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Abstract

Concentrations of serum estradiol-17� and progesterone were monitored in six female walruses using an enzyme immuno-
ssay. Progesterone concentrations increased from March to May in females aged 6 y or older, and subsequently declined
October). No significant elevation of estradiol-17� concentration was detected before an elevation of progesterone concentration.

Vaginal smears from four females were examined with Papanicolaou staining. In all females, most epithelial cells were basophilic
intermediate-superficial cells; no color change from basophilic to eosinophilic of the cells was detected. Meanwhile, the
percentage of anucleate cells in vaginal smears reached its highest value before the elevation of progesterone concentration,
followed by an increase in the percentage of leukocytes. We inferred that the change in populations of anucleate cells and
leukocytes in vaginal smears reflected ovarian status and CL formation in female walruses.
© 2012 Elsevier Inc. All rights reserved.

Keywords: Estradiol-17�; Papanicolaou staining; Progesterone; Vaginal smear; Walrus

www.theriojournal.com
1. Introduction

Although the global population of walrus is still
quite large, the population has been in decline in some
locations, apparently due to global warming [1]. The
reproductive potential of walruses is lower than that of
other pinnipeds, since both males and females reach
sexual maturity relatively late in life [2–4]. In addition,
females give birth at intervals of � 2 y, due to the long
(� 1 y) gestation period, including a delay of implan-
tation, and the prolonged interval (� 2 y) for calf
rearing [4]. However, annual estrus occurs if females
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do not mate, fail to become pregnant, or have a preg-
nancy loss or stillbirth [4]. Born [2] reported that wild
female walruses had large ovarian follicles between
March and June. Fay [4] also reported that the largest
number of mature or maturing follicles in wild females
were found in May.

In 1988, three walruses captured in the wild were
kept in Japan. Since then, the number of individuals
captured in the wild has increased, and 61 individuals
are kept at 10 institutions in Japan. Many of these
walruses have been tamed, so that it is easy for keepers
and veterinarians to handle them. Therefore, it is rela-
tively easy to obtain biomedical samples. However,
there has been no report on sex steroid changes in

walruses. For pinnipeds, we are only aware of four
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publications: Antarctic fur seal (Arctocephalus gazella)
[5], Hawaiian monk seal (Monachus schauinslandi) [6],
northern elephant seal (Mirounga angustirostris) [7],
and harbor seals (Phoca vitulina) [8].

Vaginal smears have been used to determine estrous
cycles in various animals [9–11]. Vaginal smears of the
harbor seal [12] and the northern fur seal (Callorhinus
ursinus) [13] were examined to determine reproductive
cycles. These studies classified vaginal epithelial cells
as basophils, intermediate cells, and anucleate cells,
based on the size, shape, and nucleus/cytoplasm ratio.
Meanwhile, trichrome Papanicolaou (PAP) staining
[14], which discriminated the levels of cornification,
was applied to vaginal smears of the giant panda
(Ailuropoda melanoleuca) [15,16] and other species
[17–19]. In those studies, changes in trichrome-stained
vaginal smears were associated with estrus and of pre-
dictive value for determining the time of ovulation.
Conversely, in other species, e.g., ruminants, vaginal
smears change indistinctly and are not useful for deter-
mining the stage of the cycle or detecting hormonal
abnormalities [18].

In this study, the change of serum sex steroid hor-
mones and the temporal association with the change in
vaginal smears by PAP staining were investigated in
female walruses.

2. Materials and methods

2.1. Animals

Serum samples were collected from six nulliparous
female walruses, whereas vaginal smears were collected
from four females (Table 1). Females D, E and F were

Table 1
Description of the female walruses used in this study.

Female Internal studbook
number

Birthdate* Housing

A 50 June 2005 Futami Sea
Japan

B 46 June 2003
C 36 June 2001
D 34 June 2001 Oita Marine

Aquarium
Umitamago

E 35 June 2001
F 30 June 1999 Fukushima

Kagakukan,

* All females were born in Russian Federation. As their exact ages w
of the body when they were captured. All birthdays were set in
† Numbers in parentheses show the age at the start of the present study.
housed with a male all the time. Females D and E were
initially housed together with a male, but were without
a male since July 2010. All procedures and manage-
ment for the walruses were in accordance with the Code
of Ethics of the Japanese Association of Zoos and
Aquariums (JAZA) by JAZA, and the management
guideline for the walrus by each institution.

2.2. Hormone assays

Blood samples were collected from the interdigi-
tal vein of hind flippers or the caudal gluteal vein.
The frequency of sampling was approximately once
a month. However, in the period between March and
October, frequencies were increased to once a week,
although in 2009, those frequencies were increased
in only Females D and E. It was difficult to regularly
obtain samples from Female A. Serum samples were
centrifuged at each institution and stored at �35 °C
pending hormone assays. The samples were collect-
ed: from November 4, 2008 to October 5, 2010 from
Female A (n � 15); from October 9, 2008 to No-
vember 1, 2010 from Female B (n � 49); from
December 1, 2008 to November 1, 2010 from Female
C (n � 52); from October 3, 2008 to November 8,
2010 from Female D (n � 66); from October 3, 2008
to November 9, 2010 from Female E (n � 53); and
from November 28, 2008 to November 19, 2010
from Female F (n � 51).

Serum concentrations of estradiol-17� (E2) and
rogesterone (P4) were assayed using an enzyme
mmunoassay (EIA), as described [20]. The poly-
lonal E2 antiserum (FKA236E; Cosmo Bio, Co,

Ltd., Tokyo, Japan) was raised in rabbits against

Period of study† Contact
with a
male

Vaginal
cytology

e, 11/4/2008�10/5/2010 (3)

10/9/2008�11/1/2010 (5) ✓

12/1/2008�11/1/2010 (7) ✓

10/3/2008�11/8/2010 (7) ✓ ✓

10/3/2008�11/9/2010 (7) ✓ ✓

11/28/2008�11/19/2010 (9) ✓

known, the starting months of the age were estimated from the length
the International Studbook.
location

Paradis

palace

, Japan

Kaiyo
Japan

ere un
June by
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6-oxo-estradiol-3-CME-BSA, and cross-reacted with
E2 100%, estradiol-3-glucuronide 56.3%, estradiol-
3-sulfate 26.8%, estrone-3-glucuronide 1.2%, estro-
ne-3-sulfate 0.86%, estrone, 0.8%, estriol, 0.5%, and
testosterone, 0.05%. The polyclonal P4 antiserum
(FKA302E; Cosmo Bio, Co, Ltd.) was raised in rab-
bits against progesterone-3-CMO-BSA and cross-
reacted with P4 100%, 5�-pregnanedione 12.5%,

1�-OH-progesterone, 5.3%, pregnenolone 2.0%,
0�-OH-progesterone, 0.2%, and 0.01% with deoxy-
orticosterone, 17�-OH-progesterone, corticoste-
one, cortisol, and aldosterone. Absorbance was mea-
ured using a microplate reader (iMark, Bio-Rad
aboratories, Inc., Tokyo, Japan) at 450 nm. All tests
ere run in duplicate. The sensitivities of the assay
ere 0.2 and 1.2 pg/well for E2 and P4, respectively.
he intra- (5 wells within a plate) and interassay (12
lates) coefficients of variation were 8.5 and 5.6%
or E2, and 5.6 and 9.4% for P4, respectively.

For each female, baseline E2 and P4 concentrations
were calculated using an iterative process in which
values that exceeded two standard deviations (SD)
above the mean were excluded. The average was then
recalculated and the elimination process repeated until
no values exceeded 2 SD above the mean [21,22].
Based on the method reported by Pelican et al. [23], the
average of the remaining values was considered as
the “baseline” for the animal. Values greater than twice
the baseline were considered “elevated”.

2.3. Papanicolaou staining of vaginal smears

Vaginal cytology was performed without any chem-
ical restraint. Vaginal smear samples were collected
from 1 to 7 times a week, depending on the institution.
From March to May, smears were collected three or
more times a week in all institutions, because it was
confirmed that P4 concentrations started to increase
between March and May in Females C, D, and E in the
previous year (data not shown in 2008 for Female D).
Samples were collected: from March 1 to October
18, 2010, from Female B (n � 38); from September
15, 2009 to October 5, 2010, from Female C (n �
36); from April 1 to October 11, 2009, from Female
D (n � 185); and from March 2 to June 30, 2010,
rom Female E (n � 120). Sterile cotton swabs

moistened with saline were inserted 3 to 6 cm into
the vagina, rotated 360° before removal, and rolled
gently on a clean microscope slide. Cells were im-
mediately fixed by 95% ethanol for � 30 min, and
ir-dried. Subsequently, they were stained with Haris

ematoxylin (HHS16; Sigma-Aldrich, Tokyo, Ja- o
an), OG-6 (HT40116; Sigma-Aldrich) and EA-50
HT40316; Sigma-Aldrich), using a modification of
he PAP staining method [16]. A minimum of 500
pithelial cells were classified into parabasal, inter-
ediate-superficial (basophilic or eosinophilic), or

nucleate cells. Total numbers of leukocytes were
ounted per 100 epithelial cells.

. Results

.1. Serum sex steroid hormones

The concentrations of serum steroids in six female
alruses are shown (Fig. 1). A marked elevation of P4

concentration during March–May occurred in Females
B–F; this was consisted with ovulation and formation
of a CL. Elevations in P4 occurred in Female B at 6 y
of age, Females C and D at 7 and 8 y, Female E at 7 y,
and Female F at 9 and 10 y. Conversely, such increases
did not occur in any year in Female A at 3 to 4 y of age,
or in Female B at 5 y. The rise in P4 concentration
eclined around October. No remarkable change in E2

concentration occurred before the elevation of P4 con-
entration in all females. After the elevation of P4

concentration, E2 concentrations were sometimes ele-
ated: between August and October 2010 in Female B;
etween April and June 2009 in Female D; between
eptember 2009 and February 2010 in Female E; and
etween August 2009 and January 2010 and September
010 in Female F.

.2. Change in vaginal smears

A vaginal smear form a walrus (Female D) is shown
n (Fig. 2). Parabasal cells were basophilic and round,
nd contained a rounded nucleus. They were the small-
st of the vaginal epithelial cells. Intermediate-superfi-
ial cells were basophilic or eosinophilic, whereas both
ypes of cells were amorphous and contained a nucleus.
heir cytoplasm was larger in size than that of para-
asal cells. Anucleate cells (commonly termed corni-
ed cells) were the largest epithelial cells in the vaginal
mear and contained either no nucleus or a faded
ucleus.

The relative frequency of epithelial cells and leuko-
ytes in vaginal smears is shown (Fig. 3). In all fe-
ales, the percentage of anucleate cells had the highest

alue, followed by the increase in the percentage of
eukocytes during March to May, although the changes
n Female B (the youngest of the four females) and
emale E who had no rise in P4 concentration were

bscure. In Female E, the percentage of anucleate cells
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peaked on March 9 and leukocyte percentage was high
on March 23, but these changes were less clear than
those in Females C and D. Cytoplasmic changes of
intermediate-superficial cells from basophilic to eosi-
nophilic or vice versa by the color dye-affinity were not
seen in all females.

4. Discussion

There are some reports about female reproduction in
pinnipeds, including walrus [2,4,24], harbor seal [8],
Antarctic fur seal [5], northern fur seal [13], gray seal
(Halichoerus grypus) [25], and Hawaiian monk seal
[6]. In walruses, age-related growth of the reproductive
tracts indicated that the animals reach sexual maturity
between 6 and 8 y of age [2]. In that study, reproductive

Fig. 1. Serum progesterone (P4) and estradiol-17� (E2) profiles of six f
Double headed arrows indicate the number of y/o. Elevations of P4
organs were removed from female walruses in the wild, c
corpora lutea were observed, and animal ages were
estimated by counting annual incremental layers in the
cementum of lower molariform teeth. In the present
study, significant elevations of serum P4 concentrations
between March and May occurred in animals aged 6 y
or older (Females B–F), but not in those 3 to 5 y old
(Females A and B). Therefore, we inferred that the first
CL formation, probably after the first ovulation, oc-
curred at 6 to 7 y of age. However, the P4 concentration
f Female E showed no remarkable change in 2010.
ealth condition of this female was not different from

hat in previous year. Although the reason was not
lear, a similar phenomenon was reported in one of four
orthern fur seals [13].

Following the increase in P4 concentrations between
arch and May, they subsequently declined to low

alruses (A-F). Shaded areas represent the interval from March–May.
are indicated with asterisks and plus signs, respectively.
emale w
oncentrations around October. The prolonged increase
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in P4 concentration may have been due to formation of
accessory corpora lutea. It is known that the CL of
walruses is not derived from a single follicle; in con-
trast, they form a compound CL from one central CL
and 1 to 3 adjacent accessory corpora lutea [4].

The present study failed to detect any significant E2

elevation before the elevation of P4 concentrations in
arch to May. Kiyota et al. [13] observed remarkable

levations of E2 concentrations in two of four female
northern fur seals with blood sampling at 5 d intervals.
The E2 surge before ovulation is thought to be short in
walruses. Alternatively, the observed differences may
have been due to difference in assay methods or cross-
reactivity of the antibody used. In some individuals, E2

concentrations were elevated after the elevation of P4

concentration, from as early as April to as late as next
January. As mentioned above, walruses have accessory
corpora lutea after ovulation [4]. In spotted seal (Phoca
largha) [26], ribbon seal (Phoca fasciata), and Steller
sea lion (Eumetopias jubatus) [27], corpora lutea syn-
thesize estrogen. In addition, corpora lutea of the Jap-
anese black bear (Ursus thibetanus japonicas), which
has reproductive traits characterized by delayed im-
plantation and pseudopregnancy (similar to pinnipeds),
maintain pregnancy and have a capacity to synthesize
both progesterone and estrogen [28]. In this species,
serum E2 concentrations increased during the last half
f the P4 elevation, regardless of whether they are

Fig. 2. Photograph of a walrus vaginal smear. Note the typical
parabasal cell (p), basophilic intermediate-superficial cell (b), eosi-
nophilic intermediate-superficial cell (e), anucleate cell (a), and a
leukocyte (l).
regnant or pseudopregnant [29]. Therefore, in the a
resent study, perhaps the increased E2 which occurred
after the elevation of P4 concentration was secreted
rom corpora lutea. It was noteworthy that no breeding
ehavior was noted in these walruses when they had
hese E2 elevations.

Vaginal intermediate-superficial cells in giant pan-
as were quantified with PAP staining, which facilitates
olor differentiation among morphologically similar
ells. In these animals, a chromic shift from eosino-
hilic to keratinized occurred 2 d before ovulation [16].
onversely, intermediate and superficial cells in north-
rn fur seals did not show marked changes in relation to
strus [13]. In the present study, most epithelial cells
ere basophilic intermediate-superficial cells through-
ut the study, and no chromic shift before the elevation
f P4 concentration was detected in any walrus. There-

fore, the chromic shift in PAP staining of vaginal smear
seemed to be inefficient for predicting the appropriate
timing of breeding.

Estrogen induces proliferation and cornification of
the vaginal epithelium, and increases exfoliation of
epithelial cells into the vaginal smear [30,31]. Al-
though, the present study failed to detect any distinct
elevation of E2 concentrations, a rise in P4 concentra-
ion occurred in three out of four females whose vaginal
mears were collected. In these animals, the percentage
f anucleate cells reached the highest value before the
levation of P4 concentration. The increase in anucleate

cells was followed by an increase in the percentage of
leukocytes. Leukocytes are absent in vaginal cytologic
and histologic samples during proestrus and estrus in
cows [32,33], whereas circulating pools of leukocytes
shift toward the vagina in the luteal phase. Leukocytes
were detected in vaginal smears from northern fur seals
during the luteal phase [13]. Based on the present study,
we inferred that the change of anucleate cells and leu-
kocytes in vaginal smears reflected ovarian status in
female walruses. If the interval between ovulation and
the increase of P4 in walruses was known (for example,
P4 concentrations in queens increases approximately 1
o 2 d after ovulation [34]), vaginal smears could be
seful to determine the timing of ovulation. However, it
s difficult to observe their ovaries directly to confirm
he ovulation in captive walruses, as their blubber
akes it difficult to conduct ultrasonographic imaging

f the ovaries.
In conclusion, based on the present study, we in-

erred that formation of the first CL in walruses occurs
y 7 y of age and that vaginal smears reflected repro-
uctive conditions. Examining the percentage of

nucleate cells and the number of leukocytes provided
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information regarding ovarian status and CL formation
in female walruses. It is expected that these findings
will contribute to an increase in the reproductive effi-
ciency of the species.
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