate number of PMN (n=24; mean= 30.62 PMN; 95 % CI [14.21, 79.25]),
small number of bacteria (n=7; median= few; 95 % CI [minimal, few]), and moderate abundance of mucosal and cellular debris,
mainly due to a moderate content of cellular debris (n=24; median=moderate; 95 % CI [small, moderate]) (Fig. 4g, h, Table 1).
There were similar cytology images during the inter-estrus period of the reproductive cycle and lactational anestrus.

Results from vaginal cytology evaluations during the initial days after parturition indicated there was a similar proportion of
epithelial cells as that during diestrus (Table 1). During the post-partum period, however, there were a large number of red and white
blood cells (n=6; mean= 439.42 PMN; 95 % CI [76.6, 1448.2]), and a few Simonsiella spp (n=6; prop= 16.67 %; 95 % CI [0,
33.33]) (Fig. 4i, j).

During the period when there were no specific reproductive symptoms, frequent vaginal swabbing allowed for detection of the
proestrous period as a result of cytological assessments (Fig. 4k, l). This stage of the reproductive cycle was characterized with a large
proportion of superficial cells (n =71; mean=56.58 %; 95 % CI [51.38, 100]), a very large number of PMN with the numbers
gradually decreasing until the time of estrus (n=70; mean=648.73 PMN; 95 % CI [477.1, 3502.5]), few bacteria (n=18;
median= few; 95 % CI [minimal, few]), and amounts of mucous and cellular debris ranging from a large to minimal quantities (n
=71; median=moderate; 95 % CI [moderate, moderate]) (Table 1).

The stage of proestrus, as ascertained from cytological assessment, was evident at the end of pseudopregnancy, but the cytology
evaluation during proestrus was similar to that during the post-estrous and inter-estrous periods when there was assessment of a
single slide (Fig. 5). Nevertheless, the proportion of basal, parabasal, and intermediate epithelial cells was markedly less in post-estrus
than during both the proestrous (Mann-Whitney; U= 923; W=6106; n=71, 63; P=0.000; η=0.51) and inter-estrous periods
(Mann-Whitney; U= 207.5; W = 2223.5; n=63, 24; P = 0.000; η=0.56). Additionally, the number of PMN was markedly larger
during the proestrus as compared with the post-estrous period (Mann-Whitney; U=1052; W=5843; n=70, 63; P=0.000;
η=0.45) and inter-estrous period (Mann-Whitney; U= 267.5; W=3897.5; n=70, 24; P=0.000; η=0.51).

Fig. 4. Microscopic images of vaginal smears of African lionesses in estrus (a, b), diestrus (c, d), post-estrus (e, f), inter-estrus (g, h), post-partum (i,
j), and proestrus (k, l) stained with modified Wright-Giemsa.
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3.3. Vulvar morphology

There were macroscopic changes in both the vulvar lips and the vaginal vestibulum, in association with the reproductive stage of
the lioness (Fig. 6). Overall, most females in behavioral estrus had edematous, exposed vulvas (81.6 %, n = 103), a clear vaginal
discharge (66.3 %, n=95), and prominent vaginal mucous membrane folds, with a rough surface when there were palpation
assessments (79.1 %, n=129). During behavioral diestrus, most vulva tissues were covered with hair (88.3 %, n=240), secretions
were generally not observed (12.7 %, n=236; from which 53.3 % actually corresponded to cytological proestrus), and the mucous
membranes of the vestibulum were soft when palpated. During the behavioral inter-estrus period, the lionesses generally had exposed
vulva tissues (60.9 %, n=69), as well as a thick yellow vaginal discharge (43.1 %, n=65), and non-prominent vaginal folds, that
were soft when evaluated by palpation (71.2 %, n=69). There was a moderately dark hemorrhagic vaginal discharge commonly
observed until 9 days after parturition.

4. Discussion

In general, vaginal cytology evaluations are rarely used for endocrine and physiological assessments in felids, normally serving to
confirm ovarian follicular functions by identification of either the physiological state of “proestrus/estrus” during the reproductive
cycle (when a large proportion of superficial cells is observed) or “inter-estrus/diestrus” (when there is a predominant proportion of
intermediate cells, and few parabasal and superficial cells) (von Heimendahl and England, 2010). In the present study, there was a

Fig. 5. Proportion of epithelial cells and polymorphonuclear neutrophils (PMN) observed in the different stages of the female African lion when
there was not an associated ovulation (Non-ovulatory; A) and when there was an associated ovulation (Ovulatory; B) during the reproductive cycle.
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detailed assessment of the changes observed in the African lioness’ vaginal epithelium throughout the different stages of the re-
productive cycle as classified by animal behavior. To the best of our knowledge, this is the first study in which there has been a report
of the association between transitional reproductive stages such as “proestrus” and “post-estrus” and vaginal cytological cellular
populations for any non-domestic felid. In addition, there is reporting of concurrent macroscopic vulvar changes and physiological
vaginal discharge patterns throughout the reproductive cycle.

Vaginal epithelial cells of the lioness resembled those previously described for domestic species in both shape and size (i.e.,
parabasal cells: 10−20 μm of diameter; intermediate cells: 20−30 μm; superficial cells: 30−75 μm; von Heimendahl and England,
2010). Likewise, vaginal cytology samples during estrus and diestrus in the present study had characteristics similar to those pre-
viously described for cats (Mills et al., 1979). The proportion of total superficial cells observed during behavioral estrus in lionesses
(> 90 %) is apparently greater than that of domestic cats (40 %–60 %; Shille et al., 1979) and cheetahs (> 60 %; Asa et al., 1992).
This inconsistency in findings may result from inter-species differences; however, in these previous studies estrus was defined with
evaluation of endocrine correlates, which did not always match behavioral symptoms that are characteristic during the reproductive
cycle. In domestic cats, maximum epithelial cell cornification coincides with peak concentrations of circulating estradiol, which
generally induces maximum manifestation of symptoms of behavioral estrus (Mills et al., 1979). In the present study, estrus detection
methodology (i.e., identification of overt symptoms of behavioral estrus exclusively) could also explain why there was a larger
proportion of cornified cells during the estrous period.

The presence of Simonsiella spp associated to superficial epithelial cells was most commonly indicative of an on-going estrus that
had started at least 2–3 days prior to the time of detection of this microorganism. Simonsiella spp originate in the oral cavity and are
thought to colonize the vaginal epithelium during estrus, due to a combination of increased anogenital grooming and absence of local
white cells (Valle et al., 2006; Callealta et al., 2018). This hypothesis would explain why these bacteria were found during the period
immediately after estrus and during the post-partum period (although to a lesser extent) in the present study. Even though evidence
from domestic cats indicates there can be ovulation induction with use of a vaginal swab (Porter et al., 1957; von Heimendahl and
England, 2010; Malandain et al., 2011), there are results from studies with lions that indicate that induction of ovulations does not
occur when there is use of this technique for assessing vaginal cellular populations (Callealta et al., 2019). Even with regular
collection of vaginal samples, only 19 % of the estrous cycles observed in this study (4 of 21) resulted in spontaneous ovulation and
pseudopregnancy. If the mechanical stimulation derived from frequent vaginal swabbing were enough of a tactile stimulus to induce
ovulation alone, the number of spontaneous ovulations observed would have been greater than the rates previously reported for lions
(20 %–26 %) by Schramm et al. (1994) and Putman et al. (2015).

Furthermore, in previous research, polymorphonuclear neutrophils were usually not observed at any stage of the estrous cycle in
the vaginal cytology samples of lions (Schmidt et al., 1983), tigers (Panthera tigris; Seal et al., 1985), and pumas (Felis concolor;
Bonney et al., 1981), but were occasionally detected in domestic cats during inter-estrus and diestrus (Mills et al., 1979), and

Fig. 6. Vulvar morphology of one adult African lioness in sternal recumbency during estrus (a), diestrus (b), inter-estrous interval (c), and post-
partum (d).
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immediately after estrus cessation in cheetahs (Asa et al., 1992). In the present study, PMN were detected throughout the re-
productive cycle of the lioness, consistently varying in number depending on the stage of the reproductive cycle. As observed in most
domestic species, neutrophils were largely absent during the estrous period, in relatively larger numbers after the estrous period, and
were occasionally detected during diestrus. It appears that circulating neutrophils may enter the vaginal lumen across the epithelial
layer lining of the vagina when there are relatively lesser estrogen concentrations, which generally occurs after estrus and sometimes
during pregnancy (Asa et al., 1992). In lionesses, however, there was a relatively larger number of PMN in the vaginal cytology
samples approximately 7–10 days before estrus when there were both estrous symptoms expressed without an associated ovulation
and when there were these symptoms in association with the timing of an ovulation. This finding complicated using the vaginal
cytology evaluations for reproductive stage diagnosis when one single slide was collected around estrus. For example, when samples
were collected during late proestrus, using only the vaginal cytology assessment technique for evaluation of reproductive status, the
vaginal cellular populations were similar to those during the early post-estrous period. Furthermore, when samples were collected
during early the proestrous period, using only the vaginal cytology technique for evaluation of reproductive status, the vaginal
cellular populations were similar to those when there were conditions such as vaginitis or pyometra. The absence of this increase in
number of leukocytes from 45 to 55 days after natural mating or artificial insemination is considered to be an indicator of pregnancy
in lions. The increase in numbers of PMN during proestrus is thought to be the result of a local inflammation caused by luteolysis and
regression of corpora lutea. Further research is needed to confirm this hypothesis and determine the pattern of change in PMN
numbers when there is expression of estrus without there being occurrence of an associated ovulation.

In most cases, there are specific characteristics of the vulva tissues that are indicative of females in estrus. A small amount of
vulvar edema was also observed in females evaluated in the present study around estrus, inter-estrus, and even diestrus. It, therefore,
is only recommend that there be use vulvar assessments to determine the reproductive stage of female African lions when other
techniques are used in combination with these vulva assessments such as vaginal palpation and/or cytology evaluations.
Interestingly, in the present study the increased cornification of the vaginal mucosa during estrus was not only associated with an
increased proportion of superficial epithelial cells; this epithelial cell cornification was also associated with a rough vaginal surface
when there was palpation of these tissues during estrus.

5. Conclusions

In summary, frequent vaginal swabbing and immediate interpretation of cytological results enabled precise detection of specific
reproductive stages in trained female African lions. It is suggested that vaginal cytology evaluation may be a practical, economical
technique to closely monitor the reproductive cycle, confirm estrus, and diagnose pregnancy in captive lionesses, in combination with
behavioral observations. In this setting, it may be especially useful when anesthesia is not possible, specialized equipment (such as an
ultrasonic device) is not available, and/or endocrine analyses cannot be performed. Furthermore, it is suggested that the im-
plementation of this technique into the routine management of captive feline populations may help to improve ex-situ breeding efforts
for threatened felid species.
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