NON-INVASIVE MONITORING OF REPRODUCTION IN ASIAN
ELEPHANTS (Eleohas maximus) BY URINARY ENDOCRINE ANALYSIS

A Thesis
Presented to
The Faculty of Graduate Studies
of
University College London

by
CHERYL NffiMULLER

In partial fulfillment of requirements
for the degree of
Doctor of Philosphy
January, 1994

® Cheryl Niemuller, 1994

ProQuest Number: 10016751

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest.
ProQuest 10016751
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

ABSTRACT

NON-INVASIVE MONITORING OF REPRODUCTION IN ASIAN
ELEPHANTS (Eleohas maximiis) BY URINARY ENDOCRINE ANALYSIS
Cheryl Niemuller
University College London
1994

Supervisors:
Dr. H.J. Shaw
Prof. J.K. Hodges

The development of an enzymeimmunoassay for 5j8 pregnanetriol and its
use for non-invasive monitoring of reproductive cycles and pregnancy in Asian
elephants is described. Gas chromatography mass spectrometry (GCMS) and high
performance liquid chromatography (HPLC) confirmed the presence of 5/3pregnane-3a,17a,20a/i3 triols as the two most abundant urinary progesterone
metabolites during pregnancy and the oestrous cycle. The assay developed utilized
the antiserum anti-5)3-pregnane-17a,20a-diol-3a-yl glucuronide-carboxymethyloxime-BSA and 4-pregnene-17a,20a-diol-3-one-HRP as the enzyme label.
HPLC confirmed the presence of immunoreactive pregnanetriol in the urine but
showed the measurement to be non-specific.
Immunoreactive pregnanetriol concentrations were significantly correlated
with the levels of both progesterone (r=0.98, n=269, p<0.01) and 17a hydroxy
progesterone (r=0.95, n=205, p<0.01) the metabolic precursor of pregnanetriol
throughout the ovarian cycle. The mean ± sem of cycle lengths as determined by
measurements of plasma progesterone (P4 ), 17a hydroxyprogesterone (17a OHP4 )
and urinary pregnanetriol, respectively were 15.54 ± 1 . 5 (n=23, where
n=number of cycles), 15.21 ± 1.7 (n=15) and 15.45 ± 0.94 weeks (n=20).
Mean concentrations of urinary pregnanetriol throughout pregnancy were
not significantly greater than luteal phase values (457 ± 56.7 vs 357.9 ± 17.8).
There was a cessation in ovarian cyclicity with levels remaining consistently
elevated until

1 - 6

weeks prior to parturition, with the exception of a short decline

occurring on average during weeks 6-9 of early pregnancy.
Concentrations of both plasma progesterone and 17a hydroxyprogesterone
were significantly elevated from early and mid pregnancy respectively, until
parturition (p<0.001, n=496, p<0.(X)l, n=221). There was a significant change
in the plasma 17a OHP4:P4 ratio between weeks 2-7 of gestation from greater

than 0.7 to less than 0.7 as compared with non-conceptive cycles (p<0.05,
N =5). This change in the ratio represents the earliest means to-date of
determining pregnancy in this species.
HPLC also confirmed the presence of oestrone as the major urinary
oestrogen metabolite throughout pregnancy and the ovarian cycle. Comparision
between hydrolysed and extracted urine samples prior to analysis in an oestrone
RIA with samples assayed directly in an oestrone conjugate El A provided
comparable results, thereby simplifying analyses. However, despite simplification
of the oestrone assay, the data generated from both weekly and daily periovulatory
samples were not consistent with the notable exception of the conceptive cycles.
In this instance, 4/5 elephants demonstrated a rise in oestrone conjugate excretion
the week prior to the rise in progesterone and presumed ovulation.
In contrast, urinary concentrations of oestrone conjugate were significantly
elevated over luteal phase levels from midpregnancy (week 30) onwards
(p< =0.001, n=243), only declining to baseline concentrations after parturition.
Thus, measurement of urinary oestrone conjugate may provide a useful, noninvasive method for determining pregnancy in elephants that are not monitored
routinely.
The overall length of gestation in the females monitored throughout their
entire pregnancy was 95.2 ± 2.9 weeks (n=4). A 43% incidence of breech births
was observed in this study, as was the rare phenomenon of twins and two
spontaneous abortions. The offspring survivability was extremely poor at 47%.
Finally, a conception rate of 17.6% was documented.
These results demonstrate that it is possible to monitor reproduction in
Asian elephants non-invasively by the measurement of urinary immunoreactive
pregnanetriol and oestrone conjugate concentrations. These techniques will aid in
the establishment and management of effective captive breeding programmes and
have potential application to studying and monitoring the reproductive physiology
of free-ranging elephants.
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conjugate through an aborted pregnancy.
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Figure 5.11

Individual profiles of urinary concentrations of immunoreactive
pregnanetriol (o-o) and oestrone conjugate (e-e) during early (A)
and late pregnancy (B) in two female Asian elephants.
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Figure 5.12

Composite profiles of urinary immunoreactive pregnanetriol and
oestrone conjugate concentrations (mean ± SEM) comparing nonconceptive ovarian cycles (o-o) with early pregnancy (#-#).
268

Figure 5.13

Composite profile of urinary immunoreactive pregnanetriol and
oestrone conjugate concentrations (mean ± SEM) during late
pregnancy and early lactation. All data were aligned to the week of
parturition, designated as week zero.
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Figure 5.14

Scatter graph demonstrating the range of variability in circulating
concentrations of plasma progesterone and 17a
hydroxyprogesterone, and urinary concentrations of immunoreactive
pregnanetriol and oestrone conjugate for all pregnancies monitored
during this study.
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INTRODUCTION

Over the last fifteen years there has been an increasing interest in the
development of non-invasive techniques for captive breeding programmes aimed
at preserving rare species. As the mammalian order employs a diverse range of
reproductive strategies, so each species must be investigated as to its specific
functional differences. Before embarking on advanced reproductive
biotechnological techniques for preserving precious gene pools, baseline
physiological data on the reproductive status of the species under investigation is
essential. Information derived from reproductive endocrine events is important for
determining normal patterns of reproductive cyclicity and pregnancy as well as
detecting infertility.
Monitoring reproductive endocrinology is most commonly carried out by
the measurement of reproductive steroids and gonadotrophins in plasma. The
analysis of circulating hormone concentrations generally provides the most
accurate assessment of temporal dynamic endocrine events. However, the recent
development of faecal, salivary and particularly urinary hormone metabolite assays
has enabled routine, non-invasive monitoring of reproductive activity in formerly
intractable or otherwise delicate species.
The benefits of a non-invasive approach for monitoring reproductive
activity are primarily the non-stressful means of sample collection from the animal
as well as the safety factor for the sample collector. Non-stressful sampling
enables longterm collection procedures essential when the reproductive events to
be studied are infrequent and take place over a long time. For these reasons
alone, it is important to develop a non-invasive approach for endocrine
reproductive assessment for the Asian elephant.
The Asian elephant has been classified by CITES as an endangered species
with a current estimated wild population between 35,000-56,000 (Sukumar, 1989).
With the exception of India and Sri Lanka, the population of Asian elephants
continues to decline in the wild, due primarily to habitat loss and poaching.
Currently, reproductive status in this species is most reliably assessed by the
retrospective analysis of weekly or bimonthly plasma progesterone concentrations.
However, because of its size and intelligence, the Asian elephant is a dangerous
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animal to work with, irrespective of how well trained the animal is. Routine
blood sampling can be a daunting task in trained animals and is impossible in
untrained animals unless a crush is present. Furthermore, regular blood sampling
on free-ranging elephants is not possible without use of a general anaesthetic
which carries many risks, is costly and is thus not a feasible alternative.
Therefore, it was critical to develop an alternative means for assessing ovarian
function which would be applicable to the captive elephant population as well as
potentially enabling reproductive monitoring of free-ranging animals.
Measurement of urinary gestagen metabolites in the Asian elephant has not
been reported. A preliminary description on the measurement of urinary
oestrogens during the ovarian cycle and pregnancy however had been attempted
(Ramsey et al., 1981; Mainka and Lothrop, 1990). Faecal gestagen and oestrogen
measurements during the ovarian cycle in the Asian elephant has also been briefly
reported, although conflicting results were generated (Hoppen et al., 1992). Thus,
no reliable means of characterizing the elephant ovarian cycle or determining and
monitoring pregnancy is currently available. Therefore, the aim of this study are
a) to clearly establish the major urinary gestagen and oestrogen metabolites during
the ovarian cycle and pregnancy b) to develop the appropriate microtitre plate
enzymeimmunoassays for their determination c) evaluate its use as a non-invasive
method for monitoring reproduction in this species and d) correlate the urinary
findings with established plasma steroid endocrine parameters.
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CHAPTER 1
LITERATURE REVIEW

1.1 OVERVIEW
Of the 30 species of elephants that once existed, only two remain today,
each belonging to separate genera. The African elephant (Loxodonta africana) is
divided into two subspecies, the bush elephant {L.a. africana) of eastern and
southern Africa and the forest elephant {L.a. cycions) of the equatorial rainforest
of central Africa. The Asian elephant {Elephas maximus) has been divided into a
number of different subspecies, but often with little or no verification. Best
recognized amongst the Asian elephant subspecies are E.m. maximus of Sri Lanka,
E.m. sumatranus of Sumatra and E.m. indiens of mainland Asia.
Both species of elephants occupy a very isolated position amongst the living
mammals of today. They have no close living relatives and are themselves at the
end of a once great evolutionary branch which was so diversified that various
evolutionary forms could be found throughout the world (Eltringham, 1982).
The future of the two remaining elephant species however is not secure.
The total wild population of Asian elephants is estimated to range between 35,00056,000 (Sukumar, 1989) with populations varying from less than 100 in Bhutan
and Nepal to over 20,000 in India and possibly 10,000 in Burma (Sukumar, 1989).
The former range of the Asian elephant extended from the Euphrates-Tigris river
systems in western Asian through to the Himalayas and south to Indochino and
most of southern China in the east (Santiapillai and Jackson, 1990).

Today, the

Asian elephant can now only be found in Bangladesh, Bhutan, Burma, Cambodia,
China, India, Indonesia, Laos, Malaysia, Nepal, Sri Lanka, Thailand and Vietnam
(Sukumar, 1989) (Fig. 1.1 from Olivier, 1978). The gradual decline in Asian
elephants is due primarily to habitat loss and capture for captivity. It is estimated
that over 100,000 Asian elephants have been taken from the wild during the past
century alone (Sukumar, 1989). The magnitude of decline has been far greater for
the Asian elephant than the African elephant whose numbers have fallen due to
hunting and poaching pressures. Approximately 500,000 African elephants still
inhabit a large proportion of the African continent (Hamilton, 1987) and although
the species is rare to extinct in some African countries (Fig 1.2), the CITES 1988
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Figure 1.1. Past and present distribution of the Asian elephant after Olivier
(1978).
past distribution
I

present distribution
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Figure 1.2. Present distribution of the African elephant after Douglas-Hamilton
(1987).
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present distribution
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and 1992 ban on ivory has allowed a stabilization of many threatened populations
and in some cases a rapid recovery of population growth (Moss pers. comm.)
necessitating some form of population control.
The wild existence of both species however will remain endangered until
the exponential increase of human populations in third world countries is brought
under control. For both species, habitat destruction eg. the conversion of forests
to farmland due to agricultural pressures, is a predominant factor in the decline of
the elephants. Other factors which have also been implicated in the increased
mortality of elephants include poaching for meat and/or ivory, drought and disease
(Douglas-Hamilton, 1987). The development of protected natural habitats
designed for elephant conservation is not the whole answer to elephant survival
either, as no park can be made large enough to remain a balanced eco-system
given the destructive nature of these animals. The annual cuUings done in the
national parks of southern Africa demonstrate the inability of elephant populations
to remain in equilibrium with the allotted space provided for them. In Asia,
attempts are being made to set up corridors between protected parks so that
traditional elephant migratory routes are maintained (AESG meeting, Bogor, Java,
1992). None-the-less, it is clear that the survival of indigenous, wild populations
of elephants in both Asia and Africa depends greatly on the ability of humans to
control the environment which will enable man and elephant to co-exist peacefully.
Ironically, despite the ten fold greater number of wild African elephants,
the future of the Asian elephant may be more secure simply due to the semi
domestication which this species has undergone over the last several thousand
years in Asia. Records of captive Asian elephants date back to the third millenium
BC, based on engravings found on the seals of the Indus valley civilization
(Sukumar, 1989). Since that time throughout Asia, the Asian elephant has evolved
as an object of worship, a beast of burden, prized in war and hunted for its meat
and ivory. It is a complex association with man unequalled by any other
animal/man relationship.
Despite the long history of association between Asian elephants and man
however, no effort was made to breed these animals in captivity. In the past it
was always more expedient to round-up elephants from the wild and attempt to
semi-domesticate them. Captive bulls were kept separate from the cows to
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discourage breeding since a pregnant/lactating cow could not be worked as hard or
at all and a young calf was a liability until it reached working maturity at ten years
of age. Similarity, in the zoological societies of the Western world, Asian
elephant populations were not self-sustaining primarily due to the lack of
understanding of the reproductive physiology and thus were traditionally
supplemented with wild caught animals.
In contrast, the African elephant historically never became involved in the
intense relationship with man as did its Asian cousin. During the late 19th century
under King Leopold the II of Belgium, African elephants were successfully put to
work in what is now Zaire (Carrington, 1958).

Prior to and since then however,

they have not been used for domestication purposes nor was there the same
religious and ceremonial association as with the Asian species. The relationship of
the African elephant to man was more of a hunter-prey association with deep roots
in the ivory trade. In fact, due to the great trade demands in ivory from the far
east, particularity China, Japan and India, elephants of Northern Africa became
extinct sometime during the early Middle Ages, virtually extinct in most of South
Africa during the eighteenth and nineteenth centuries and in most of West Africa
during the late nineteenth and early twentieth century (Douglas-Hamilton, 1987).
Furthermore, until recently, African elephants were not commonly kept in Western
zoological establishments due to the general belief of their intractability. As with
the Asian elephant, reproduction of captive African elephants has been poor to
non-existent, with captive populations most commonly being augmented by young
animals spared during culling operations.
The poor reproductive rate in captivity for both species of elephant is no
longer a justifiable reason to replenish captive stocks with wild caught animals.
The captive population is in a unique position to provide an opportunity to study
and thereby further our understanding of elephant reproductive biology in a
controlled environment. The knowledge gained can be used to enhance the
breeding of captive animals thus ensuring self-sustaining populations, as well as
providing information on how to more effectively manage the remaining wild
populations of elephants with the view of conserving them in their natural habitat.
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Only by understanding the reproductive mechanism involved in the
propagation of this species can we hope to make a difference between survival and
extinction. The remaining sections in this chapter will attempt to describe in
greater detail the depth of our reproductive knowledge in both species of elephants
and the aim of this thesis in order to expand upon existing information.

1.2 REPRODUCTIVE BIOLOGY OF THE ELEPHANT
1.2.1 Puberty
Observations on breeding behaviour of wild and captive elephants mark the
onset of sexual maturity between seven and fifteen years of age for African
elephants (Perry 1953; Buss and Smith, 1966; Hanks and Short, 1972; Smith and
Buss, 1973) and six to seven years for Asian elephants (Eisenberg, McKay and
Jainudeen, 1971; Eisenberg, 1980; Dittrich, 1967).

1.2.2 Pregnancy, Parturition and Lactation
The reproductive physiology associated with pregnancy, parturition and
lactation in both species of elephants is limited. Much of what has been described
in the literature is either anecdotal or factual accounts of breeding and births
(Mayberry, 1972; Lang, 1963; Krishne Gowda, 1969; Dittrich, 1967; Leuthold
and Leuthold, 1975; Slade, 1903).
Once puberty has been attained, wild elephants have a conception rate of
between 75-80% (Moss, 1983) and thus do not display the regular ovarian cycles
seen in captive animals who have been shown to have a conception rate of less
than 20% (Niemuller, Shaw and Hodges, in press).
The duration of pregnancy has been quoted to range from 18-22 months in
Asian elephants, with most births occurring around 21 months (eg. Ratnasooriya et
al., 1992). In the African elephant the figures obtained from observation of wild
elephants would indicate a slightly longer gestation period ranging between 20-24
months or 634 to 683 ± 5 days (Moss 1983). Generally, one offspring is bom,
although in both species there appears to be an approximate 1 % probability of
twins occurring (Dittrich, 1967; Smuts, 1975; Laws, 1969). After parturition the
calf is solely dependent on it s mothers’ milk for the first six months of it s life,
after which the baby starts experimenting with solid food. A lactational anoestrus
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of two years is typical in a nursing wild elephant, although in captivity this may be
shortened by up to a year. If a calf should die at birth, the removal of the
suckling stimulus returns a cow (in good health) to oestrus in approximately three
months (Lee and Moss, 1986).
Smith and Buss (1975) found that follicular development was repressed
during gestation but that lactation had little influence on follicular development.
Based on their data, they surmised that one ovum was ovulated at each oestrus,
whereupon the ovulated follicle became luteinized irrespective as to whether or not
conception occurred. At the same time, other large follicles may or may not
become luteinized. These CL (termed ovulatory and accessory CL) persist
through to the next oestrus period whereby the process is repeated until conception
occurs.
However, the African elephant’s intercalf interval appears to be quite
variable even within the same study area with factors such as high density, drought
and food availability playing critical roles. Perry (1953) reported an intercalf
interval of approximately four years which increased to eight years by 1964 in the
same area (Smith and Buss, 1973). The calving interval in wild African elephants
has been reported to range between three to five years (Smuts, 1975; Moss, 1983;
Williamson, 1976; Hanks, 1972; Kerr, 1978; Sherry, 1975), although in harassed
or stressed populations this interval increases (Laws 1969). The data on captive
Asian elephants indicates an interbirth interval of approximately three years which
also matches a range of two and a half to five years observed in wild herds (Gee,
1964; Kurt, 1974; Eisenberg, 1980).

1.2.3 Seasonality
Elephants are capable of breeding all year as has been observed in wild
African elephants (Perry, 1953; Buechner, Buss and Longhurst, 1963; Buss and
Smith, 1966; Smith and Buss, 1973), and in captive Asian and African elephants
(Hess, Schmidt and Schmidt, 1983; Plotka, Seal, Zarembka, Simmons, Teare,
Phillips, Hinshaw and Wood, 1988; Brannian, Griffith, Papkoff and Terranova,
1988). None-the-less, there is strong evidence of the seasonality of reproduction
for those animals living in areas of extremes between dry and wet seasons (Laws,
1969, 1974; Hanks, 1969, 1972; Smuts, 1975; Laws and Parker, 1968; Smith and
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Buss, 1973; Sherry, 1975; Kerr, 1978; Williamson, 1976). Most of these studies
demonstrated that peak conception rates occurred during peak rainfall although
Hanks (1972) noted peak conception occurring in the dry season during one year
of his study. Laws (1974) suggested that suppression of female fertility during the
rest of the year may occur due to limited food availability. Certainly in more
temperate climates, areas with more than one rainy season or in captivity,
seasonality of reproduction is not seen.

1.2.4 Senescence
Perry (1953) was unable to demonstrate the cessation of reproduction with
age in the African elephant specimens he examined, although he surmised that the
interbirth interval increased and felt that there was the potential for some females
to lose the capacity to breed. Smuts (1975) found no age specific pattern in
reproductive activity between African elephant cows of between 16-50 years. In
the 50-60 year olds, he found 81% to be lactating, 29% to be pregnant and only
12% not reproductively active. In contrast. Hanks (1972) found peak fertility in
18-19 year olds with a significant decline in fertility after 40 years of age. Laws,
Parker and Johnstone (1970) found a peak conception rate in 31-35 year olds, as
did Kerr (1978), which declined with age, so that conception rate in 51-55 year
olds was 8.3%, while 56-60 years olds were reproductively inactive. The
differences in reproductive senescence noted in these studies are most probably
related to population density dependent factors and physiological, nutritional and
social stresses, although this is an area which has received very little attention.
In both wild and captive Asian elephants Sukumar (1989) noted
reproductively active cows over 50 years of age. However, population dynamics
indicate that since only a small proportion of cows represent this older population,
their overall contribution to the elephant population growth is negligible.

1.3 REPRODUCTIVE ANATOMY
1.3.1 Urogenital Canal
General descriptions of the reproductive organs of the female elephant were
made prior to 1900 (eg. Perrault, 1734; Forbes, 1879; Chapman, 1880 - African
elephant; Mayer, 1847; Owen, 1868; Miall and Greenwood, 1878; Watson, 1881,
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1883; Anderson, 1883; Paterson and Dun, 1897 - Indian elephant). There were
variations in these accounts which appear to be due to individual variations in the
specimens examined . Since that time further studies have been done examining
and comparing the female elephant reproductive tract including those of wild
elephants (Neuville, 1937; Perry, 1953; Hashimoto, Yamacichi and Yasunobo,
1956; Shimuzu, Fujita and Kamiya, 1960; Ruedi, Kupfer, Girard and Gutzwiller,
1983; Balke, Barker, Hackenberger, McManamon and Boever, 1988a; Balke,
Boever, Ellersieck, Seal and Smith, 1988b). Balke et al. (1988a) provided an
excellent review of female elephant reproductive studies carried out between
1723 - 1988, as well as attempting to standardize the various descriptive
terminologies used.
The most prominent feature of the reproductive tract is the long urogenital
canal which extends from the external orifice to a hymen leading to the vagina
near the level of the urethral opening. The area of most variation with respect to
complexity of configuration is the description of the vaginal orifice (hymen) in
nulliparious animals. The most common description is the occurrence of three
small openings, the central opening being patent with short, blind ending orifices
on either side (Forbes, 1879; Chapman, 1880; Watson, 1883; Paterson and Dun,
1897; Perry, 1953; Balke et al., 1988a,b). Other variations include two orifices
divided by a septum (Miall and Greenwood, 1878; Watson, 1881; Shimizu et al.,
1960) one opening only (Ruedi et al., 1983; Perry, 1953; Balke et al., 1988a),
three orifices of which two are patent (Balke et al., 1988a,b).
Balke et al. (1988b) made a significant finding when they discovered that
the hymenous membrane in a naturally producing population is present in
nulliparous and primigravid elephants, but is tom in multiparous animals leaving
one wide vaginal orifice surrounded by ragged folds of mucous membrane. This
membrane had been described prevously (see above) but the anatomical
significance was unknown. Perry (1953) went as far as suggesting that the
presence of this membrane in mature captive elephants was due to retarded
development.
The site of ejaculation during natural mating is in the urogenital canal
(Balke et al., 1988a,b). These inital findings have prompted further interest in the
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viability of producing elephant calves by artificial insemination (AI). To-date
however, there has been no successful elephant birth by AI.

1.3.2 Ovary
Perry (1953) described the ovaries of a pregnant elephant as being
characterized by the presence of ’active’ corpora lutea (CL). Furthermore, Smith
and Buss (1975) found that the development of Graafian follicles were suppressed
during pregnancy but were not influenced during lactation. In general however,
follicular development in the elephant is neither very well understood nor very
well documented.
In contrast. Perry (1953) determined that the ovaries of non-pregnant
elephants had no active CL’s but instead were characterized by the presence of old
CL’s in various stages of regression. However, Short (1966) upon examining a
female African elephant in presumed oestrus, found eight regressing CL’s (corpora
nigra, (CN)) on one ovary along with one large Graafian follicle (12 mm in
diameter) and 10 smaller follicles less than 5 mm in diameter, while the other
ovary had one large CL (24 mm in diameter, one haemorrhagic ovulation point
(9mm in diameter), eight CN and nine follicles less than 5 mm in diameter. The
structure of the CL has been shown to persist two months past an entire pregnancy
and continue on in a degenerate condition for at least four years postpartum (Short
and Buss, 1965; Smith and Buss, 1975).
The CL of the elephant have been classified into three different categories:
those that are formed by luteinization of granulosa cells of ovulated follicles; those
that are formed by luteinization of granulosa cells of unovulated follicles; and
those that results from luteinization of thecal and stromal cells which invade atretic
follicles (Smith and Buss, 1973). Generally classification of the CL has been
based on morphological appearance, with an ’active’ yellow body termed a CL,
and a degenerate CL termed corpora rubra (Smith and Buss, 1973) or corpora
nigra (Short, 1966). The CL’s of pregnancy have large, binucleate and rounded
cells and together can comprise up to 200g of luteal tissue (Perry 1953). Nadaraja
and Smith (1987) determined that CL endocrine activity was greatest during early
pregnancy.
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The steroidogenic function of the elephant CL was the subject of
considerable debate. Although Edgar (1953) reported the first measurement of
progesterone in the CL of the African elephant, this was not consistently
confirmed in other early studies carried out on African elephants (Short and Buss,
1965; Short, 1966; Smith, Hanks and Short, 1969; Ogle, Braach and Buss, 1973).
Hanks and Short (1972) not only reported low progesterone concentrations in the
CL but further noted their inability to detect the steroid in the plasma even during
gestation. Short and Buss (1965) suggested that due to the histological
appeareance of the CL, they may be long-lived degenerate structures preceded by
very short functional lifespans. However, Ogle et al. (1973) carried out a detailed
electron microscopic study of the elephant CL and clearly demonstrated that the
fine structures of the CL contained characteristics typical of steroidogenic cells eg.
predominance of smooth endoplasmic reticulum (SER) along with a close
association with mitochondria, small amounts of rough endoplasmic reticulum
(RER) and large stores of lipid. Thus, it was generally accepted that the CL were
steroidogenic tissue which had a significant but limited ability to secrete
progesterone.
The function of the elephant CL throughout gestation has also raised
questions. Perry (1953) believed that similar to the horse, the elephant produced
accessory CL mid-way during pregnancy. However, later studies (Smith and
Buss, 1975; Nadaraja and Smith, 1987; de Villiers, Skinner and Hall-Martin,
1989) clearly showed that not only were CL retained throughout gestation, there
was no replacement of CL during pregnancy either. In fact, although CL volume
declined throughout pregnancy they often persisted throughout lactation and into
the next pregnancy (Short and Buss, 1965; Buss and Smith, 1966).

1.4 REPRODUCTIVE ENDOCRINOLOGY
1.4.1 Ovarian cycle
The ovarian cycle of the Asian and African elephant was not characterized
until 1983 and 1988 respectively (Hess et al., 1983; Plotka et al., 1988). One of
the major difficulties in determining the reproductive cycle length in both species
of elephant was due to the difficulty in detecting oestrus behaviour. It is well
known that in captivity, female elephants alone do not exhibit any outward
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physiological or behavioural changes signifying the onset of oestrus, a
phenomenon that has lead most researchers to believe that oestrus can only be
detected when a female is seen mating (Hess et al. 1983). Studies carried out on
free-ranging elephants also demonstrated the difficulty in defining behavioural
oestrus (Short, 1965; Douglas-Hamilton, 1973).
The most reliable indication of impending oestrus is the male flehmen
response whereby the male examines the urine of the female by placing the tip of
his trunk into his mouth and blowing the pheremones into the vomeronasal organ
(Jainudeen, Eisenberg and Tikkeratne, 1971; Rasmussen, Schmidt, Henneous,
Groves and Daves, 1982; Moss, 1983). Hess et al. (1983) demonstrated that the
flehmen response was inversely related to progesterone concentrations. However,
many captive female elephants are not housed in conjunction with a male making
the flehmen test impracticable, while oestrus identification in the wild is also not
improved.
Eisenberg et al. (1971) provided the best detailed description of sexual
behaviour in both captive and wild Asian elephants. They described contact
promoting behaviours including the flehmen response as well as an increased
tendency of the female to smell the male’s temporal gland during oestrus. These
behaviours were subsequently followed by pre-copulatory behaviour involving
head to head wrestling with intertwined trunks, head resting by the male on the
back of the female followed sometimes by biting and particularity driving the
female before actual mounting attempts.

Again it can be noted however, that

none of these behaviours would be evident without the presence of a male.
Moss (1983) described the behavioural components of oestrus in a freeranging population of African elephants based on

8

years of observation.

In

noting five distinct categories which characterized a cow in oestrus: a) wariness b)
oestrus walk c) the chase d) mounting e) consort behaviour. Moss (1983) was the
first to describe the interactions of oestrus African elephant cows with mature
adult bulls. Although the basic oestrus behaviours were similar to those described
by Eisenberg et al. (1971), Moss (1983) noted that certain behaviours common in
Asian elephant courtship behaviour were not seen in African elephants including:
head-to-head contact with intertwined trunks and male head resting and biting.
Again however, using these behavioural criteria, detecting oestrus behaviour under
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captive conditions would be more difficult even in those zoological establishments
housing both sexes, as limited space would prevent the freedom of many of the
above behaviours.
However, female elephants appear to make a series of very loud yet very
low frequency calls which appear to advertise their receptive oestrus state (Payne,
Langbauer and Thomas, 1986; Poole, Payne, Langbauer and Moss, 1988). As
these infrasonic calls can be heard over distances of several kilometers, it has been
hypothesized that females call during mid-oestrus to attract distant high ranking
males. This infrasonic vocalization is to-date the only known reproductive
behaviour not carried out in conjunction with a male, however, its detection would
require expensive technical equipment and a skilled operator.
In order to determine the length of the reproductive cycle of the elephant,
early studies attempted to correlate vaginal cytology and flehmen responses with
the stage of the cycle. By conducting daily flehmen tests for one month with a
male elephant and doing urogenital smear cytology, Jainudeen et al., (1971)
determined the duration of the oestrous cycle to range from 18-27 days (mean 22).
Although no overt signs of oestrus were observed, ’standing* oestrus as
determined by the male flehmen responses, ranged from 2-8 days. The cytology
failed to indicate the onset of behavioural oestrus (possibly due to short sampling
depth), although an increase in comified cells was noted.
In a later study, Watson and D’Souza (1975) determined the oestrous
patterns in a 15 year old African elephant by urogenital cytology only. Daily
samples collected over one year showed feming patterns and dried spots of
supernatant in 16 day intervals, while stained smears examined for squamous cells
keratinzation showed a cyclicity of 15 days thus agreeing with some preliminary
field observations by Short (1966) who had decided that the oestrous cycle was 18
days based on the number of CL found on the ovaries. Neither of these studies
measured the major reproductive steroids progesterone and oestrogen, although the
results presented were notably estrogen dependent.
However, discrepancy within the literature arose with the advent of
radioimmunoassays and measurements of circulating concentrations of plasma
steroids and their relationship to the oestrous cycle of the elephant. The first
attempt at characterizing the reproductive endocrinology of both species of
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elephant was a cross-sectional study on plasma progesterone and oestrogen
concentrations comparing pregnant cows with non-pregnant cows (Plotka, Seal,
Schobert and Schmoller, 1975).

Although differences between the two

reproductive states were measured with respect to progesterone concentrations, this
study did not attempt to monitor the overall changes in plasma progesterone over a
complete ovarian cycle. Furthermore, due to low concentrations of unconjugated
oestrogens, Plotka et al. (1975) found measurement of oestrogens to be
uninformative.
Chappel and Schmidt (1979) attempted the first endocrinological assessment
over time, when they observed the cyclical changes in plasma oestradiol and LH
concentrations in one Asian elephant for 40 days. In accordance with the earlier
cytological studies, they determined the cycle length to be 18 days based on both
the interval between LH surges and serum oestradiol concentrations. This
preliminary study supported the oestrogen results of Plotka et al. (1975), as the
data from this study clearly showed both minimal changes with respect to plasma
oestradiol concentration as well as measurement of very low concentrations of the
hormone (under 20 pg/ml) during the cycle. A general study carried out on the
measurement of oestrogens in the urine also supported the concept of an 18-21 day
cycle (Ramsey, Lasley and Stabenfeldt, 1981).
In contrast, Hess et al. (1983) found the ovarian cycle length of the Asian
elephant to be on average 16 weeks long, with an 8-12 week luteal phase and 4-6
week follicular phase, based on the measurement of plasma progesterone
concentrations. Male behaviour as determined by the flehmen response was
inversely related to plasma progesterone concentrations, although as previously
described, no correlation between flehmen and serum oestradiol was found.
Serum oestradiol concentrations did not show any obvious single preovulatory
surge, probably due to limits in the sensitivity of the assay, as levels detected were
again very low.
The observation that the ovarian cycle length was four months in the Asian
elephant was subsequently verified by other researchers (Plotka et al. 1988; von
Koch, Elsaesser, Boer, Dittrich and Ellendorf, 1988; Mainka and Lothrop, 1990;
Brown, Citino, Bush, Lehnhardt and Phillips, 1991; Taya, Komura, Kondoh,
Ogawa, Nakada, Watanabe, Sasamoto, Tanabe, Saito, Tajima and Narushima,
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1991; Turczynski, Pemikoff, Garcia, Gross and Kraemer, 1992). The earlier
reports of 18-21 day cycle lengths diverged from these findings largely due to
limited collection periods, uncontrolled experimental situations and lack of
progesterone concentration analysis.
During this time, the reproductive cycle of the African elephant was also
elucidated by sequential plasma progesterone analysis (Plotka et al., 1988;
Brannian et al., 1988; von Koch et al. 1988). All groups found that the African
elephant cycle (as determined by plasma progesterone analysis) was similar in
length to that described for the Asian species, although Plotka et al. (1988) noted
that progesterone concentrations were significantly lower in the African elephant
as compared to the Asian elephant. Also, as had been recorded previously for the
Asian elephant, serum oestradiol concentrations were variable and difficult to
correlate with reproductive events (Brannian et al., 1988).
Furthermore, it is of interest to note that the reproductive cycle of the
African elephant has also been successfully monitored by vaginal cytology. Gross,
Patton, Armstrong and Simmons (1991) measured plasma progesterone and
oestradiol, took vaginal swabs and administered PGF2a on days 15, 30, 45 and 60
days post-oestrus in two African female elephants. Vaginal cytology of comified
cells were negatively correlated with circulating concentrations of plasma
progesterone throughout the four month ovarian cycle, while the correlation with
oestradiol concentrations was variable. PGF2a treatment on days 15, 30 & 45 did
not alter progesterone and oestradiol concentrations or vaginal cytology. On day
60, one of two elephants responded with a decrease in progesterone concentration
and an increase in comified cells within four days of treatment, while the other
showed an increase in comified cells only. This preliminary study demonstrated
the ability to monitor the ovarian cycle by vaginal cytology and also noted the role
of PGF2a as a potential luteolyüc agent.
Initially, the lack of any relationship between plasma and urinary
oestrogens and the ovarian cycle was suggested by Plotka et al. (1975) to be due
to various reasons including: ( 1 ) measurement of wrong oestrogen; (2 ) lack of
sensitivity of assay; (3) lack of requirement for oestrogen by elephants during
oestms or pregnancy; (4) increased affinity of target tissue receptors and therefore

40
saturation at low circulating hormone concentrations; and (5 ) lack of specific
serum binding proteins.
However, Taya et al. (1991), using a very sensitive RIA, were able to
demonstrate that concentrations of serum 17j8-oestradiol were inversely related to
serum progesterone concentrations in female Asian elephants. None-the-less, the
variability in the data concerning circulating oestrogen concentrations in the
elephant to-date make this finding difficult to interpret. Whereas urinary and
plasma oestrogens were demonstrated to peak just prior to a P4 rise (Mainka and
Lothrop, 1990; Taya et al., 1991) other data remained variable (Hess et al., 1983;
Plotka et al., 1988; Brannian et al., 1988; Gross et al., 1991) or appeared to
suggest a three week cycle (Jainudeen et al., 1971; Watson and D ’Souza, 1975;
Chappel and Schmidt, 1979, Ramsey et al., 1981).
The consistently low and generally non-informative levels of non
conjugated oestrogens in the circulation appears to be due to the rapid and direct
conversion of free steroids to their conjugate forms. Hodges, Henderson and
McNeilly (1983a) demonstrated that 90 and 96% of the total concentrations of
oestrone and oestradiol in African elephants were represented by conjugated
hormones. Czekala, Roocroft, Bates, Allen and Lasley (1992) in a
radiometabolism pilot study on two Asian elephants demonstrated that the
clearance of oestradiol from the vascular space was very rapid (within 30 minutes)
and that conjugated oestradiol was the major oestrogen both in the urine and
serum.
Lack of measurement of circulating unconjugated oestradiol for determining
follicular dynamics is not unique to elephants. Low levels of free oestrogens have
been reported in various ungulates, including sheep (Ward, 1986), cow (Kazmer,
Barnes and Halman, 1981) and deer (Monfort, Wemmer, Kepler, Bush, Brown
and Wildt, 1990).
An effort was also made by several researchers to correlate circulating
concentrations of testosterone with progesterone secretion throughout the ovarian
cycle. Rasmussen, Buss, Hess and Schmidt (1984) first documented testosterone
secretion in both Asian and African elephants. They noted that baseline serum
testosterone levels were higher in African cows compared to Asian cows, although
no attempt was made to correlate these values with plasma progesterone
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concentrations. Taya et al. (1991) measured weekly concentrations of circulating
testosterone in two female Asian elephants and demonstrated that the CL may be
secreting testosterone as well as progesterone. Subsequent measurement of plasma
testosterone concentrations on six Asian elephants by Ratnasooriya, Fernando and
Manatunga (1992) however did not demonstrate the cyclical pattern of secretion as
described by Taya et al. (1991). Thus, although circulating testosterone
concentrations are detectable in both species of female elephant, its importance
with respect to monitoring ovarian function does not appear significant at the
present time.
Studies on the measurement of immunoreactive luteinizing hormone (iLH)
and to a lesser extent follicle stimulating hormone (FSH), have been carried out
independently in further attempts to understand the control of follicular
development and ovulation in the elephant. Both Plotka et al. (1988) and Brannian
et al. (1988) measured iLH in weekly blood samples and found that the iLH surges
measured during the periovulatory period in the African elephant were followed by
significant increases in plasma progesterone. This was in contrast to the original
findings of Hess et al. (1983) where measurement of more than 50% of iLH
surges in Asian elephants could not be correlated with increases in progesterone
concentrations. Chappel and Schmidt (1979) measured iLH over a 40 day period
in Asian elephants and demonstrated iLH increases approximately 21 days apart,
although no correlations were made with progesterone. Brown et al. (1991)
detected acute elevations of iLH before or during the P4 rise in 11/14 cycles
followed by a second surge 11-19 days later in 8/11 cycles. In all of these
studies, measurements of iLH were otherwise low during the luteal phase.
Thus, the function of these multiple LH surges has yet to be understood.
Hanks and Short (1972) felt that a critical mass of luteal tissue was necessary for
maintaining pregnancy in elephants, although de Villiers et al. (1989) found no
relationship between plasma P4 concentration and total CL volume between
pregnant and non-pregnant elephants. Brown et al. (1991) hypothesized that these
LH surges may be necessary for stimulating maintenance of existing CL or for
forming accessory CL. Although multiple CL have been identified on the elephant
ovary (Hanks and Short, 1972; Short, 1966; Smith and Buss, 1975) de Villiers et
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al. (1989) found no evidence for the formation of accessory CL at least during
pregnancy. They further noted that the overall regression of the CL is very slow.
To date, only two studies have attempted to measure levels of plasma FSH
in an effort to understand follicular development and ovulation. Dahl, Czekala
and Hsueh (1987) found multiple FSH peaks in the plasma of female Asian
elephants during the five to six week follicular phase. In contrast. Brown et al.
(1991) observed cyclic patterns of FSH and inhibin lasting 12-14 weeks. The FSH
concentrations were elevated during the late luteal and lowest during the late
follicular/early luteal phases. They hypothesized that the extended pattern of FSH
secretion during the luteal phase may have been responsible for stimulating waves
of follicular growth responsible for the apparent three week cycles noted by earlier
researchers.
With the data presented on the oestrous cycle of the Asian and African
elephant, Plotka et al. (1988) developed the ’Elephant ovarian cycle model’ in
order to reconcile the discrepancy between the various reports (Fig. 1.3). They
proposed that the elephant has follicular cycles that are approximately three weeks
long (as determined by oestrogen) which result in spontaneous regression or
luteinization of the follicles due to the inhibitive influence of increased
progesterone concentrations during the luteal phase. Thus, there is one potential
fertile ovulatory event every 15 weeks when the concentrations of progesterone
drops to remove its inhibitory efect upon oestradiol secretion and follicular
development.
This proposed model, although lacking direct evidence and support from
the oestrogen data, is consistent with the progesterone and iLH findings presented.
Furthermore, interpretation of CL function upon post mortem morphological
examination of ovaries from non-pregnant African elephants by Laws (1969)
indicated that many CL were small and lacked stigmata, suggesting that they
developed from unovulated follicles. He therefore suggested that the elephant
produced large numbers of accessory CL by the luteinization of unruptured
follicles, which would support this proposed model. The study by de Villiers et
al. (1989) noted that four non-pregnant cows had developing follicles in the late
follicular growth phase although plasma progesterone concentrations were high,
further suggestive of the shorter oestrogen follicular cycles.
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Figure 1.3. ‘The Elephant Ovarian Cycle Model’ as originally proposed by Plotka
et al. (1988).
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1.4.2 Pregnancy
Perry (1953), Buss and Smith (1966) and Laws (1969) believed the
elephant to be polyoestrous and polyovular based on the number of CL found in
non-pregnant cows. Short (1966) felt that the elephant was polyoestrous but
monovular, undergoing a series of non-fertile cycles prior to conception to explain
the accumulation of CL’s. Moss (1983) has noted the conception rate in Amboseli
National Park in Kenya to be as high as

8 6

.6 % and that despite intensive

observation, the majority of conceptions occur without oestrus behaviour being
observed. Yet of those elephants observed to be in oestrus (n=52) only three
were seen in oestrus more than once, suggesting that the elephant is not
undergoing a series of sterile cycles prior to conceiving as previously suggested.
Plotka et al. (1975) carried out the first cross-sectional study on plasma
progesterone and oestrogen in pregnant, non-pregnant and immature Asian and
African elephants. This study as well as a later study performed on culled African
elephants by McNeilly, Martin, Hodges and Smuts (1983), detected modest
increases in plasma progesterone during pregnancy compared with non-pregnancy.
McNeilly et al. (1983), although reporting a significant difference between the two
reproductive states, none-the-less found a considerable overlap in progesterone
concentrations which Plotka et al. (1975) did not find. Since then, de Villiers et
al. (1989) confirmed McNeilly et al. (1983) earlier observations, stating that mean
plasma progesterone concentrations were not significantly different between
pregnant and non-pregnant African elephants. These progesterone results
disagreed with that of Hanks and Short (1972) who were unable to detect any
progesterone during pregnancy in their cross-sectional study of culled African
elephants. However, this was probably due to the poor sensitivity of the
progesterone assay used in the study.
Hess et al. (1983) were the first to describe the pattern of serum
progesterone secretion throughout pregnancy in the Asian elephant. In both
animals studied they found elevated progesterone concentrations throughout the
first year and the last six months of gestation with a sharp decline at least three
days prior to parturition. In contrast, Mainka and Lothrop (1990) measuring
progesterone concentrations from the third month post conception to parturition in
one Asian elephant, did not find any differences in progesterone concentrations
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between the pregnant animal and concentrations normally seen during the luteal
phase. However, based on weekly blood sampling, progesterone concentrations
appeared to decline approximately one week prior to birth. McNeilly et al. (1983)
found that the highest levels of progesterone concentrations in African elephants
occurred during mid-pregnancy, after which levels declined until term. In
contrast, the results from another study of culled African elephants (de Villiers et
al. 1989) found that although mean plasma progesterone concentrations did not
significantly differ between pregnant and non-pregnant cows, maximum
progesterone values were recorded early in pregnancy with a gradual decline noted
towards term. The differences in the timing of the peak in progesterone
production between the study of de Villiers et al. (1989) and the earlier studies
may have been due to an error, since corrected by Craig (1984), in the original
Huggett and Widdas (1951) equation for calculating the date of conception from
fetal mass for elephants. Interestingly, de Villiers et al. (1989) noted that over the
last third of gestation while maternal progesterone levels decreased, fetal
concentrations of progesterone secretion increased, suggesting a a possible role of
the placenta or perhaps the fetal adrenals in progesterone production.
Although a sustained increase in plasma progesterone concentrations would
appear to be a positive indication of ongoing pregnancy there is at least one
published instance demonstrating that this may not always be the case. Rubel
(1987) noted a case of an elephant cow with elevated progesterone levels which
was also diagnosed as having rheumatoid arthritis and which never gave birth.
Eventually progesterone concentrations decreased, although subsequent treatment
with prostaglandin did not expell a fetus nor were physical examinations by
ultrasound and electrocardiogram effective in detecting a fetus. It appears that a
pathological condition likely due to the rheumatoid arthritis caused an elevation in
progesterone levels normally seen in gravid elephants, or else this may be the first
description of a false pregnancy in an elephant.

Measurement of circulating

concentrations of oestrogens during pregnancy have produced variable results in
both species of elephant.

Plotka et al. (1975) found no relationship between

pregnancy and non-pregnancy reproductive status with the measurement of
circulating concentrations of unconjugated oestrogens. Although they, and
subsequently Hess et al. (1983), were unable to show an increase in oestrogen
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concentrations during pregnancy in the Asian elephant, Hess et al. (1983)
discovered that levels of unconjugated oestrone dropped after parturition. Hodges
et al. (1983a) and Hodges, McNeilly and Hess (1987) found elevated serum
concentrations of conjugated oestradiol-17/8 in African elephants and conjugated
oestrone in Asian elephants during pregnancy. However, no distinction could be
made between pregnancy and non-pregnancy when unconjugated oestrogens were
measured. Furthermore, they did not measure samples through to parturition in
order to confirm the drop in oestrone concentrations noted by Hess et al. (1983).
McNeilly et al. (1983) found that levels of unconjugated serum oestradiol-17/8 in
African elephants remained variable and did not change throughout pregnancy
compared with pre-conception concentrations although, as in the Asian elephant,
unconjugated oestrone levels decreased significantly after birth. Thus, it appears
measurement of circulating oestrogens in the conjugated form is necessary in order
to demonstrate an increase in concentration from approximately the sixth month of
pregnancy onward (Hodges et al., 1983a, 1987). It is also evident that there are
species differences between the Asian and African elephant as to the dominant
circulating oestrogen during pregnancy. Hodges et al. (1983a), based on an
indirect method of estimation, suggested that oestradiol-17/8 sulphate was the most
abundant oestrogen in the African elephant, while oestrone conjugate was more
predominant in the Asian elephant (Hodges et al. 1987).
Mainka and Lothrop (1990), using a non-specific total estrogen
radioimmunoassay (RIA), measured total urinary oestrogens during pregnancy,
parturition and through into early lactation in one Asian elephant. They noted that
the level of total urinary oestrogens became elevated by the sixth month of
gestation, with levels falling at parturition and remaining low and variable during
early lactation. These urinary results concur with the data previously described
for circulating conjugated oestrogens in Asian elephants (Hess et al. 1983, Hodges
et al. 1987) and represent the first non-invasive, albeit non-specific assessment of
oestrogens during pregnancy in the Asian elephant.
A small amount of research has been published concerning measurement of
gonadotrophins as an alternative means for early pregnancy detection. Fujimoto,
Koto, Imori and Nakama (1970) detected a gonadotrophic substance which they
proposed was more like FSH than LH, in the urine of a pregnant Asian elephant
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during the third and fourth month of a presumed 24-25 month gestation. In this
animal the exact time of conception was not known. No further gonadotrophic
activity was detected during the two subsequent test periods (months 12-13 and 1617). In contrast, a study by Sukumara Pillay (1976) found gonadotrophic activity
in the plasma of one Asian elephant during the sixth to tenth month of gestation
only. This elephant later gave birth after a presumed 103 week (23.7 month)
gestation (Sukumara Pillay, 1979).

In both of these studies the gestation lengths

were longer than the usual range of 18-22 months. The potential error in the
calculation of gestation lengths in these studies may lie in only using mating dates
for determining time of conception. A later study by von Koch et al. (1988)
measured gonadotrophic immunoreactivity in urine of both Asian and African
elephants. They found a positive response in one Asian elephant between the sixth
to eighth month post mating along with elevated plasma progesterone
concentrations. This elephant went on to give birth approximately 21 months
later. However, these tests produced false positives in three other elephants (two
Asian and one African) with observed mating events and both high and low
progesterone concentrations. Thus, the use of a human chorionic gonadotrophin
(hCG) hemagglutination kit for detecting pregnancy in the urine of elephants was
not specific and most likely the false positives were caused by cross-reactivity of
the a-chain of other glycoprotein hormones eg. LH, FSH and thyroid stimulating
hormone (TSH). McNeilly et al. (1983) noted that concentrations of LH and FSH
in the African elephant declined significantly during mid-pregnancy which
supported the concept of detecting gonadotrophins during the first trimester of
pregnancy as determined by the above authors. They also noted that gonadotropic
activity was not found during the implantation period and parturition. However,
they did find levels of plasma/serum LH and FSH to be significantly lower in
pregnant African elephants than in non-pregnant animals, particularily between
months 9-16 for LH and 9-12 for FSH.
Another hormone of importance during pregnancy is plasma prolactin. The
study by McNeilly et al. (1983) demonstrated a significant increase in prolactin
concentrations by seven months of gestation which also occurred in conjunction
with an increase in conjugated oestrogens (Hodges et al. 1983a). McNeilly et al.
(1983) noted that 59% of pregnant cows in the first half of pregnancy (during low
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prolactin levels) were lactating as compared to 95 % in the second half of gestation
when prolactin levels were elevated. They were not able however to distinguish
between levels in non-pregnant but lactating and non-pregnant and not lactating
cows which was ascribed to the inability to relate samples back to suckling time
and post partum time.
The increase in prolactin and conjugated oestrogen levels found during this
cross-sectional study of African elephants culled in the wild proved to be similar
to a later finding in a sequential study with pregnant Asian elephants. Hodges et
al. (1987) however noted that prolactin concentrations declined 1-2 days prior to
birth which may explain the inability of McNeilly et al. (1983) to distinguish
between non-pregnant lactating and non-lactating animals.

1.4.3 Monitoring the cycle non-invasively
Traditionally, reproductive status in domestic species has been determined
by the measurement of circulating concentrations of steroids, gonadotrophins and
protein hormones. In many captive exotic species however, an invasive approach
requiring blood sample collection presents a problem due to the intractibility of
these animal as well as lack of restraining devices. Furthermore, for routine
monitoring of reproductive status in free-ranging wildlife species, blood sampling
is not feasible. Elephants, if they have not been trained to accept routine blood
sampling present obvious challenges in this area. Thus, the development of noninvasive means for monitoring the reproductive endocrine status could provide a
distinct advantage over routine blood sampling.
The first non-invasive endocrinological study of the Asian elephant oestrous
cycle was done by Ramsey et al. (1981). By measuring urinary oestrogens
indexed to creatinine over two months in three elephants, they showed that the
oestrous cycle length ranged from 18-26 days. Although the paper did not
describe individual profiles, summarized data was represented as means ± SEM
for urinary oestradiol and oestrone which were normalized at day

0

by the peak of

highest oestrogen value. This study was the first attempt to describe a practical
non-invasive means for assessing ovarian function in the elephant, although the
assessment of ovarian cycle length was inaccurate.
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A later study by Mainka and Lothrop (1990) determined that total urinary
oestrogens peaked just prior to the rise in progesterone (n=5 cycles, N =1 animal)
although the data presented did not convincingly demonstrate this. Another study
by Diaz de Aguirre (1990) found that concentrations of total urinary oestrogens
correlated with total plasma oestrogens (n=2, N =3) showing an elevation at or
one week prior to the rise in plasma progesterone concentrations with smaller
increases every two to three weeks throughout the cycle. Attempts at determining
urinary progesterone concentrations or identifying the major urinary gestagen
metabolites were not successful in either study. Mainka and Lothrop (1990)
however, demonstrated that urinary total oestrogens monitored during pregnancy
in one female gradually increased over the first year, with concentrations
remaining elevated until parturition. Following parturition, total oestrogens
remained low for the following three months. To-date there is no published
information for the African elephant with respect to non-invasive characterization
of the ovarian cycle.
Urinary gonadotrophin analysis has been attempted several times in order
to diagnose pregnancy in Asian elephants (Fujimoto et al., 1970, von Koch et al.
1988). Although the results were preliminary, in both instances they demonstrated
the presence of gonadotrophic activity between the third and eighth month of
pregnancy.
The analysis of faecal steroid metabolites provides an alternative solution
for monitoring ovarian function in the elephant. Although faecal analysis has been
used to monitor ovarian cycles and to a greater extent pregnancy in a variety of
wildlife and exotic species (eg. Safar-Herman, Ismail, Choi, Mostl and Bamberg,
1987; Wasser, Risler and Steiner, 1988; Kirkpatrick, Schideler and Turner, 1990)
its application in elephants is limited. Hoppen, Diaz de Aguirre, Hagenbeck, Boer
and Schwarzenberger (1992) found concentrations of pregnanediol and 20a
dihydroprogesterone to be the major progesterone metabolites present in the faeces
of non-pregnant Asian elephants. Both progesterone metabolites correlated
strongly with circulating concentrations of plasma progesterone. However,
attempts to repeat this work have not been successful (Hoppen, pers. comm.).
Measurement of total faecal oestrogens have been shown to be variable, with no
correlation with plasma concentrations of total oestrogens (Diaz de Aguirre, 1990).
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No description of faecal gestagen and oestrogen metabolites during pregnancy in
either species of elephant has been published.
Although assessment of faecal gestagen and oestrogen metabolites offers a
wide variety of advantages - abundance; ease of sample collection; application to
studying free-ranging animals - the major drawback is the lack of an internal
endogenous marker. Elephants excrete copious amount of faeces daily (90+ kg).
It is not realistic to expect that the steroid metabolite to be measured will be
excreted at a constant, uniform rate in each bolus. Until such time that an
endogenous marker is found, faecal assessment in the elephant will remain an
inaccurate reflection of ovarian activity due to the inability to correct for
differences in faecal hormone concentrations and volume.
An alternative method for non-invasively determining reproductive status
in the elephant is with the use of real-time ultrasonography.

Ultrasound has been

used to follow follicular development as well as fetal development during
pregnancy in a variety of species (eg. primates: Morgan, Hutz, Kraus and Cormie,
1985, exotics: du Boulay and Wilson, 1988). However, the use of ultrasound in
the elephant has been limited due to their size and intractability. Schmidt (1982)
attempted ultrasound during pregnancy in two female Asian elephants, and
reported observing an elephant fetus five days prior to birth. However, attempts
to use ultrasound for early pregnancy detection or to monitor follicular
development and ovulation in the elephant have not yet proven successful.
Thus at present, the assessment of urinary gestagen and oestrogen
metabolites in the elephant appear to provide the best means for establishing a
non-invasive means for monitoring reproductive activity. The critical aspect is to
determine the major catabolic products. Although circulating steroid hormones
maintain the same structure throughout taxa, their catabolic products may differ
considerably.
1.5 REPRODUCTIVE STEROID BIOSYNTHESIS, EXCRETION AND
METABOLISM
1.5.1 Reproductive steroid biosynthesis
The reproductive steroids form three distinct classes including the
progestagens, androgens and oestrogens. These classes are interrelated by a series

52
of enzyme reactions catalysing the conversion of one class of steroids to the next
along the steroid biosynthetic pathway (Fig. 1.4). The conversion of cholesterol to
pregnenolone is the first step in the formation of all classical major reproductive
steroid hormones as well as the corticosteroids. Cholesterol is synthesized from
acetate in many tissues of the body and has a widespread structural role in the cell
as well as being a substrate for steroidogenesis. Steroidogenesis occurs in a wide
variety of tissues including the adrenal cortex, thryoid and brain. However in the
non-pregnant female the main steroid contribution comes from the ovary (de
Jongh, Baird and Van der Molen, 1974) while in the pregnant animal it comes
from the ovaries and/or foeto-placental unit (Diczfalusy, 1964, 1968).
Changes in ovarian steroid production during the menstrual or oestrous
cycle are controlled in a reciprocal relationship with the gonadotrophins, LH and
FSH. Secretion of the pituitary gonadotrophins is under the control of pulsatile
secretions of gonadotrophin releasing hormone (GnRH), a decapeptide synthesized
by hypothalamic neurons which in turn are stimulated by external and internal
stimuli received by the central nervous system (Knobil, 1980;). For normal
gonadotrophin secretion a pulsatile rather than a continous stimulation of GnRH
secretion is necessary, which in turn reflects normal steroidogenesis and ultimately
steroid feedback (Knobil, 1980). The 20,22 desmolase side chain cleavage
enzyme complex converting cholesterol to pregnenolone is a rate limiting step
which is especially dependent upon the binding of the gonadotrophins to specific
dimeric glycoprotein receptors in the cell membrane in order to stimulate
steroidogenesis.

1.5.1.1 Oestrogen and progesterone biosynthesis in the
ovary
The characteristic steroid metabolic pathway of the ovary reflects the
biosynthesis of acetate to oestrogen via the conversion of 3-oxo-4-unsaturated Q p
steroids to phenolic C^g steroids. The initial conversion to cholesterol by the
granulosa and thecal cells has been confirmed in a variety of species including
hen, dog, horse, cow and human (Popjack and Tietz, 1954; Rabinowitz and
Dowben, 1955; Ryan and Short, 1965; Hellig and Savard, 1966; Ryan and Smith,
1961). The formation of pregnenolone from cholesterol is a three step enzyme

53

Figure 1.4. The steroid biosynthetic pathway in the ovary.
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reaction occurring in the mitochondria involving the removal of the Cji side chain
from cholesterol (Hall and Koritz, 1964; Sulimovici and Boyd, 1967). The
enzymes

2 0

a-hydroxylase,

2 2

-hydroxylase and

2 0 - 2 2

cholesterol in the mitochondria to the intermediates

2 2

desmolase convert
-hydrocholesterol,

2 0

-2 2 -

dihydrocholesterol before forming pregnenolone (Lynn, Staple and Gurin, 1955;
Ryan and Smith, 1965).
Pregnenolone can be converted to androgens via the a4 or a5 pathways.
The conversion of pregnenolone to 17a hydroxypregnenolone with

20

lyase (a5

pathway), forms the precursor to androstenedione with the intermediate
dehydroepiandrosterone (DHEA) produced by 17,20-desmolase activity.
Alternatively, SjS-ol-dehydrogenase and isomerase enzymes can convert
pregnenolone to progesterone (a4 pathway), which is converted to 17a
hydroxyprogesterone by 17a hydroxylase which in turn forms the precursor to
testosterone.
Androgens are produced by the ovary throughout the phase of antral
growth in many species (Moor, 1977) with the major site of biosynthesis occurring
in the theca interna where steroidogenesis is under the control of LH (Fortune and
Armstrong, 1978; Tsang, Armstrong and Whitfield, 1980).
Conversions of the androgens to oestrogens occurs in the granulosa cells
under the influence of FSH (Baird, 1977; Tsang et al., 1980) although this may be
species specific. In the mare and Rhesus monkey the theca interna was shown to
be the primary site of follicular oestrogen synthesis (Younglai and Short, 1970;
Channing and Coudert, 1976) while in the human, cultured theca cells from large
and small antral follicles produced small but significant amounts of oestrogen
(McNatty, Makris, De Grazia, Osathanondh and Ryan, 1979). During the late
follicular phase, aromatase activity reaches a maximum which can be isolated
almost exclusively in the oestrogen-secreting follicle(s) due to ovulate (Hillier,
Reichert and van Hall, 1981). Granulosa cells isolated from pre-ovulatory follicles
have demonstrated androstenedione and testosterone to be equally effective a^
aromatase substrates in vitro (Hillier, van den Boogaard, Reichert and van Hall,
1980).
However, granulosa cells are unable to synthesize significant amounts of
androgen compared with the theca (Tsang et al. 1980) due to the deficiency of
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Ci7 ,2 o lyase activity (Short, 1962). The activation of the granulosa cell aromatase
system is controlled by FSH (Dorrington, Moon and Armstrong, 1975; McNatty
and Baird, 1978). Aromatization occurs in the microsomal fraction of the
granulosa cells with the reaction sequence involving the formation of 19hydroxylated intermediates (Dorrington and Armstrong, 1979) prior to the
formation of oestrogens.
Oestradiol 17)8 is the major oestrogen secreted during the follicular phase
in all mammalian species studied to-date (Baird, 1983). The secretion of
oestradiol into the circulation exerts a positive long-loop feedback on pituitary LH
release resulting in the gradual increase in LH pulses (Baird, 1978). This in turn
causes a corresponding increase in the rate of androgen production by the thecal
cells which further increases the rate of oestrogen formation by the granulosa cells
(Baird, 1977). Oestrogens also act locally to regulate follicular responses to
gonadotrophins by stimulating granulosa cell proliferation and thus FSH-receptor
content in the developing follicle (Louvet and Vaitukaitis, 1976) as well as being
required for FSH to induce the appearance of granulosa cell LH receptors
(Richards, 1980).
However, ultimately the rising levels of oestradiol cause these interactions
to breakdown by triggering the LH surge which results in ovulation (Moor, 1974;
Hoff, Quigley and Yen, 1983). There is a shift in steroidogenesis following
ovulation and formation of the corpus luteum (CL) with a decline in androgen and
oestradiol-17)8 production and an increase in progesterone secretion (McNatty,
1978; Saidapur and Greenwald, 1979). Cholesterol derived from the uptake and
metabolism of low-density lipoproteins is believed to be the precursor for steroid
biosynthesis at this time (Gwynne and Strauss, 1982). The conversion of
pregnenolone to progesterone occurs in the microsomal fraction of the CL
(Davenport and Mallette, 1966) due to activity of 3)8-ol dehydrogenases and
isomerases (Cheatum and Warren, 1966). Progesterone concentrations exert a
negative effect upon the secretion of gonadotrophins sufficiently to prevent
follicular development. Only upon the demise of the CL, and the withdrawal of
the progesterone suppression will pre-ovulatory follicular development begin
(Clarke, Dierschke, Meller and Wolf, 1979).
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1.5.1.2 Biosynthesis of steroids during pregnancy
Pregnancy is generally characterized by an increase in production of
progesterone and oestrogens. The biosynthetic pathways are essentially the same
as described for the ovary, although there are species differences in the
steroidogenic potential of the corpus luteum and relative contribution of the
placenta. In the sheep and primates, the placenta becomes the major or only
source of progesterone (Heap, Perry and Challis, 1973; Thorbum, Challis and
Robinson, 1977), whereas in the cow, goat, rabbit and sow the corpus luteum is
necessary for progesterone secretion with no placental contribution (Heap et al.,
1973).
In the human and mare, pregnenolone is converted to progesterone by a53jS-hydroxysteroid deyhdrogenase-isomerase enzymes produced by the trophoblast
(Ferguson and Christie, 1967; Ainsworth and Ryan, 1969; Flood and Marrable,
1975). However, during early pregnancy, the human placenta lacks the 17a
hydroxylase enzyme (Palmar, Blair, Eriksson and Diczfalusy, 1966). Thus the
decline in peripheral circulating concentrations of 17a hydroxyprogesterone
observed in women from week three to four of gestation demonstrates the gradual
loss of luteal steroid secretion and signals the shift to placental steroid support
(Tulchinsky and Hobel, 1973). The stage of pregnancy at which the placental 17a
hydroxylase is re-activated may vary between species although generally this
occurs shortly prior to parturition. In the goat and sheep, induction of parturition
is dependent on the initial stimulus of fetal glucocorticoids at term which is
responsible for activating 17a hydroxylase in the placenta (Flint, Kingston,
Robinson and Thorbum, 1978).
Once synthesized, progesterone can either pass into the maternal or fetal
circulation. The endometrium metabolizes progesterone to 20adihydroprogesterone in the human, horse, cow, rat and sheep as well as some non
human primates (Solomon, Bird, Ling, Iwamiya and Young, 1967; Flint and
Armstrong, 1973; Billiar, Rahman and Little, 1978; Seren, Tamanini, Gaiani and
Bono, 1981; Paterson, Harrison, Sheldrick and Heap, 1983; Schnider, 1989;
Waddell, Pepe and Albracht, 1988) while the liver converts progesterone to
pregnanediol (Short, 1966). The foetal liver converts progesterone to 20adihydroprogesterone and pregnanediol although the

2 0

a-dihydroprogesterone can
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be re-converted back to progesterone by the placenta (Greig and MacNaughton,
1967; Barnes, Nathanielsz, Rossdale, Comline and Silver, 1975). This utilization
of maternal progesterone is important for the developing fetus as neither the foetal
adrenals or gonads possess significant (if any) levels of A5-3/5-hydroxysteroid
dehydrogenase activity and thus alone would be incapable of synthesizing
progesterone from pregnenolone (Hay and Allen, 1975; Flood and Marrable,
1975).
However, Harkness and Love (1966) noted that in pregnant women
(including adrenalectomized women) increases in urinary pregnanetriol levels
occurred after week 30 of gestation reaching a maximum between the 36th and
37th week. This finding sugests that the foeto-placental unit is a source of 17a
hydroxyprogesterone in primates and therefore measurement of this steroid might
be a useful indicator for the well-being of the foetus and placenta particularity
during the final trimester of pregnancy, similar to the role of oestriol.
It has been demonstrated in the pig (Perry, Heap and Amoroso, 1973) and
mare (Zavy, Mayer, Vernon, Bazer and Sharp, 1979) that the pre-implantation
trophoblast synthesizes oestrone and to a lesser extent oestradiol 17/8 which affects
the uterus as well as embryonic development and implantation. Pre-implantation
oestrogen secretion by the ovaries is essential for implantation in murine rodents,
however, in the rabbit, guinea-pig, hamster, monkey and sheep, implantation wül
occur after ovariectomy (if progesterone is supplemented) suggesting that the
blastocysts of these species are capable of oestrogen synthesis (Heap, Flint,
Hartmann, Gadsby, Staples, Ackland and Hamon, 1981). These pre-implantation
embryos have been shown to synthesize oestrogens from DHEA and
androstenedione in vitro from progesterone resulting predominantly in the
production of oestrone and to a lesser extent oestradiol 17j8.
Species differences occur in oestrogen synthesis during gestation. In the
human, although both oestrone and oestradiol-17)8 increase throughout pregnancy,
oestriol produced by the placenta is quantitatively the most important, having
increased 1000 fold by term. The human placenta lacks 17a hydroxylase and
17,20-lyase activity and is thus unable to synthesize the Cjg or C 1 9 steroids from
progesterone (Diczfalusy, 1962). However, by forming an endocrine unit with the
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fetus (foeto-placental unit) and relying on both fetal and maternal adrenal cortex
Ci9 production, the placental aromatase can produce the oestrogens.
Specifically, conversion of maternal dehydroepiandrosterone sulphate
(DHEAS) is mostly responsible for oestrone and oestradiol-17/3 production
whereas fetal adrenal DHEAS is hydroxylated in the fetal liver to 16ahydroxydehydroepiandrosterone sulphate, hydrolysed and then converted by the
placenta to oestriol (Siiteri and MacDonald, 1966; Anderson, Webb and Turnbull,
1981). In contrast, the sheep placenta utilizes increased levels of fetal adrenal
cortisol production particularity at term, for synthesis of oestrone and oestradiol17/8 via placental enzyme induction (Anderson, Flint and Turnbull, 1975; Steele,
Flint and Turnbull, 1976; Ricketts, Galil, Ackland, Heap and Flint, 1980).
Besides the increase in concentrations of the classical oestrogens during
pregnancy, the mare is unique in its ability to synthesize ring B unsaturated
oestrogens including equilin and equilenin, although the classical oestrogens are
also present (Bhavnani, 1981). The ring B unsaturated oestrogens do not appear
in the pregnant mare's urine until after the 4th month of gestation, increasing in
concentration throughout the remainder of the pregnancy until at parturition they
constitute 50%-65% of the total oestrogens (Gaudry and Glen, 1959). This
increase in production of ring B unsaturated oestrogens with advancing gestational
age suggest that the feto-placental unit is involved in their biosynthesis similar to
the formation of oestriol in human pregnancy as described by Diczfalusy (1964,
1968). Interestingly, the biosynthesis of these unsaturated oestrogens appears to
follow an alternate pathway rather than the classical route of steroid biosynthesis.
They are not formed from cholesterol or C1 9 steroids, nor are they peripheral
metabolites of the classical oestrogens, however they do originate from acetate
(Heard and O’Donnell, 1954; Heard, Jellinck, O’Donnell, 1955; Bhavnani, Bagli,
Irvine, Schilling, Deghenghi, Short and Solomon, 1968).

1.5.2 Reproductive steroid catabolism and excretion
Steroids circulating in blood are predominantly hydrophobically bound to
serum proteins eg. albumin and steroid-binding globulins (Rosenthal, Slaunwhite
and Sandberg, 1969; Wiest and Kidwell, 1969) with only a very small percentage
(eg. approximately 2%) circulating in the free state. In the bound form they are
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unavailable for metabolism by target tissues, acting instead as buffers against rapid
fluctuations in free hormone concentration. However, metabolism of the free
steroid is rapid, as reflected in their metabolic clearance rate eg.

1 / 2

life of

progesterone is 15.8 minutes (Heap and Flint, 1979). Ultimately, most steroids
which enter the circulation are removed by enzymic inactivation and excreted
predominantly in either the urine or faeces.
Steroids are hydrophobic substances and the catabolic reactions which
inactivate the physiologically active steroid hormones also make the molecule more
hydrophilic (Gower and Honour, 1984). The catabolic reactions are mainly
reductive and although many tissues can metabolise steroids eg. gut, skin, uterus
and mammary gland, the predominantly active site is in the liver. To improve the
water-solubility of the steroids, the catabolic products are conjugated to either a
sulphate or glucuronide in the hepatocytes before being re-absorbed into the
circulation prior to renal excretion while other metabolites cross the membranes of
the hepatic canaliculi to be excreted in the bile. The stereochemistry of the A ring
apears to determine the type of conjugation formed in the liver. Neutral steroids
containing the 5-ene-3j8-hydroxy configuration eg. DHEA are more commonly
excreted as sulphates while those with the 3a-hydroxy-5/8-pregnane structure are
preferentially conjugated as glucuronides. Phenolic steroids can be conjugated
either as glucuronides or sulphates.
The catabolic products of progesterone can arise from a number of
different reduction reactions or through the conversion to carboxylic acid
derivatives. Reduction at C2 0 with either 20a or 20j3 hydroxysteroid
dehydrogenase results in the progestationally active
progestérones (progestenolones) of which

2 0

2 0

a and 20j5-reduced

a-dihydroprogesterone is best known.

Reduction occurring in ring A by means of the 4-ene-5a/j3-reductases results in 5a
and 5/3 pregnanediones, while reduction occurring at C3 with either 3a or 3/3
hydroxysteroid dehydrogenase produces pregnanolones with 3a-hydroxy-5/3pregnane-20-one being most important. A final reduction reaction which can
occur is at C3 C2 0 and in ring A forming the pregnanediols, of which 5/3-pregnane3a,20a-diol is most common and generally considered to be the major urinary
metabolite of progesterone (Gower and Honour, 1984).
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Further hydroxylation of progesterone in ovarian tissue by 17a hydroxylase
produces 17a hydroxyprogesterone. Reductions in ring A, C3 and C2 0 produce
pregnanetriols, unique urinary metabolites of 17a hydroxyprogesterone of which
5j8-pregnane-3a, 17a,20a-triol is the most biologically common (Gower and
Honour, 1984). The formation of pregnanetriol follows a separate pathway from
that involved in the formation of 2 0 a dihydroprogesterone and pregnanediol
(Gower and Honour, 1984) and one in which 17a hydroxyprogesterone is not an
obligatory intermediate (Axelrod and Goldzieher, 1960) (Fig 1.5). Alternatively,
oxidative side chain cleavage of 17a hydroxyprogesterone followed by tetrahydroreduction may also occur thereby producing the C 17-oxosteroids, namely
androsterone and aetiocholanolone. Since progesterone is an intermediate in the
biosynthesis of steroid production, it has more possible metabolic products as
compared to the oestrogens which are at the end of a metabolic pathway. Thus,
the oestrogens, oestradiol-17/3, oestrone and oestriol produced by the ovaries and
foeto-placental unit do not generally undergo major structural modifications prior
to excretion. In the bovine red blood cell, oestradiol-17/3 can be converted to its
stereoisomer oestradiol-17a in vivo (Dobson and Dean, 1974) and in vitro (Mostl,
Choi, Wurm, Ismail and Bamberg, 1984). However, biotransformation of
oestrogens do occur and are mainly oxidative in nature (Fishman, 1981).
Oestradiol-17/3 undergoes a rapid oxidation to oestrone which is only partially
reversible with the reduction reaction being far slower (Fishman, Bradlow and
Gallagher, 1960). Oestrone can be further transformed by hydroxylations
occuring in the D ring or in the aromatic A ring. The D ring hydroxylations
occur predominantly at the 16a position forming either 16a hydroxyoestrone
(Marrian, Loke, Watson and Panattoni, 1957) or oestriol (Marrian, 1957). The A
ring hydroxylation produces 2-hydroxyoestrone (Fishman, Cox and Gallagher,
1960) which is quantitatively the most predominant urinary oestrogen metabolite in
man although very labile and thus difBcult to detect (Ball, Gelbke and Knuppen,
1975).
Urine is the major route for steroid elimination in most species examined
with steroid metabolites being excreted as either free steroids or more commonly
as glucuronide conjugates. Despite high concentrations of steroids in bile.
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Figure 1.5. The steroid biosynthetic pathway leading to pregnanetriol formation.
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relatively small amounts remain in the intestine to be excreted in faeces due to the
occurrence of the enterohepatic circulation (Gower and Honour, 1984).
In the bile, steroids are mostly conjugated and saturated structures with the
predominant steroids having a 3j8-hydroxy-5-ene or 3of-hydroxy Sa/jS structure.
Biliary excretion of steroids appears to show a preference for double conjugates
eg. oestriol-3-sulphate- 16-glucuronide (Adlercreutz, Ervast, Tenhunen and
Tikkanen, 1973) and the N-acetylglucosaminides and sulphate-Nacetylglucosaminides of 15of-hdyroxyoestrone and 15a-hydroxyoestradiol (Jirku
and Levitz, 1969). In women, oestrone sulphate concentrations in the bile are
approximately four times those found in the plasma, while oestradiol is a minor
biliary oestrogen. Studies on humans have shown that progesterone is reduced and
excreted in the bile as conjugates of pregnanediol, 5a pregnanedione and
pregnanolone, with an unidentified highly polar portion as well (Laatikainen,
1970).
In the faeces, the excreted steroid metabolites are mainly unconjugated,
unsaturated compounds where a 3j8-hydroxy-5a//3 structure predominates. The
biliary steroid conjugates are hydrolysed in the intestine (generally the cecum)
where the steroid moiety is then subjected to different enzymic activity of bacteria
prior to faec^ excretion (Janne, Laatikainen and Vihko, 1971). In humans, the
major oestrogens can be identified by radioimmunological techniques as well as
16a/j8 hydroxyoestrone, 3-methoxyoestrone and oestradiol-17a by mass
spectrometry (Adlercreutz, Martin and Lindstrom, 1978). Interestingly,
oestradiol-17/5 concentrations in faeces are much higher than in urine or bile
(Gower and Honour, 1984). Neutral steroids have also been identified in faeces
with the predominant stereochemistry for the A-ring being of a 3a,5/3 and 3/3,5a
configuration (Eriksson and Gustafsson, 1971).

1.5.3 Measurement of excreted steroid metabolites
The measurement of urinary and faecal steroid metabolites in domestic and
exotic species has enabled an alternative means for characterizing the ovarian cycle
and monitoring pregnancy (eg. Loskutoff, Ott and Lasley, 1983; Hodges, 1993;
Bamberg, Choi and Mostl, 1986). The major advantage of a non-invasive method
of reproductive assessment, particularity for exotic species, are minimalization of
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stress on the animal and reduced risk of injury to personel involved in sample
collection. Results can be correlated with plasma endocrine profiles where
available otherwise dépendance is placed on behavioural observations eg. mating
for verification of reproductive events. Of importance however, is the
determination and identification of the hormone metabolite to be measured as
species differences in the metabolism and route of excretion of circulating
concentrations of progesterone and oestrogen exist.
The variability of progesterone metabolite excretion, even between closely
related species, is evident when examining a range of exotic species. As
previously mentioned, pregnanediol is usually regarded as the major urinary
metabolite of progesterone. It has been shown to reflect circulating progesterone
concentrations in man, gorilla and orangutan as well as proving useful in
monitoring ovarian function in some diverse exotic species such as okapi
(Loskutoff, Ott and Lasley, 1982) panda (Chaudhuri, Kleiman, Wildt, Bush, Frank
and Thau, 1988), killer whale (Walker, Cornell, Dahl, Czekala, Dargen, Joseph,
Hsueh and Lasley, 1988) and Indian rhino (Ramsey, Kasman and Lasley, 1987).
However, in the rhesus monkey (an Old world monkey), androsterone levels
reflect progesterone production (Loskutoff et al., 1983), while in the two African
species of rhinocerus, ovarian function can only be determined by measurement of
20of dihydroxyprogesterone (Kindle, Mostl and Hodges, 1992).
In the human, the ovarian cycle can also be documented by the
measurement of urinary pregnanetriol excretion (Pickett, Kyriakides, Stem and
Sommerville, 1959; Pickett and Kellie, 1962) although generally this metabolite is
used in the identification of congenital adrenal hyperplasia (Butler and Marrian,
1937; Samarajeewa and Kellie, 1985).
In contrast, the measurement of oestrogens does not provide such diversity
although species differences do exist. For primates the measurement of total
immunoreactive oestrogen is sufficient for monitoring the ovarian cycle (Czekala,
Benirschke, McClure and Lasley, 1983) although more specific studies have
indicated the importance of urinary oestradiol-17)8 in primates such as marmosets
(Hodges and Eastman, 1984). In contrast, urinary oestrone concentrations appear
to be predominant in ungulates (Lasley, Troedsson, Bravo and Haggerty, 1989).
However, while urinary metabolite studies carried out on the Indian and black
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rhinoceros have shown oestrone conjugates to be predominant and reflecting
follicular development (Ramsey et al., 1987; Hindle et al., 1992) measurement of
oestradiol-17j8 conjugate in the white rhinocerus was more abundant and
informative with respect to follicular development (Hindle et al. 1992). These
examples in the differences of excretion in gestagen and oestrogen metabolites
reflect the importance of identifying the precise pathways of metabolism for each
new species studied.
Identification of the catabolic products of circulating steroids can be
accomplished in a variety of ways. Gas chromatography mass spectrometry
(GCMS) enables the identification and quantification of steroids and their
metabolites in biological fluid (Shackleton and Chai, 1985). Other
chromatography techniques such as gas-liquid chromatography (Tomosova,
Gregorova and Horky, 1981), high performance thin layer chromatography (Heger
and Neubert, 1987), high performance liquid chromatography (Lin and Heftmann,
1981) and thin layer chromatography (Flint et al. 1978) have also been used to
identify unknown steroid metabolites. These procedures are non-invasive,
however, they do not determine the steroid from which the metabolite under
investigation originated from. In contrast, by investigating the fate of exogenously
administered radiolabelled steroids, a more accurate picture of the metabolism and
excretion of the steroid can be obtained. Radiometabolism studies have been
conducted in a wide variety of species including preliminary studies with female
Asian elephants (Czekala et al., 1992) in order to determine the pathway of
ovarian steroid metabolism and excretion.
After the major reproductive steroid metabolite(s) have been identified,
further purification techniques are usually required prior to quantitative
measurement in an enzymeimmunoassay or radioimmunoassay system. Solvent
extraction procedures enable the extraction of free and conjugated steroid
depending on the polarity of the solvent being used (Cannel, Galligan, Mortimer
and Thomas, 1982). Sequential enzyme hydrolysis or acid solvolysis and
acétylation techniques may be employed in order to determine the relative amounts
of steroid conjugate present (Hindle et al., 1992; Scott and Canario, 1992).
Depending on the immunoassay system available, samples may be routinely
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hydrolysed and extracted prior to analysis or simply diluted with an appropriate
aliquot of assay buffer.

1.5.3.1 Urinary analysis
Urinary analysis has been in use for a considerable time for the detection
and quantification of steroid metabolites (Butler and Marrian, 1937; Brown, 1955;
Fotherby and Love, 1960). Although 24 hour collections of urine provide the
closest correlation with circulating concentrations of hormones (Collins, Collins,
Kirkpatrick, Manning, Pike and Tyler, 1979) this is not generally feasible in a
captive and particularity free-range situation. Opportunistic sampling in exotic
species is more appropriate although samples need to be corrected for variability in
water content. This can be achieved by indexing the steroid hormone
concentration measured in each sample with the corresponding creatinine
concentrations. Creatinine is used in urinary analysis as an internal endogenous
marker because in most instances it is excreted in constant daily amounts
(Paterson, 1967) and can be conveniently measured by a simple colourimetric
reaction (Taussky, 1954) which has been shown to correlate well with 24 hour
urine collections (Metcalf and Hunt, 1976). However, there are at least two
exceptions recorded for elephants when this has not been true. Brown and White
(1980) noted that creatinine values increased in African elephants in the wild
during the dry season when food and fluid intake decreases, while Niemuller,
Gentry and Liptrap (1990) noted an increase in creatinine concentrations during
musth in male Asian elephants. These findings suggest that in the elephant at
least, there may be fluctuations in creatinine concentrations that occur fairly
routinely in response to alterations in glomerular filtration in order to conserve
body water during periods of food and water stress.
None-the-less, urinary assessment of reproductive fimtion in exotic species
has considerable application.

Although some studies assessing reproductivite

activity in the free-ranging species have been published (Poole, Kasman, Ramsay
and Lasley, 1984 - elephant; Andelman, Else, Hearn and Hodges, 1985 - vervet
monkey; Brett, Hodges and Wanjohi, 1988 - black rhinoceros; Kirkpatrick,
Kasman, Lasley and Turner, 1988 - feral horses; Chaudhuri and Ginsberg, 1990 zebra; Monfort, Arthur and Wildt, 1991 - Przewalski’s horse), the majority of
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studies have been co-ordinated and applied in a captive situation many of which
stem from studies on primates (eg. Hodges, Czekala and Lasley, 1979).
Initial urinary studies for exotic animals were accomplished by measuring
oestrone conjugates (E^C) and/or pregnanediol-3-glucuronide (PdG) in order to
characterize the oestrous cycle or various stages of pregnancy (okapi - Loskutoff et
al., 1982; giraffe - Loskutoff, Walker, Ott-Joslin, Raphael and Lasley, 1986;
Indian rhinoceros - Kasman, Ramsay and Lasley, 1986; Goeldi’s monkey - Carrol,
Abbott, George, Hindle and Martini, 1990). These studies generally showed a
pre-ovulatory surge as determined by E^C measurements while the PdG levels
provided evidence of ovulation and a subsequent luteal phase.
As with faecal analysis, the measurement of urinary E^C levels provided
valuable insight into pregnancy determination in a wide variety of species (gorilla
and orangutan - Czekala et al., 1983; ruffed lemur -Schideler, Czekala,
Benirschke and Lasley, 1983; tapirs - Kasman, McCowan and Lasley, 1985; Eld’s
deer - Monfort et al., 1990; Przewalski’s horse and Hartmann’s zebra - Czekala,
Kasman, Allen, Oosterhuis and Lasley, 1990). Pregnancy determination was
based on significantly elevated E^C which generally occurred by the end of the
second trimester of pregnancy, mostly likely due to the contributions of the feto
placental unit. In other species, pregnancy was more accurately determined by
measurements of PdG (baboon - Hodges, Tarara, Hearn and Else, 1986; and
Indian rhinoceros - Kasman et al., 1986).
However, as already described, the metabolism of oestrogen and
particularity progesterone is not identical amongst species. Thus, the ovarian
cycles of the African species of rhino were characterized by the specific
measurement of

2 0

a dihydroprogesterone along with measurement of either

oestrone conjugate in the black rhinoceros or oestradiol-17/3 conjugate in the white
rhinoceros (Hindle et al. 1992). Likwise, a non-specific 20a-dihydroprogesterone
antibody was successfully used to characterize luteal function in the killer whale
(Walker et al., 1988) macaque (Schideler, Mitchell, Lindburg and Lasley, 1985)
and domestic horse (Kirkpatrick, Lasley and Schideler, 1990).
In non-human primates investigations carried out on oestrogen metabolism
have demonstrated oestradiol-17j8 in the urine of Goeldi’s monkey (Christen,
Dobeli, Kempken, Zachmann and Martin, 1989), pied-bareface tamarin
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(Heistermann, Prove, Welters and Mika, 1987) and common marmoset (Eastman,
Makawiti, Collins and Hodges, 1984) while oestradiol-17a was measured in the
ruffed lemur (Schideler et al. 1983). However, Hodges et al. (1979) determined
that oestrone conjugate was the major urinary oestrogen metabolite excreted during
the ovarian cycle in most primate species.

1.5.3.2 Faecal analysis
Collection and analysis of reproductive steroids in faeces of women
indicated the importance of the faecal route of oestrogen excretion (Adlercreutz,
Martin, Pulkkinene, Denckar, Rimer, Sjoberg and Tekanen, 1976; Adlercreutz and
Martin, 1976; Adlercreutz and Jarvenpaa, 1982). Radiometabolism studies in
some exotic species demonstrated that significant amounts of steroids were
excreted into the faeces and may in fact be a more important route of steroid
excretion than the urine eg. carnivores (Shille, Wing, Lasley and Banks, 1984).
Furthermore, analysis of faecal steroids may be the only applicable non-invasive
means for monitoring ovarian function due to sample abundance, ease of collection
and practicality in a Aeld situation. Thus, over the last ten years there has been an
increased interest in faecal steroid analysis in domestic, exotic and free-ranging
wildlife species.
Initially, early studies concentrated on oestrogen concentrations with regard
to pregnancy diagnosis and confirmation. Pregnancy determination by day 30-36
via faecal oestrone sulphate and oestradiol 17jS has been described for the pig
(Choi, Kiesenhofer, Gantner, Hois and Bamberg, 1987) while faecal oestradiol17a levels measured in cows and heifers (Mostl et al., 1984) accurately reflected
the presence of a conceptus. In the horse, Bamberg, Choi, Mostl, Wurm, Lorin
and Arbeiter (1984) determined significant levels of faecal oestrone and oestradiol17j8 by 120 days of pregnancy. Measurement of total oestrogens after the first
trimester of pregnancy has also been successfully used in a variety of different
exotic species (Safar-Hermann et al., 1987; Bamberg, Mostl, Patzl and King,
1991).
More recent studies have attempted to characterize faecal gestagen
concentrations with respect to pregnancy as well as ovarian function. The oestrous
cycle in three black rhinoceroses and one Indian rhinocerus was successfully
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characterized by measurement of 20a dihydroprogesterone (Schwarzenberger,
Francke, Goltenboth and Bamberg, 1990) while the measurement of faecal
progesterone and total oestrogen differentiated between oestrus and pregnancy in
the cheetah (Czekala, Callison, Williams, Durrant, Millard and Lindburg, 1991).
Immunoreactive progestagens with 20a and 20/3 hydroxyl groups in Lippizan,
Trotter and Thoroughbred mares have been shown to be present in higher
concentrations during pregnancy than non-pregnancy (Schwarzenberger, Mostl,
Bamberg, Pammer and Schmehlik, 1991). Faecal concentrations of progesterone
and total oestrogens also enabled the distinction between anoestrous, oestrous,
luteal and pregnancy reproductive states in muskoxen (Desaulniers, Goff,
Betteridge, Rowell and Flood, 1989) while measurement of immunoreactive
progestins and oestrogens enabled pregnancy determination by day 50 in caribou
(Messier, Desaulniers, Goff, Nault, Patenaude and Crete, 1990).
Levels of oestrogens and progestérones in faeces have demonstrated strong
correlations with circulating steroid concentrations in domestic cows (Desaulniers
et al., 1989), pig-tailed macaque (Risler, Wasser and Sackett, 1987) yellow
baboon (Wasser et al., 1988) and marmoset and tamarins (Hodges, Tari and
Heistermann, 1992). However, the measurement of steroids in faeces can be
complicated by faecal water content and dietary fiber intake which thereby affects
gut retention time (Goldin, Adlercreutz, Dwyer, Swenson, Warram and Gorbach,
1981; Goldin, Adlercreutz, Gorbach, Warram, Dwyer, Swendson and Woods,
1982) as well as urinary contamination. Wasser et al. (1988) demonstrated that
the dietary fiber effect on excreted steroid levels could be minimized by
lyophilizing samples while urinary contamination of faeces could be prevented by
mixing samples in ethanol after defecation. None-the-less, the greatest drawback
in pursuing a faecal route of steroid analysis is the lack of an internal endogenous
marker which would enable differences in faecal steroid concentrations to be
corrected for. A recent study on the effect of diet on faecal steroid measurements
preliminarily demonstrated a positive correlation of cholestanone with increased
dietary fiber (Wasser, Thomas, Nair, Monfort and Wildt, 1992) indicating the
possibility of its use as an endogenous marker for indexing faecal steroid
concentrations.
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1.6

AIMS OF THE THESIS
This study was carried out in order to investigate the excretion of ovarian

steroids in Asian elephants to enable further advances in our understanding of the
reproductive endocrinology of these species.
The initial aim of this study was to identify the major urinary gestagen and
oestrogen metabolites excreted by the Asian elephant during the ovarian cycle and
pregnancy. The second aim was to establish sensitive enzymeimmunoassays for
the measurement of these ovarian metabolites in the urine. Finally, the goal was
to characterize and describe the pattern of excretion of these reproductive steroid
metabolites during the ovarian cycle and pregnancy and correlate these findings
with established profiles of the major circulating steroid concentrations.
The availability of non-invasive methods for assessing reproductive status
would aid in improving the breeding record of these animals in captivity, as well
as gaining further insight in order to more effectively help manage wild population
of elephants in their natural habitat.

72
CHAPTER 2.
GENERAL METHODS

2.1

ANIMALS AND SAMPLE COLLECTION

2.2 CREATININE DETERMINATION
2.2.1 Assay materials and reagents
2.2.2 Assay method
2.2.3 Assay evaluation
2.3 SAMPLE PREPARATION
2.3.1 Enzyme hydrolysis
2.3.2 Ether extraction
2.4 GAS CHROMATOGRAPHY MASS SPECTROMETRY (GCMS)
2.4.1 Sample preparation
2.4.2 Sephadex LH20 chromatography
2.4.3 Derivatization
2.4.4 Gas chromatography/mass spectrometry
2.5. PREGNANETRIOL LABEL PREPARATION
2.5.1 Fetal Cotyledon Tissue Incubation
2.5.2 Reduction of pH] 17 hydroxy-5j8-pregnane-3 ,20 -dipne
2.5.3 Thin layer chromatography
2.5.4 Radiochromatogram scanning
2.5.5 Recrystallization
2.6 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)
2.6.1 Separation of pregnanetriol isomers
2.6.2 Separation of unconjugated urinary progesterone
metabolites
2.6.3 Separation of unconjugated urinary oestrogen
metabolites
2.7 RADIOIMMUNOASSAY FOR PROGESTERONE
2.7.1 Assay materials and reagents
2.7.2 Sample preparation
2.7.3 Assay protocol
2.7.4 Assay evaluation
2.8 RADIOIMMUNOASSAY FOR 17a HYDROXYPROGESTERONE
2.8.1 Assay materials and reagents
2.8.2 Sample preparation
2.8.3 Assay protocol
2.8.4 Assay evaluation

73
2.9 RADIOIMMUNOASSAY FOR OESTRONE
2.9.1 Assay materials and reagents
2.9.2 Sample preparation
2.9.3 Assay protocol
2.9.4 Assay evaluation
2.10 RADIOIMMUNOASSAY FOR OESTRADIOL-17j3
2.10.1 Assay materials and reagents
2.10.2 Sample preparation
2.10.3 Assay protocol
2.10.4 Assay evaluation
2.11 RADIOIMMUNOASSAY FOR OESTRIOL
2.11.1 Assay materials and reagents
2.11.2 Sample preparation
2.11.3 Assay protocol
2.11.4 Assay evaluation
2.12 ENZYME-IMMUNOASSAY FOR PREGNANETRIOL
2.12.1 Sample preparation
2.12.2 Assay materials and reagents
2.12.2.1
Preparation of coating antibody
2.12.2.2
Preparation of pregnanetriol antibody
2.12.2.3
Preparation of enzyme conjugate
2.12.2.4
Preparation of standards and quality controls
2.12.2.5
Coating of microtitre plates
2.12.3 Assay protocol
2.12.4 Assay evaluation
2.13 ENZYME-IMMUNOASSAY FOR 20a-DIHYDROPROGESTERONE
2.13.1 Assay materials and reagents
2.13.2 Sample preparation
2.13.3 Assay protocol
2.13.4 Assay evaluation
2.14
2.14.1
2.14.2
2.14.3
2.14.4
2.13.5

ENZYME-IMMUNOASSAY FOR PREGNANEDIOI^SaGLUCURONIDE
Assay materials and reagents
Antibody coating of microtitre plates
Sample preparation
Assay protocol
Assay evaluation

74
2.15 ENZYME-IMMUNOASSAY FOR OESTRONE-3a-GLUCURONIDE
2.15.1 Assay materials and reagents
2.15.2 Sample preparation
2.15.3 Assay protocol
2.15.4 Assay evaluation

75
CHAPTER 2
GENERAT METHODS

2.1 ANIMALS AND SAMPLE COLLECTION
A total of 18 Asian elephants from four different zoological collections was
studied. Table 2.1 identifies the elephants, their age, location, species, presence of
a male, type and length of samples collected and reproductive category. Generally,
animals were housed overnight with access to paddocks during the day. Diets
consisted of hay (eg. Timothy/Alfalfa mixture), grain with vitamin and mineral
supplements, assorted fruits and vegetables in season and water ad lib.
Oestrus behaviour in the 15 females which had access to males was
recorded by the keepers and was based on the bull’s increased interest in and/or
eventual copulation with the female. Of these 15 females, nine were kept with the
buU(s) on a daily basis but were separated at night (ZSL, ALS, BPZ). The six
cows from PLZ had 24 hour access to a bull in the summer months during the last
few weeks of each follicular phase (as predicted by plasma progesterone analysis)
but only daytime access during the winter. As soon as plasma progesterone
concentrations began to rise or a two week period passed, the cow had no further
contact with the bull until the next predicted periovulatory period.
Where possible, matched urine and/or blood samples were collected on a
weekly basis over varying time spans ranging from four months to three years (see
Table 2.1 for details). A 5-10 ml blood sample was collected either from the
saphenous vein or an ear vein into heparinized tubes, centrifuged immediately after
collection or left to allow blood cells to settle for two hours at 4°C, whereupon the
plasma was saved and stored at -20°C. Mid-stream urine samples collected during
the morning (first morning urine whenever possible) were divided into 5 ml
aliquots and stored frozen at -20°C. Whenever possible, blood and urine samples
were collected at approximately the same time. Depending upon the location of
the animals, samples were either shipped on ice or dry ice to the Institute of
Zoology. If upon arrival urine samples were thawed, creatinine concentrations
were determined immediately. Otherwise both urine and plasma samples were
kept frozen and stored at -20°C until needed for analysis.
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Table 2.1

Animal

Veda
Buria
Rani
Motld
Yasmin
Pugli
Geetha
Azizah
Thai
Mya
Wimpy
Kitty
Mug
Romani
Babe
Htoo
Yuzin
Swesan

Summary of the Elephants used in this study

Age*^ spec.

24
2 1
2 1
2 1

24
2 1

9
7
7
5
19
23
17
35
2 1
1 2
1 2
1 2

Location

Presence
of Male

Sample
Type

Reproduct.
Category

Asian
Asian
Asian
Asian
Asian
Asian
Asian
Asian
Asian
Asian
Asian

PLZ
PLZ
PLZ
PLZ
PLZ
PLZ
ZSL
ZSL
ZSL
ZSL
ALS

yes
yes
yes
yes
yes
yes
no
no
yes
no
yes

U&P
U&P
U&P
U&P
U&P
U&P
U&P
U&P
U&P
U&P
U&P

Asian
Asian
Asian
Asian
Asian
Asian
Asian

ALS
ALS
BPZ
BPZ
Emmen
Emmen
Emmen

yes
yes
yes
yes
yes
yes
yes

P
U&P
U&P
U&P
U

cycles, pr.
cycles
cycles, pr.
cycles
cycles, pr.
cycles
cycles, po.
cycles
cycles, pr.
pre-pubert.
cycles, pr.
po.
cycles, pr.
po.
cycles, pr.
pregnancy
pregnancy
pregnancy
cycles

PLZ - Port Lympne Zoo, UK
ZSL - London Zoo, UK
ALS - African Lion Safari, Canada
BPZ - Burnet Park Zoo, USA
Age at beginning of study.

u
u
pr. = pregnancy
po. = periovulatory
U = urine
P = plasma
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More intensive sampling was carried out in four of the Asian elephants
during the periovulatory period (Wimpy, Kitty, Mug and Geetha). Matching urine
and plasma samples were collected where possible on a daily basis before, during
and after the time of presumed ovulation (based on plasma progesterone analysis
and behavioural data).

2.2 CREATININE DETERMINATION
All urine samples were analysed for creatinine (CR) concentration after the
initial thawing, by the method of Hodges and Green (1989) in order to correct for
variation in glomerular filtration rate. This allowed for the urinary data reported
in this thesis to be standardized and results are therefore reported as mass of
hormone/mg creatinine (ng/mg CR) as originally described by Taussky (1954).
The approach has previously been successfully applied to numerous species,
including the elephant (eg. Ramsey et al. 1981, Poole et al., 1984, Mainka and
Lothrop, 1990).
2.2.1 Assay materials and reagents
Standards were prepared from a stock solution of 3.0 mg/ml of creatinine
diluted in distilled water and double diluted over a range of 0.5 - 3.0 mg/ml.
Quality controls (QC’s) were prepared from human urine.
Saturated picric acid was prepared in advance by dissolving 30g of picric
acid slurry in 1 L of distilled water while being mixed on a stirrer hotplate. After
the slurry was dissolved, the hot acid solution was poured into a stoppered glass
jar were it cooled and crystallized. Alkaline triton X-100 was prepared on the day
of use by mixing 4.2 ml of triton x-l(X), 12.5 ml of 1 N sodium hydroxide
solution and 66.0 ml of distilled water at room temperature. The picrate reagent
used for the assay compriesd saturated picric acid solution, alkaline triton X-100
and deionized distilled water in a ratio of 1 : 1 : 1 0 (v/v).

2.2.2 Assay method
All standards, QC’s and samples were added in 5 fd volumes to duplicate
wells on a microtitre plate (Immuno 1; Nunc, Denmark). Duplicate blank wells
were left empty while "zero" wells contained 5 pd of distilled water also in
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duplicate. To each well except the blanks, 0.3 ml of the picrate reagent was
added followed by incubation at room temperature in darkness for

1 . 5

-

3

hours.

The optical density was read at 490 nm using an automatic microtitre-plate reader
(Dynatech MR 700). The concentration of creatinine in unknown samples (in
mg/ml) was extrapolated from a standard curve constructed by plotting optical
density against the concentration of creatinine.

2.2.3 Assay Evaluation
The assay sensitivity which was based on the smallest change in optical
density which could be readily detected, was approximately 0.1 mg/ml. Samples
containing concentrations of creatinine less than

0 . 1

mg/ml were considered too

dilute for analysis and were discarded. The intraassay and interassay coefficients
of variation were 9.3% (n=30) and 11.1% (n=64), respectively for QC’s
containing 1.7 and 0.63 mg/ml creatinine respectively (n=64).

2.3 SAMPLE PREPARATION
All urine samples were hydrolysed and extracted with either diethyl eter or
petroleum spirit prior to being assayed by radioimmunoassay for progesterone,
17a hydroxyprogesterone, oestrone, oestradiol-17jS, oestriol and
enzymeimmunoassay for 20a dihydroprogesterone and pregnanetriol. Later,
modifications of the pregnanetriol assay enabled urine samples to be measured by
direct assay. Plasma samples were extracted with diethyl ether or petroleum spirit
before being measured in the progesterone, 17a hydroxyprogesterone, oestrone,
oestradiol-17j3 and oestriol radiommunoassays.

2.3.1 Enzyme Hydrolysis
An aliquot of 250 fil of urine was hydrolysed according to the method of
Hodges et al. (1979). The urine was adjusted to pH 5 with 250 ^1 of sodium
acetate hydrolysis buffer (Appendix 1.1) and then incubated with 250 FU/50 /il of
hydrolysis enzyme (Sigma, sulfatase activity: 4,500 FU/ml; /3-glucuronidase
activity: 100,00 FU/ml) overnight at 37°C. Hydrolysis efficiencies were
determined by adding in triplicate, tracer amounts of [^H] oestrone sulphate and
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[^H] oestrone glucuronide to separate urine pools (250 /xl each) before hydrolysis.

2.3.2 Ether Extraction
Plasma and urine samples were extracted with Analar-grade ether from
BDH (Poole, Dorset). Upon the completion of hydrolysis, the pH of the urine
samples was readjusted to pH 7 with 20 fil of 3M sodium hydroxide. To both
urine and plasma samples tracer amounts of radiolabel

( 2 0 0 0

cpm) were added to

monitor the efficiency of the extraction procedure. Samples were extracted with
petroleum ether for progesterone analysis, and with diethyl ether for all other
steroid assays. The free steroids were extracted by vortexing the sample with 5
ml of ether on a multi-vortex mixer for 15 minutes.The aqueous phase was snap
frozen and the ether portion decanted into a clean test tube and evaporated in a dry
block (DB-3, Techne) at 35°C under constant nitrogen flow. The residue was then
reconstituted in

1

ml of appropriate assay buffer.

2.4 GAS CHROMATOGRAPHY MASS SPECTROMETRY (GCMS)
A summary of the general methodology used for GCMS sample analysis is
given in Table 2.2.

2.4.1 Sample preparation
Urine samples were prepared for GCMS analysis by the method of
Shackleton, Honour, Dillon and Milla (1976). Sep pack C-18 chromatography
cartridges (Waters) were primed for sample extraction with 5 ml of absolute
ethanol followed by 5 ml of distilled deionized water. A 20 ml volume of urine
was loaded onto the cartridge, together with 5 ml of a distilled water rinse. The
sample was eluted from the column with 5 ml absolute ethanol into a round
bottomed flask. The ethanol was evaporated at 60°C in a rotary evaporator before
being re-constituted in 10 ml of hydrolysis buffer (pH=5) and briefly sonicated.
Samples were incubated with 25 mg /3-glucuronidase-aryl sulphatase
containing 10,000 FU in 0.1 ml hydrolysis buffer ( Sigma, sulfatase activity: 12.5
units/mg solid; jS-glucuronidase activity: 1000 units/mg solid) either at 55°C for 3
hours or at 37°C overnight Samples were again concentrated onto a primed Sep
pack C-18 cartridge along with a further 5 ml distilled water rinse. Steroids were
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Table 2.2

GCMS Methodology - General Overview

SAMPLE PREPARATION
• Sep Pack extraction of 20 ml urine.
• Sample hydrolysis at 60°C overnight.
• Re-extraction.
Samples re-constituted in 2 ml of 4:1 (v/v) cyclohexane:ethanol chromatography
solvent.
i

SEPHADEX LH 20 CHROMATOGRAPHY
• Separation of steroids into 3 fractions.
• Fractions evaporated and reconstituted in absolute ethanol.

DERIVATIZATION
• Addition of internal standards.
Samples dried, then oxidised and silylated with MOHCl and TMSi.
I
GCMS ANALYSIS
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eluted from the cartridge with 5 ml of absolute ethanol into a round bottomed flask
and evaporated to dryness.

2.4.2 Sephadex LH20 Chromatography
Steroid fractions were separated on a Sephadex LH20 column according to
the method of Shackleton et al. (1976). A solution of cyclohexane : ethanol (4:1,.
v/v) was made and allowed to equilibrate for 10 minutes. Sephadex LH20 (6 .1 g,
Pharmacia) was dissolved in 30 ml of the chromatography solvent and allowed to
swell at room temperature for 10 minutes. The Sephadex LH20 was loaded into a
0.5 m glass column (2cm in diameter) and sample (in 2 ml 4:1 (v/v)
cyclohexane:ethanol) followed by

2

ml then

8

ml cyclohexane:ethanol pipetted

onto the colunm. The first 12 ml of eluent were discarded. Three fractions were
collected into round bottomed flasks by eluting compounds from the column with
43 ml, 65 ml and 136 ml volumes of cyclohexane:ethanol (4:1, v/v) sequentially.
Each of the solvent fractions collected was dried down and then reconstituted in 2
ml of absolute ethanol.

2.4.3 Derivatization
Reconstituted samples were sonicated, transferred to ground glass tubes and
mixed with 50 /xl of internal standards (5a-androstane-3a,17a-diol, stigmasterol
and cholesterol butyrate, 100 /^g/ml. Sigma). Samples were evaporated under
constant nitrogen flow at 60°C. Dried samples were oxidised for 1 hour by the
addition of 2% w/v of methoxyamine hydrochloride (MOHCl) in pyridine.
Finally, 0.1 ml of trimethylsilylimadazole (TMSi) was added and the mixture
incubated at 100°C for silylation to occur.
In order to remove the pyridine residue, samples were dried under nitrogen
flow for approximately 30 minutes followed by the addition of 1 ml of Lipidex
solvent solution (cyclohexane:pyridine:hexamethyldisilazane, 98:1:1 v/v) and brief
sonication. Miniature columns were set up using pasteur pipettes with glass wool
at the base, Lipidex as the stationary phase and lipidex solvent solution as the
mobile phase. Lipidex 5000 (Pharmacia) stored in methanol was placed in a filter
funnel over a conical flask and was exposed to vacuum. The resulting powder
was washed three times with cyclohexane and twice with lipidex solvent solution
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before being loaded (2 ml) onto the column. The column was washed with a
further 0.5 ml of the lipidex solvent solution. When the surface of the column
was dry, the sample was loaded. Solvent solution (1 ml), used to rinse the empty
sample tube was also loaded onto the column. The derivatized compounds were
eluted off the column into glass test tubes using

1

ml of the lipidex solvent

solution. Samples were evaporated under nitrogen at 60°C and immediately
reconstituted in 0.5 ml of cyclohexane, sonicated and transferred to small, airtight
glass vials.

2.4.4 Gas chromatography/Mass spectrometry
Steroid derivatives were analysed on a Packard 437A gas chromatograph
equipped with flame ionization detectors. Derivatized samples (2 uL) were applied
to the column via a solid injection system. Helium was used as the carrier gas and
the flow rate through the column was 1-2 ml/min. Gas chromatography was
carried out using temperature programming conditions of 260-29ŒC with
increments of 3°C/min.
Repetitive magnetic scanning over the mass range 98-800 atomic mass units
(AMU) was performed using a Hewlett Packard model 5890 (GC) and 5970 series
mass spectrometer detector (MSD). For GC/MS the temperature of the separator
and transfer line and ion source was 250°C, the ionization current and voltage
were 300 mA and 70eV respectively.
Steroid identification was initially based on gas chromatographic retention
time of the steroid derivative and the ionic spectrum produced by mass
spectrometry (Shackleton et al. 1976). Peaks of interest from gas chromatography
(GC) were compared with reference templates and re-run through the GC with
straight chain alkanes in order to determine methylene units (MU) which are a
unique value for each steroid for further identification. This was followed
wherever possible, by coinjection of the unknown peaks with steroid reference
standards to determine change in peak height and provide further confirmation of
the identity of the steroid metabolite. Steroids were quantified by relating the peak
height on the gas chromatograph to that of a line drawn between the peak heights
of the internal standards.
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2.5 PREGNANETRIOL LABEL PREPARATION
As tritiated pregnanetriol was not commercially available, two different
attempts were made to produce two isomers of pregnanetriol in the laboratory.
One method involved the incubation of fetal goat cotyledon tissue with fH ] 17a
hydroxyprogesterone as originally described by Flint et al. (1978) in order to
produce 5jS-pregnane-3j8,17a,20a-triol. The other method was provided by Dr. S.
Scott (MAFF, Fisheries Laboratory, Lowestoft, Suffolk) and involved the
reduction of f H] 17 hydroxy-5/3-pregnane-3a,20a-diol in order to form 5j3pregnane-3a, 17a,20a-triol.

2.5.1 Fetal Cotyledon Tissue Incubation
Fetal cotyledon tissue (Ig) collected from the placenta of a freshly killed
goat was homogenized in 5 ml of 50mM potassium phosphate buffer (pH 7.4)
(Appendix 1.2). Meanwhile, 10 (jlCi of pH] 17a hydroxyprogesterone was dried
under nitrogen in a glass test tube. To the tritiated label was added 1 ml of the
homogenate and 1.5 mg of co-factor NADPH. After briefly vortexing, the
mixture was left to incubate at 39.5°C for one hour. Following incubation, the
steroids were extracted with 3 x 5 ml of diethyl ether using the same extraction
procedure described in section 2.3.2. The extracts were pooled in a fresh test
tube, evaporated under nitrogen flow and reconstituted in

1

ml of ethanol prior to

being run on thin layer chromatography.

2.5.2 Reduction of pH] 17 hydroxy-5^-pregnane-3 ,20 did ne
The second pregnanetriol isomer was produced from the reduction of pH]
17 hydroxy-5j8-pregnane-3 ,20 . dibneAmersham). A 0.05 ml aliquot of the
tritiated label was dried in a glass test tube under nitrogen flow, followed by the
addition of 1 ml of 0.05 M Tris buffer (pH 7.6, Appendix 1.3), 10 units of 3a
hydroxysteroid dehydrogenase (Sigma) and 2 mg of NADH (Sigma). These
reagents were incubated at room temperature for

2

hours before being extracted

with 5 ml of diethyl ether. Samples were reconstituted in 1 ml of ethanol prior to
being run on thin layer chromatography.
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2.5.3 Thin Layer Chromatography
Thin layer chromatography (TLC) was performed on pre-coated Silica gel
G plates (MERCK) in order to separate, purify and identify steroids produced
during the incubation studies described in section 2.5.1 and 2.5.2 above. Samples
were spotted onto the plate with a Pasteur pipette under a gentle stream of warm
air to facilitate evaporation of the solvent and give a discrete sample at the origin.
Reference steroids ([^H] progesterone, 17a hydroxyprogesterone and 20a
dihydroprogesterone) dissolved in ethanol were spotted in a separate channel next
to the unknown in a similar manner.
The neutral steroids were separated in a solvent mixture composed of
chloroform : methanol : water (182:17:1, v/v). Plates were placed in
chromatography tanks filled with

ml of the solvent and left to develop at room

1 0 0

temperature until the solvent front had migrated to within

2

cm of the top of the

plate. At the completion of the run, plates were removed and air dried prior to
radiochromatogram scanning.
2.5.4 Radiochromatogram Scanning
Radiochromatogram scanning was used to identify the positions on the
plates of the peaks of radioactively labelled steroid metabolites. A thin layer
scanner (Panax Equipment Ltd.) was used to scan the Silica gel G plates starting
from the origin running the width and length of the plate. The results were
recorded by a chart recorder. Based on the results, the portions of the silica gel
containing radioactivity were scraped from the plate with a razor blade and placed
into separate test tubes. Double distilled water (0.5 ml) was added to each sample
followed by thorough vortexing prior to being extracted 3x with 1 ml of diethyl
ether. The ether extracts for each sample were pooled, evaporated to dryness
under nitrogen flow, re-dissolved in

1

ml of ethanol, counted for radioactivity and

stored at -20°C until further analysed by recrystallization.

The % conversion of

substrate was calculated by comparing the radioactivity in an aliquot of the
incubation extract prior to TLC with the radioactivity discretely localized on the
plate by radiochromatogram scanning after TLC.
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The following formula was used:

cpm recovered x
% conversion =

1 0 0

------------------------------total cpm in incubation extract

2.5.5 Recrystallization
Recrystallization was carried out according to the method of Axelrod,
Mathijssen, Goldzieher and Pulliam (1965) as modified by Pashen (1980).
Authentic steroid (20-30 mg) was dissolved in pure ethanol to which was added 12 X 10^ cpm of the [^H] labelled unknown steroid. The solution was evaporated to
dryness and 1 ml of chloroform added to re-dissolve the steroid.

A 0.05 ml

aliquot of this solution was dispensed into a pre-weighed planchette and kept in a
dust free box. The remainder of the sample was dried down under nitrogen, re
dissolved in warm acetone and then gradually reduced in volume by evaporation
while simultaneously adding n-hexane in a dropwise manner in order to decrease
the solubility of the steroid. As soon as crystals began to form the process was
stopped and the solution was placed in a refrigerator at 4°C for 12-24 hours to
allow the crystals to grow. After a short centrifugation at 400g, the supernatant
was decanted, crystals re-dissolved in

1

ml chloroform and the entire process

repeated. Four recrystallizations were done for each unknown steroid. The
chloroform from the aliquot of the steroid solution placed in the pre-weighed
planchette was allowed to evaporate spontaneously, leaving behind a small mass of
hormone. The mass of this hormone was determined by:

mass (g) = (planchette + hormone(g)) - planchette (g)

After weighing, each planchette was transferred to a scintillation vial, and the
steroid redissolved in 0.5 ml ethanol, 5 ml scintillant added and cpm determined.
The specific activity of the steroid crystallized at each step was determined from
the mass of material in the planchette and the radioactivity associated with it
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according to the following:

cpm X efficiency of counter
SpA =
2 . 2

X 1 0 ^ X weight of crystals

2.6 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
High performance liquid chromatography (HPLC) was used to check for
the purity of the two pregnanetriol isomers as well as to determine whether or not
they could be separated. HPLC was also carried out in order to separate
unconjugated progesterone metabolites and unconjugated oestrogens in Asian and
African elephant urine. Preliminary work was also carried out in an effort to
determine the major unconjugated progesterone and oestrogen faecal metabolites.

2.6.1 Separation of Pregnanetriol Isomers
A Beckmann HPLC - System Gold with programmable UV detector 166
(monitor cpm as well as wavelength) using an isocratic solvent system of 70:30
HPLC grade methanol:Milli- Q distilled water at a flow rate of 2 ml/min, with the
UV detector set at a wavelength of 280 nm as described by Francis and Kinsella
(1984) was the original set-up. The column was a commercially prepared
Beckmann Ultrasphere RP (5 um pore size, 4.6 mm x 150 mm). The isocratic
solvent mixture was run for 12 minutes followed by 5 minutes of 100% methanol
(to clean the column) before re-equilibrating the column for 15 minutes with the
isocratic solvent system. Fractions were not collected. Instead all data was
recorded by the programmable detector and printed out.

2.6.2 Separation of Uncoi\jugated Urinary Progesterone Metabolites
For the separation of urinary metabolites, a Waters 600 model HPLC with
UV detector, chart recorder and fraction collector connected were employed.
Fresh HPLC grade solvents (Hipersolve, BDH) and Milli-Q double distilled water
(DDW) were used for chromatography analysis. All solvents were sparged
continously with helium for 15 minutes at 100 ml/min prior to running solvents
through the system and were sparged intermittently during routine operation (15
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ml/min). A commercially packed reverse phase (RP) column, Novapak RP C-18
(3.9 X 150 mm, 5 um particle size. Waters 86344) was used for separating
steroids. In between each run, the column was cleaned with 100% methanol for
1 0

minutes before re-equilibration with the isocratic solvent mixture for 15

minutes.
Unconjugated progesterone metabolites were separated using an isocratic
solvent system of 70:30 (v/v) DDW : acetonitrile (ACN) within 36 minutes at a
flow rate of 2 ml/min by the method of Birgit Jünemann (unpublished, per.
comm.). Sample preparation was according to the method of Hindle et al. (1992)
and Shackleton et al. (1976).
Urine samples (1 ml) were adjusted to pH 5 with the addition of 1 ml of
hydrolysis buffer (Apendix 1.1). All samples were hydrolysed overnight at 37°C
with 1000 FU/50

hydrolysis enzyme (Sigma) containing both sulphatase and /?-

glucuronidase activity (4,500 units/ml and 100,0(X) units/ml respectively).
Samples were adjusted to pH 7 by the addition of 20 /xl of 3 M sodium hydroxide.
In order to monitor extraction efficiency and to provide reference standards on the
HPLC, 2,000 cpm of [^H] progesterone (specific activity (SpA) 65 Ci/nmol,
Amersham), pH] 20« dihydroprogesterone (SpA 40-60 Ci/nmol, New England
Nuclear) and pH] 17a hydroxyprogesterone (SpA 58.4 Ci/mmol, Amersham) / or
pH] pregnanetriol (activity

8 . 8

/tCi/ ml, in house) were added to the sample

(isocratic solvent system was unable to separate these latter two steroids thus
necessitating two runs per sample). Samples were extracted with diethyl ether (as
described in section 2.3.2) and reconstituted in 0.2 ml of DDW: ACN (70:30 v/v)
of which 0.1 ml was injected onto the HPLC column. One ml fractions were
collected over 36 minutes, evaporated to dryness and reconstituted overnight in
assay buffer. HPLC analysis was also carried out on urine samples which had
been extracted but not hydrolysed in order to compare the results with the
matching hydrolysed and extracted samples.
The recoveries of pH] progesterone, pH] 20a dihydroprogesterone and
pH] 17a hydroxyprogesterone or pH] pregnanetriol after extraction were 71.1 ±
3.3, 73.5 ± 3.7, 75.7 ± 2.9 and 78.3 ± 2.4 respectively (mean ± SEM,
n=100). The presumed overall efficiency including hydrolysis and extraction of
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the entire procedure based on the recovery of [^H] pregnanediol was

6 8 . 8

±

4 . 2

% (mean and SEM, n=14).

2.6.3 Separation of Uncoi\jugated Urinary Oestrogen Metabolites
Unconjugated oestrogens were separated using an isocratic solvent system
of 60:40 DDW:ACN (v/v) within 36 minutes at a flow rate of 2 ml/min ( Birgit
Jünemann, pers. communication).
One ml urine samples were adjusted to pH 5 by the addition of 1.5 ml of
hydrolysis buffer (Appendix 1.1) and hydrolysed overnight at 37°C with
l(XX)FU/50 ^1 of hydrolysis enzyme (Sigma). Hydrolysis efficiency was
monitored by the separate addition of [^H] E^G (Dr. Samarajeewa, UCL, Activ.
250 /xCi/ml) and pH] EjS (Amersham, SpA 60 Ci/mmol) to pooled urine samples.
Samples were adjusted to pH 7 with 20 ^1 of 3 M sodium hydroxide and 2,CXX)
cpm each of pH] oestrone (SpA 90.7 Ci/mmol, Amersham), [^H] oestradiol (Act.
115/iCi/5ml, iodination done at ZSL) and pH] oestriol (SpA 90-115 Ci/mmol,
Amersham) added prior to extraction with diethyl ether in order to monitor
extraction efficiency. Samples were reconstituted with 0.2 ml of the mobile phase
and 0.1 ml injected onto the HPLC. One ml fractions were collected over 36
minutes, evaporated to dryness and reconstituted overnight in

1

ml of assay buffer.

The extraction recoveries of pH] oestrone, pH] oestradiol and pH] oestriol
were 90.6 ± 4.1, 87.2 ± 2.5 and 89.4 ± 2.6% respectively (mean and SEM,
n=100). The recoveries of pH] E^S and pH] E^G used to estimate the
efficiencies of the hydrolysis procedure were 80.9 ± 2.2 and 84.6 ± 1 . 8 %
(n=45).

2.7 RADIOIMMUNOASSAY OF PROGESTERONE
Progesterone was measured in plasma without chromatography and in urine
samples after HPLC by radioimmunoassay (RIA) similar to that described by
Shaw, Hillier and Hodges, 1989).

2.7.1 Assay materials and reagents
The progesterone RIA utilized a sheep anti-progesterone antibody
(S1508/10) obtained from MAFF (Dr. J. Foulkes, Shinfield, Reading, UK) and
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stored in 100 /d aliquots of 1:100 at -2(fC. The working dilution of the antibody
was 1:3430. The sheep anti-progesterone lla-hemisuccinate-ovalbumin antibody
showed the following cross-reactivities as described by Shaw et al., (1989): l i a
hydroxy- progesterone (29.8%), 11/3 hydroxyprogesterone (16.5%), 5)8
pregnanedione (16.1% , 5a pregnanedione (2.63%) and less than 1% with all
other steroids tested.
Tritiated progesterone (1,2,6,7-pH] progesterone Amersham, SpA 65
Ci/mmol) was used as the label and stored at -20°C in toluene:ethanol (9:1) from
which a working dilution of 10,(X)0 cpm/l(X) ^1 of assay buffer (Appendix 1.4)
was prepared.
Progesterone standards (4 pregnene-3,20-dione, MW=314.5, Sigma) were
stored at -20°C in a stock solution of 4 ng/ml. The top dose on the standard curve
(800 pg/ml) was prepared by a 1:5 dilution of the stock solution and stored in
individual aliquots in the assay freezer file. The standards were double diluted
over the range of 800-12.5 pg/ml. Quality controls (QC’s) were prepared from
pools of elephant plasma containing progesterone concentrations in the high or low
range of the standard curve.
Free and antibody-bound progesterone were separated using a dextran
coated charcoal suspension (Appendix 1.5). The suspension was freshly prepared
every week and kept at 4°C.

2.7.2 Sample Preparation
Plasma samples (0.5 ml) were extracted with 5 ml petroleum ether (BDH)
following the addition of tracer amounts (2(X)0 cpm) of [^H] progesterone in order
to monitor extraction efficiency. After vortexing, the aqueous phase of the
samples were snap frozen in a liquid nitrogen/acetone bath and the ether phase
decanted into a fresh test tube before being evaporated to dryness in a dry block
under constant nitrogen flow. Samples were reconstituted overnight at 4°C or for
1 hour at 37°C in 1 ml of low sodium assay buffer (LSB, Appendix 1.4) prior to
being assayed. Urine samples being assayed for progesterone after HPLC analysis
were reconstituted in LSB as just described, before being assayed.
The extraction recovery for plasma samples was 83.6% ± 2.3% (mean ±
SEM, n=200), while for urine samples being assayed after HPLC analysis it was
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71.1+ 3.3 % (mean ± SEM, n=100) as previously described in section 2.6.1.
Individual recoveries were used to correct for procedural losses when calculating
the final concentration of progesterone in the sample.

2.7.3 Assay Protocol
Standards (in 0.5 ml), along with the total count (TC) and non-specific
binding (NSB) tubes were prepared in triplicate. Total binding tubes (zero’s),
QC’s and samples were made up in duplicate. Extracted plasma samples, QC’s
and buffer blanks (0.3 ml) all received 0.2 ml aliquots of assay buffer (LSB).
Antiserum (0.1 ml, working dilution 1:3430) was added to all tubes except TC and
NSB. Tritiated progesterone (0.1 ml, 10,000 cpm/0.1 ml) was added to all tubes.
The final assay format was as follows:

Sample Volume
(ml)
TC
NSB
Zero
QC’s
BB’s
Sample

Buffer
(ml)
0 . 8

---

Antiserum
(ml)
—
—

0 . 6

0.3
0.3
0.3

Label
(ml)
0 . 1
0 . 1

0.5

0 . 1

0 . 1

0 . 2

0 . 1

0 . 1

0 . 2

0 . 1

0 . 1

0 . 2

0 . 1

0 . 1

Tubes were thoroughly vortexed and incubated overnight at 4°C. After
incubation, dextran coated charcoal (0.2 ml) was added to aU tubes except the TC.
The tubes were briefly mixed and incubated a further 15 minutes at 4°C. Samples
were centrifuged in a previously cooled to 4°C centrifuge at 2400 rpm for 10
minutes. The supernatant was dispensed into scintillation vials followed by the
addition of 4 ml of scintillation fluid. After brief mixing by inversion, samples
were allowed to equilibrate for

1

hour before radioactivity was counted on a j8 -

counter.

2.7.4 Assay Evaluation
Serial dilutions of elephant plasma from luteal and follicular plasma pools
gave displacement curves parallel to that seen with the progesterone standard (data
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not shown). The sensitivity of the assay at 90% binding was 20 pg/ml. The
accuracy of the assay as determined by adding varying amounts of unlabelled
progesterone to 0.3 ml volumes of extracted elephant plasma pools containing low
endogenous hormone was 99.4 ± 2.5% (mean ± SEM). The intraassay variation
was determined by repeated measurement of a pooled plasma sample and was
found to be 8.9%. The interassay coefficients of variation were 10.7 and 12.1%
respectively for elephant plasma pools containing high and low concentrations of
progesterone.

2.8 RADIOIMMUNOASSAY OF 17a HYDROXYPROGESTERONE
The measurement of 17a hydroxyprogesterone (17a OH P4) in plasma and
in urine samples after HPLC followed the same protocol as previously described
for the progesterone RIA in section 2.7.

2.8.1 Assay Materials and Reagents
Measurement of 17a hydroxyprogesterone by RIA utilized a sheep anti-17
hydroxyprogesterone antibody (Steranti) and was stored in neat in 100 /xl aliquots
at -20°C.

The final working dilution of the antiserum was 1:100. The sheep

anti- 17a-hydroxyprogesterone-3-carboxy-methyloxime-ovalbumin antiserum cross
reacted with progesterone (2.2%) and 5a pregnanedione (1.1%) as determined by
Steranti. Further C2 1 and

steroids tested cross-reacted less than 1%.

The assay used 1,2,6 ,7 -pH] 17a hydroxyprogesterone (SpA 58.4 ci/mmol,
Amersham) which was stored at -20°C in a 9:1 toluene:ethanol solution. An
aliquot of the tritiated label was dried under nitrogen and reconstituted with assay
buffer to a concentration of

1 0 , 0 0 0

cpm/0

. 1

ml.

Standards (17a hydroxypregn-4-ene-3,20-dione, MW=330.47; Sigma)
were double diluted over a range of 800-12.5 pg/ml from a stock solution of 10
ng/ml. High and low quality controls were prepared from pools of elephant
plasma from pregnancy and the follicular phase. Free and antibody-bound 17a
hydroxyprogesterone were separated using dextran coated charcoal buffer
(Appendix 1.5).
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2.8.2 Sample Preparation
Plasma sample preparation prior to 17a hydroxyprogesterone RIA
measurement was carried out as previously described in section 2.7.2 for plasma
progesterone analysis with the exception that samples were extracted with diethyl
ether (BDH) and extraction efficiencies were monitored with tracer amounts of
pH] 17a hydroxyprogesterone. Urine samples being assayed for 17a
hydroxyprogesterone after HPLC analysis were reconstituted in LSB (Appendix
1.4) prior to being assayed. The extraction recovery of pH] 17a
hydroxyprogesterone in plasma samples was 87.6 ± 3.1% (mean ± SEM,
n=200) while for urine samples being assayed after HPLC analysis it was 75.7 ±
2.9% as previously described in section 2.6.1. Individual recoveries were used to
correct for procedural losses when calculating the final concentration of 17a
hydroxyprogesterone in the sample.

2.8.3 Assay Protocol
The assay protocol for measurement of 17a hydroxyprogesterone
concentrations followed the same format described in section 2.7.3 for
progesterone.

2.8.4 Assay Evaluation
A typical 17a hydroxyprogesterone standard curve demonstrating the
percentage specific binding of the radioactivity against the log dose of standard (in
pg) is shown in Fig. 2.1. Serial dilutions of elephant plasma from luteal and
follicular plasma pools gave displacement curves parallel to that seen with the 17a
hydroxyprogesterone standards. (Fig. 2.1).
The sensitivity of the assay at 90% binding was 20 pg/ml. The accuracy of
the assay as determined by adding varying amounts of unlabelled progesterone to
0.3 ml volumes of extracted elephant plasma pools containing low endogenous
hormone was 101.7 ± 1 .4 % (mean ± SEM). The intraassay coefficient of
variation was determined by repeated measurement of a pooled plasma sample and
was found to be 6.3% (n=30). The interassay coefficient of variation was 9.7 and
8

. 6 % respectively for pooled elephant plasma samples containing high and low

concentrations of 17a hydroxyprogesterone.
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Figure 2.1. Binding inhibition curves demonstrating parallelism in serially diluted
Asian elephant plasma pool samples from the mid luteal and follicular phase.

# e 17a hydroxy progesterone standard
0 — 0

Elephant mid luteal phase plasma pool
Elephant follicular phase plasma pool
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2.9 RADIOIMMUNOASSAY OF OESTRONE
The measurement of oestrone in urine and plasma samples as well as after
HPLC analysis, was done by RIA as initially described by Hodges et al. (1983)
without celite column chromatography.

2.9.1 Assay materials and methods
The assay buffer was phosphate buffered saline (pH 7.2, Appendix 1.6).
The antibody used in the assay was an anti-oestrone-6 -CMO-BSA commercially
prepared by Steranti Research Ltd. (St. Albans, UK). The cross-reactivities of the
antiserum as determined by the supplier were: oestradiol-17/3 0.1%, oestradiol-17a
0.05%, oestriol 0.01% and <0.02% with other

and C2 1 steroids tested. The

antibody was supplied freeze dried but stored re-constituted in IQO /xl aliquot of
1:100 in assay buffer. The final working dilution in the assay was 1:1000.
Tritiated oestrone (2,4,6,7-^H oestrone, Amersham, SpA 90.7 Ci/mmol)
was used as the label in the assay. The label was stored at -2ŒC in
toluene:ethanol (95:5 v/v). A working concentration of 10,(XX) cpm/100 ^1 of
assay buffer was used in the assay.
Standards (1.3.5(10}-oestratrien-3-ol- 17-one, MW=270.4, Sigma) were
double diluted over a range of 800-12.5 pg/ml from a stock solution of 16.7/ml of
assay buffer. Quality controls were prepared from pools of plasma taken from
elephants during pregnancy and the follicular phase. Free and antibody-bound
oestrone were separated using dextran coated charcoal buffer (Appendix 1.5).

2.9.2 Sample Preparation
Plasma samples were prepared according to the method already described
in section 2.8.2 for 17a hydroxyprogesterone with the exception that tracer
amounts of [^H] oestrone was used to monitor extraction efficiencies. Urine
samples (0.25 ml) being assayed where hydrolysed with 250 FU/50

of

hydrolysis enzyme (Sigma, sulfatase activity: 4,500 units/ml: jS-glucuronidase
activity:

1 0 0 , 0 0 0

units/ml) prior to being extracted by the procedure described in

section 2.7.2. Urine samples being assayed for oestrone after HPLC analysis
were reconstituted in assay buffer prior to assay.
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The extraction recoveries of pH] oestrone for urine and plasma samples
were 85.5 ± 3.1 % and 87.2 ± 1.9% respectively (mean ± SEM, n=l(X)), while
the extraction recovery for urine after HPLC analysis was 90.6 ± 4.1% (n=l(X))
as previously described in section 2.6.2. The efficiency of the hydrolysis
procedure was monitored by adding tracer amounts of pH] E^S and pH] E^G to
sample pools of either urine or plasma prior to hydrolysis and extraction. For
urine samples analysed after HPLC, the hydrolysis efficiency was found to be 80.9
± 2.2 and 84.6 ± 1.8 respectively (mean ± SEM, n=45) as previously described
in section 2 . 6 .2 , while for urine and plasma samples being assayed, the combined
hydrolysis efficiences were 88.1 ± 2.5% and 86.4 ± 1 .7 % (mean ± SEM,
n=10) respectively. Individual recoveries were used to correct for procedural
losses when calculating the final concentration of oestrone.

2.9.3 Assay Protocol
The assay followed the same protocol described in detail in section 2.7.3
for progesterone.

2.9.4 Assay Evaluation
Serial dilutions of elephant urine from luteal and follicular pools gave
displacement curves parallel to that seen with the oestrone standards (not shown).
The sensitivity of the assay at 90% binding was 9 pg/ml. The accuracy of
the assay as determined by adding varying amounts of unlabelled oestrone to 0.3
ml volumes of extracted elephant plasma pools containing low endogenous
hormone was 96.3 ± 1.2 (mean ± SEM). The intraassay coefficient of variation
was determined by repeated measurement of a pooled plasma sample and was
found to be 7.8% (n=30). The interassay coefficient of variation was 10.3 and
15.6 (n=15) respectively as determined by repeated measurement of pooled urine
samples containing high and low concentrations of oestrone.

2.10 RADIOIMMUNOASSAY OF OESTRADIOL 17g
The measurement of oestradiol-17/3 in urine and plasma samples was done
by RIA as initially described by Shaw et al. (1989).
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2.10.1 Assay Materials and Reagents
The assay buffer used in this RIA was a phosphate buffered saline assay
buffer (pH 7.2, Appendix 1.6).

The antibody used in the assay was an anti-

oestradiol-1 Ijg-succinyl-BSA prepared by MRC, Edinburgh. Two batches of
antiserum were used: No. 35, bleed 7/2/84 (termed sensitive antibody) and No.
35, bleed 2/2/83 (less sensitive antibody, termed normal antibody). The cross
reactivities of both antisera were: oestradiol-17a 27%, oestrone 23%, oestriol 3%,
while testosterone, progesterone and androstenedione were less than 0.1%. The
normal oestradiol antibody was stored in

1 0 0

^ 1

aliquots at a

1 : 1 0 0

dilution from

which the final working dilution of 1:10,000 was made. The sensitive oestradiol
antibody was stored in

2 0 0

fil aliquots of

1 : 1 0 0

from which the final working

dilution of 1:7,500 was made.
The second antibody used in both oestradiol assays was donkey anti-rabbit
IgG (DAR, University of Nottingham, Faculty of Agriculture, Sutton, Bonnington)
which was added in combination with the carrier protein normal rabbit serum
(NRS-15, Regal Rabbits). The DAR was used at a working dilution of 1:50 while
the NRS-15 was used at a working dilution of 1:600.
The radioactive label used in the assay was [^^I] 17/8-oestradiol-llasuccinyl-tyrosine methyl ester (prepared by Dr. H. Shaw, ZSL) according to the
method of Greenwood, Hunter and Glover (1963). The iodination utilized three
buffers: buffer 1 - 0.05 M Phosphate,pH 7.4 (Appendix 1.7); buffer 2- a 1:10
dilution of buffer 1; buffer 3 - 0.05 M, pH 10.5 a 1:10 dilution of buffer 1 4NaOH. The conjugate used for the iodination was 17/3 oestradiol-11a-succinyltyrosine methyl ester stored at -20°C in 1 fig aliquots. The conjugate was solvated
in 40 /il of buffer 2 followed by the addition of 10 /tl (lumCi) of sodium iodide125 and 10 /il (10 /ig) of chloramine T in buffer 1. After throughly mixing for
one minute,

1 0

/il

( 1 0

/ig) of sodium metabisulphite in buffer

2

was added

followed by the addition of 2.43 ml of buffer 3. The tubes were then counted on
the gamma counter for an estimate of total activity prior to being loaded onto the
column. After loading the mixture onto a PD column (Pharmacia, Milton Keynes)
which had previously equilibrated with 20 ml of buffer 3, it was eluted with buffer
3 and 35-40 one ml fractions were collected in tubes already containing 0.2 ml of
buffer 1. The original but now empty sample tube was counted on the gamma
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counter for residual activity. Each fraction was also counted and the fractions
containing the highest activity from the second peak were pooled and stored at
4°C. A working concentration of 10,000 cpm/100 fA of assay buffer was used in
the assay.
Standards (l,3,5(10)-Estratrien-3,17j3 diol, MW=272.4, Sigma) were
double diluted over a range of 0.78 - 50 pg/tube and 1.56 - 400 pg/tube from a
stock solution of 0.5 ng/ml and 4ng/ml of assay buffer for sensitive and normal
assays respectively. Quality controls were prepared from pooled granulosa cell
conditioned culture medium and stored in 0.5 ml aliquots to give high and low
concentrations of approximately 20 and 200 pg/ml of oestradiol 17/3 respectively
for the sensitive assay and 50 and 500 pg/ml of oestradiol for the normal assay.
Free and antibody [^^I] oestradiol were separated by centrifugation at 2000g for
30 minutes after the addition of a 1 ml mixture of 0.9% saline and 0.02% triton
X-100 in buffer.

2.10.2 Sample Preparation
Plasma samples were prepared according to the method described in detail
in section 2.8.2 for 17a hydroxyprogesterone.

The exception to the methodology

being that samples were reconstituted overnight at 4°C or for 1 hour at 37®C in 1
ml of phosphate buffered saline (PBS) assay buffer (Appendix 1.6) prior to being
assayed. Urine samples (0.25 ml) being assayed were hydrolysed with 250 FU/50
n\ of hydrolysis enzyme (Sigma, sulfatase activity: 4,500 units/ml; /8 glucuronidase activity: 100,000 units/ml) prior to being extracted. Urine samples
being assayed for oestradiol-17/3 after HPLC analysis were reconstituted in WHO
as just described, before being assayed.
The extraction recoveries of pH] oestradiol for urine and plasma samples
were 83.1 ± 2.8 and 89.4 ± 1.6% respectively (mean ± SEM, n=50), while the
extraction recovery for urine after HPLC analysis was 87.2 ± 2.5% (n=100) as
previously described in section 2.6.2. The efficiency of the hydrolysis procedure
was monitored by adding tracer amounts of pH] E^S and pH] E^G to sample
pools of either urine or plasma prior to hydrolysis and extraction. For urine
samples analysed after HPLC, the hydrolysis efficiency was found to be 80.9 ±
2.2 and 84.6 ± 1 .8 respectively (mean ± SEM, n=45) as previously described in
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section 2 .6 .2 , while for urine and plasma samples being assayed, the combined
hydrolysis efficiences were 80.2 ± 0.9 and 81.0 ± 2.4% (n = 6 ) respectively.
Individual recoveries were used to correct for procedural losses when calculating
the final concentration of oestradiol.

2.10.3 Assay Protocol
Standards for the normal oestradiol assay were prepared in triplicate over
the range of 400 - 1.56 pg/0.1 ml while for the sensitive assay the range was 0.78
- 50 pg/0.1 ml. Total count (TC) tubes non-specific binding (NSB) tubes and total
binding (TB) tubes were also prepared in triplicate. Samples and QC’s (0.1 ml)
where prepared in duplicate. Antiserum (either sensitive or normal) was added to
all tubes (0.1 ml) except for TC and NSB tubes. This was followed by the
immediate addition of radiolabel and a 3 hour incubation at room temperature for
the normal assay. However, in the case of the sensitive assay, incubation in the
presence of antiserum only was at room temperature for 60 minutes, followed by
30 minutes in an ice water bath before addition of 0.1 ml of radiolabel to all
tubes. This was followed by a further 1.5 hours of incubation at 4°C. For both
assays after these incubations, second antiserum and carrier protein (0 . 1 ml each)
was added to all tubes except the totals. All tubes were briefly vortexed and
incubated overnight at 4°C. The final assay layout was as follows:

Tube

TC
NSB
TB
Sl-9
QC’s
T

Sample
(ml)

Buffer
(ml)

1" AB
(ml)

0 . 2
0 . 1

0 . 1
0 . 1
0 . 1

—
—

CP
(ml)

—
—

—
—
—
—

2"^ AB
(ml)

Label
(ml)
0 . 1

—
—

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

After overnight incubation, a 1 ml solution of 0.9% NaCL 4- Triton-X was
added to all tubes except the totals. Samples were centrifuged at 2400 rpm at 4°C
for 30 minutes. The supernatant was aspirated and the precipitate counted for 2
minutes on the gamma counter.
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2.10.4 Assay Evaluation
The sensitivities of the normal and sensitive assays at 90% binding were
2.5 pg/tube (25 pg/ml) and 0.9 pg/tube (9 pg/ml) respectively. The interassay
coefficients of variation for the normal and sensitive assay were 6.5%, 7.8%
(n=5) and 5.2%, 6 . 6 % (n=2) as determined by repeated measurement of samples
containing high and low concentrations of oestradiol.

2.11 RADIOIMMUNOASSAY OF OESTRIOL
The measurement of oestriol on urine and plasma samples as well as urine
samples after HPLC analysis, was done by RIA as initially described by Hodges et
al. (1983) without using celite colunm chromatography.

2.11.1 Assay Materials and Reagents
The assay buffer used in this RIA was a phosphate buffered saline (pH 7.2,
Appendix 1.6 ).

The antibody used in the assay was raised in rabbits against

oestriol-6 -carboxy methyloxime-BSA, as commercially prepared by Steranti
Research Ltd. (St. Albans, UK). The cross-reactivities of the antiserum as
determined by the supplier were: oestradiol-17)3 0.05%, oestrone 0.001% and
<0.001% with other

and C2 1 steroids tested. The antibody was supplied

freeze dried but stored re-constituted in

1 0 0

/ti aliquot of

1 : 1 0 0

in assay buffer.

The final working dilution in the assay was 1:1000.
Tritiated oestriol (2,4,6,7 [^H] oestriol, Amersham, SpA 71.1 Ci/mmol)
was used as the label in the assay. The label was stored at -2ŒC in
toluene:ethanol (95:5 v/v). A working concentration of 10,000 cpm/100 ^1 of
assay buffer was used in the assay.
Standards (l,3,5(10)-Estratrien-3,16a, 17)3 triol, MW=288.4, Sigma) were
double diluted over a range of 800-12.5 pg/ml from a stock solution of 16.0 ng/ml
of assay buffer. Quality controls containing oestriol concentrations in the high or
low range of the standard curve were used. Free and antibody-bound oestriol
were separated using dextran coated charcoal buffer (Appendix 1.5).
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2.11.2 Sample Preparation
Plasma samples (0.5 ml) were prepared as initially described in section
2.9.2 for oestrone with the exception that extraction efficiencies were monitored
by the tracer amounts of pH] oestriol. Urine samples (0.25 ml) being assayed
where hydrolysed with 250 FU/50 fil of hydrolysis enzyme (Sigma, sulfatase
activity: 4,500 units/ml; /3-glucuronidase activity: 100,000 units/ml ) prior to
being extracted. Urine samples being assayed for oestriol after HPLC analysis
were reconstituted in assay as just described, before being assayed.
The extraction recoveries of pH] oestriol for urine and plasma samples
were 88.3 ± 3.6 and 91.1 ± 1.8% respectively (mean ± SEM, n=100), while
the extraction recovery for urine after HPLC analysis was 89.4 ± 2.6% (n=100)
as previously described in section 2.6.2. The efficiency of the hydrolysis
procedure was monitored by adding tracer amounts of pH] EjS and pH] E^G to
sample pools of either urine or plasma prior to hydrolysis and extraction. For
urine samples analysed after HPLC, the hydrolysis efficiency was found to be 80.9
± 2.2 and 84.6 ± 1.8 respectively (mean ± SEM, n=45) as previously described
in section 2 . 6 .2 , while for urine and plasma samples being assayed, the combined
hydrolysis efficiences were 84.0 ± 1.5 and 82.8 ± 2.9% (n=30) respectively.
Individual recoveries were used to correct for procedural losses when calculating
the final concentration of oestriol.

2.11.3 Assay Protocol
The assay protocol was modelled after the same format originally described
in section 2.7.3 for progesterone.

2.11.4 Assay Evaluation
Serial dilutions of elephant urine from luteal and follicular pools gave
displacement curves parallel to that seen with the oestriol standards.
The sensitivity of the assay at 90% binding was 10 pg/ml. The intraassay
coefficient of variation was determined by repeated measurement of a pooled
plasma sample and was found to be 8.7% (n=30). The interassay coefficient of
variation were 11.1 and 14.2% (n=10) respectively.

102

2 . 1 2

ENZYMEIMMUNOASSAY OF PREGNANETRIOL
Immunoreactive 5j8 pregnanetriol was measured using a heterologous

microtitre plate enzymeimmunoassay (ElA), developed along similar principles as
that described by Hindle et al., (1992). The assay utilized a rabbit anti-5j8pregnanetriol-glucuronide-carboxy-methyloxime-BSA as antiserum (Dr.
Samarajeewa, UCL) which cross-reacts 62.5% with the free steroid as determined
by RIA (Samarajeewa and Kellie, 1985) and 4 pregnene-17a,20a-diol-3 one
conjugated to horse radish peroxidase (HRP) (Mostl, Institute of Biochemistry,
Vienna) as the enzyme label.

2.12.1 Sample Preparation
Initially, urine samples (0.25 ml) were hydrolysed with 250FU/50 ^1 of
hydrolysis enzyme (Sigma, sulfatase activity: 4,500 units/ml: j5-glucuronidase
activity: 100,000 units/ml) and extracted with 5 ml diethyl ether prior to being
assayed. Procedural losses during the extraction were monitored by the addition
of tracer amounts of pH] 17a hydroxyprogesterone to each sample prior to
extraction. Extraction recoveries were 89.1 ±2.1% (mean ± SEM, n= 200).
Procedural losses were corrected for by accounting for individual recoveries when
determining the final concentration of pregnanetriol in the urine. Hydrolysis
efficiencies were determined in duplicate by adding tracer amounts of pH]
oestrone sulphate and pH] oestrone glucuronide to urine pools (0.25 ml) which
were then hydrolysed and extracted as above. The hydrolysis recoveries were
81.1 ± 6 .1 and 84.3 ±3.2 (mean ± SEM, n=30) respectively.
The sample preparation was later modified and greatly simplified by
eliminating the hydrolysis and extraction steps and directly measuring urine diluted
1:80 in assay buffer. The results presented later in this thesis will indicate
whether samples were hydrolysed and extracted or assayed directly.

2.12.2 Assay Material and Reagents
The assay buffer used for the EIA of pregnanetriol was a Tris buffer
(Appendix 1.8).
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2.12.2.1 Preparation of Coating Antibody
A non-specific sheep anti-rabbit gamma globulin (IgG) was used as the
coating antibody (Gift from Prof. Bamberg, Institute of Biochemistry, Vienna).
The IgG was purified from sheep plasma using a Protein G sepharose 4 fast flow
column (MabTrap G; Pharmacia) according to the method of Nilsson, Myhre,
Kronvall and Sjogren (1982). The method required the centrifugation of 2 ml of
plasma for 10 minutes followed by filtration through a 0.22 um filter (Waters).
The filtrate was diluted with 2 ml of binding buffer (0.2 M sodium phospate, pH
7.0) and applied to the column, which had been previously equilibrated with
binding buffer (30 ml). The sample was allowed to absorb into the gel, and the
unbound proteins were eluted with a further 30 ml of binding buffer. The bound
IgG was eluted from the column with elution buffer (15 ml; 1.0 M glycine-HCL,
pH 2.7) and the antibody fraction was collected into prepared test-tubes. The
concentration of IgG in each fraction was measured by absorbance at 280 nm (Pye
Unicam SP-550 UV/Vis spectrophotometer; Philips). Those fractions containing
the highest concentrations of IgG were pooled into aliquots, concentrations
recorded and stored at - 20°C. The concentration used for coating microtitre
plates was l^g/250 uL/well.

2.12.2.2 Preparation of Pregnanetriol-Glucuronide Antibody
The antibody was a gift from Dr. Samarajeewa (Department of
Biochemistry, UCL). The immunogen was synthesized from 5)3-pregnane3a,17,20a-triol which in turn was synthesized from 17-acetoxy-progesterone via
the method established by Cooley and Kellie (1976). The glucuronide radical was
introduced at the C-3a position by the method of Schneider and Bhacca (1969)
after blocking two of the hydroxyl groups at 17a and 20a by forming a protective
acetonide grouping. After the introduction of the glucuronide, the protective
acetonide was removed with 70% (v/v) acetic acid at room temperature. The
glucuronide triacetate methyl ester was then hydrolyzed with methanolic sodium
hydroxide to yield the desired hapten, 5/8-pregnane-17,20a-diol-3a-7l-glucuronide.
This was the compound used as the immunogen for raising the antiserum in
rabbits. The antiserum was stored in 0.1 ml aliquots of 1:1000 in Tris buffer at 20°C with a final working dilution of 1:160,000. Steroids showing significant
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cross-reactivity determined at 50% inhibition of binding (using 5j8-pregnane3a, 17a,20a-triol as standard) were 5a-pregnane-3/3,17,20a-triol (109%), 5/3pregnane-3a,6a, 17a,20a-tetrol (189%), 5/3-pregnane-3a,6a, 17a,20/3-tetrol
(113%), 5a-pregnane-3/3,17a,20/3-triol (106%), 5/3-pregnane-3a, 17/3,20/3-triol
(2.9%), progesterone (1.45 %), 5/3 pregnanediol (1.1%)). All other C2 1 , C 1 9 and
Cig steroids tested, cross-reacted at less than 1 %.

2.12.2.3 Preparation of Enzyme Coi^ugate
The enzyme label was a gift from Prof. Bamberg (Institute of
Biochemistry, Vienna). The enzyme label was horse radish peroxidase (HRP)
conjugated to 4-pregnene-17 a ,20a-diol prepared via the modified mixed acid
anhydride procedure of Liebermann, Erlanger, Beiser and Agate (1959).
HRP (2.5 mg; Type VI, Sigma) was dissolved in 0.4 ml distilled water and
cooled on ice to 0°C. Dimethylformanide (0.375 ml. Sigma) was slowly added to
the enzyme solution which was being gently shaken by hand. Meanwhile, 4pregnene- 17a,20a-diol (0.25 mg) was being dissolved in 0.5 ml
dimethylformanide in a small conical flask which was placed in a beaker
surrounded by salt-ice. Methylmorphine (6.25 ul; Sigma) was added to the
mixture which was stirred on a magnetic stirrer at 4°C. This was followed by the
addition of isobutyl-chloroformate (6.25 uL; Sigma) followed by further mixing
for 3 minutes. The solution was then immediately corrected to pH 8.0 by the
dropwise addition of 3 M sodium hydroxide solution followed by further mixing
for 1 hour at -15°C. During this time period the pH was corrected regularly. The
solution was stirred for a further 2 hours at 0°C before the addition of 10 mg of
sodium hydrogen carbonate. The conjugate solution was subsequently dialysed for
48 hours at 4°C against 2.5 L phosphate buffered saline (PBS) without azide;
buffer was changed every 2-3 hours when possible. Following the completion of
dialysis, the solution was loaded onto a G25 chromatography column (Pharmacia)
and the enzyme conjugate eluted with 200 ml of dialysis buffer. One ml fractions
were collected by hand of which 5 /xl aliquots of fractions 10-25 were tested with
the enzyme substrate (0.25 ml of 0-phenylenediamine) Those fractions giving a
strong and rapid colour reaction were pooled, diluted

1 ;1

(v/v) with glycerol and
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stored at - 20°C. The final working dilution of the enzyme label in the assay was
1:30,000.
The enzyme substrate was 0-phenylenediamine (100 mg; Sigma) dissolved
in 28 ml of citric acid buffer (Appendix 1.9), of which 0.025 ml of 39% hydrogen
peroxide (BDH) was added immediately before use.

2.12.2.4 Preparation of Standards and Quality Controls
A stock solution of the free steroid, 5j8-pregnane-3a,17a,20a-triol (Sigma)
was prepared at a concentration of 1 mg/ml and stored in ethanol at -20°C. A less
concentrated solution of lOng/ml assay buffer was stored in 300 ^1 aliquots at 20oC. This was the top point of the standard curve and was double diluted with
assay buffer over a range to 156 pg/ml.
Quality controls were prepared from Asian elephant urine pools collected
during the follicular phase of the reproductive cycle and mid-pregnancy. The
samples were pooled prior to hydrolysis and extraction and contained levels of
immunoreactive pregnanetriol which gave 75 % (QCL) and 25 % (QCH)
displacement of enzyme label.

2.12.2.5 Coating of Microtitre Plates
Microtitre plates (Nunc Immuno 1) were coated overnight with sheep anti
rabbit IgG (1 /ig/well) at room temperature. The IgG (0.1 mg) was diluted in 25
ml carbonate coating buffer (Appendix 1.11) of which 0.25 ml was pipetted into
each plate.

The plates were emptied by inversion and filled with Tris storage

buffer (Appendix 1.12, 20 nmol/L; 0.25 ml/well) containing 0.1% sodium azide
and stored (wrapped in plastic) at 4°C in air tight polyethylene boxes.

2.12.3 Assay Protocol
Just prior to use, the plates were emptied of the storage buffer, rinsed three
times with a 0.005% Tween solution (Sigma) and blotted dry; 5/8-pregnane3a,17a,20a- triol (Sigma ) standard (S1-S8) was double diluted in Tris buffer over
a range of 156 pg/ml - 10 ng/ml (7.8 - 500 pg/50 uL) from which 0.05 ml
aliquots were dispensed in duplicate to the plate’s. Both samples (T1-T38, at the
appropriate dilution). QC’s and zeros (Z) (Tris buffer) were added in duplicate
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amounts of 0.05 ml while the blanks (NSB, to monitor non-specific binding of the
enzyme conjugate) were made up in duplicate to 0.15 ml of tris assay buffer.
Finally, to each well except the blanks, 0.1 ml of P3 -G antiserum was added
followed by 0.1 ml of the enzyme label to all wells. Plates were covered and
incubated overnight in the dark at 4°C. The final format of the assay was as
demonstrated below:
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After incubation, plates were emptied by inversion, washed 3 times with
0.005% Tween solution and blotted dry. Meanwhile, enzyme substrate was
prepared by adding 0.025 ml hydrogen peroxide solution (30%, 4N; BDH) to 100
mg of 0 - phenylenediamine; (1,2, benzenediamine; Sigma P9029) in 28 ml of a
citric acid substrate buffer (Appendix 1.9, 0.1 mol citric acid monohydrate/L;
pH=5), of which 0.25 ml was added to each well. Plates were incubated in the
dark at 4°C for 45 minutes. The reaction was stopped by the addition of 0.05 ml
of sulphuric acid (3 mol/L). Absorbance was measured at 492 nm( with a
reference filter of dual wavelength at 620 nm) on an automatic plate reader
(Dynatech MR 700). The amount of immunoreactive P3 in each well was read
from a standard curve constructed by plotting the % label bound to antiserum
against the concentration of standard.

2.12.4 Assay Evaluation
A typical standard curve obtained by plotting the percentage of bound
steroid against the mass in ng of the pregnanetriol standard on a semi-logarithmic
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scale is shown in Fig. 2.2. Serial dilutions of hydrolysed and extracted elephant
urine collected during the mid luteal and follicular phases of the oestrous cycle and
of human late pregnancy urine (a known source of high concentrations of
pregnanetriol) gave displacement curves parallel to the 5j3 pregnanetriol standard
(Fig. 2.2). Serial dilutions of elephant urine collected from the midluteal and
follicular phases and pregnancy also produced displacement curves parallel to the
5/3 pregnanetriol standard when assayed directly (Fig. 2.3).
The sensitivity of the assay as determined at 90% binding was 8.5 pg/well
(170 pg/ml). The accuracy of the assay was determined by adding different
amounts of unlabelled 5/3-pregnane-3a,17a,20a-triol (0.078 - 5 ng/ml) to urine
pools containing low concentrations of endogenous hormone. The samples were
assayed and the mean ± SEM recovery of pregnanetriol was 98.7% ± 1.1%
(n=10). The interassay coefficient of variation for hydrolysed and extracted urine
was 10.8% for urine pooled from pregnant elephants, 5.6% for urine pooled from
follicular phase elephants (n=30) while the intraassay coefficient of variation of
repeated measurements of hydrolysed and extracted urine was 7.8% (n=30). The
interassay coefficient of variation for directly assayed urine was 9.8% for urine
pooled from pregnant elephants, 6 .6 % for urine pooled from follicular phase
elephants (n=30) while the intraassay coefficient of variation of repeated
measurements of directly assayed urine was 6.9% (n=30).
The assay specificity for measurement of immunoreactive P3 in Asian
elephant urine was determined by co-chromatography on HPLC. A double peak
of immunoreactivity was found, one of the peaks co-eluting with the [^H] P3 while
the other peak was more polar. The presence of P3 immunoreactivity co-eluting
with the [^H] P3 tracer (Fig 2.4) confirms that the assay is able to detect P3 in
urine from Asian elephants. However, the presence of large amounts of
immunoreactivity in fractions preceding the peak of [^H] P3 indicates that the
measurement of P3 is not specific. Thus, the values reported here are expressed
as P3 immunoreactivity (iP3) corrected for creatinine in concentrations expressed
as ng/mg CR.
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Figure 2.2. Binding inhibition curves demonstrating parallelism in serially diluted
Asian elephant urine pool samples from the mid luteal and follicular phase as well
as human urine from late pregnancy.

#—# Pregnanetriol standard
0 — 0

Human late pregnancy urine pool

A—^Elephant mid luteal phase urine pool
^Elephant follicular phase urine pool
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Figure 2.3. Binding inhibition curves demonstrating parallelism in serially diluted,
directly assayed Asian elephant urine pool samples from the mid luteal and
follicular phase.
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Figure 2.4. Co-chromatography profiles from HPLC of immunoreactive
progesterone metabolites in Asian elephant urine. The elution profile (•--•) of
pregnanetriol immunoreactivity in hydrolysed and extracted urine is compared with
that of

labelled pregnanetriol, 20a DHP, pregnanediol and progesterone (o-).
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2.13 ENZYMEIMMUNOASSAY OF 20a DIHYDROPROGESTERONE
The detailed assay description was provided by Hindle et al., (1992).
Immunoreactive 20aDHP was measured in fractions collected from the HPLC as
well as hydrolysed and extracted weekly urine samples in African and Asian
elephants.

2.13.1 Assay Materials and Reagents
The assay utilized an anti-4-pregnene-20a-ol-3-one antibody conjugated at
C3 to bovine serum albumin (BSA) via carboxymethyloxime (CMO) (Dr. Peddie,
Southampton). The antibody showed significant cross-reactivities with 5/?pregnane-20a-ol-3-one (11.9%), 5j8-pregnene-3a-ol-20-one (0.92%), 5/8-pregnane3a-20a-diol (0.57%), progesterone (0.52%), pregnenolone (<0.1% ) and 5j8pregnane-3a,17a,20a-triol (<0.01% ). The antibody was stored neat in 1 ml
aliquots as well as in a dilution of 1:1000 in 0.5 ml of assay buffer. The final
working dilution was 1:150,000.
The enzyme label was horse radish peroxidase (HRP) conjugated to 20a
DHP via the mixed acid anhydride method of Liebermann et al (1959) as
prepared by Mostl (Institute of Biochemistry,Vienna) and given as a gift. The
label was stored in 50% glycerol at -20 °C and was used in the assay at a working
dilution of 1:20,000. The enzyme substrate was 0-phenylenediamine (Sigma) of
which 100 mg was dissolved in 28 ml of citric acid substrate buffer (Appendix
1.9) and to which 25 fû of 30% hydrogen peroxide was added immediately before
use.
The 20a DHP standard was stored in a stock solution of 1 mg/ml in
ethanol at -20°C. A second dilution of 1 /ig/ml was also stored in ethanol at 20°C and used to make the top point of the standard curve. A 16 fil aliquot of the
second dilution was dried under nitrogen and reconstituted in 16 ml of assay buffer
to give 800pg/50 /xl (16 ng/ml). The top standard was double diluted with assay
buffer to give a standard curve ranging from 3.12 - 800 pg/50 /xl (62.4pg/ml - 16
ng/ml). Quality controls were prepared from stock solutions to give a
concentration equivalent to 25 and 75 % binding in the assay.
Wells on the microtitre plate were coated with sheep anti-rabbit IgG as
described in Section 12.2.5 for the pregnanetriol EIA.
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2.13.2 Sample Preparation
Urine samples (0.25 ml) were hydrolysed and extracted according to the
method outlined previously in section 2.12.2 for pregnanetriol.

2.13.3 Assay Protocol
The assay protocol followed the same format as previously described in
section 2.12.3 for pregnanetriol.

2.13.4 Assay Evaluation
The assay sensitivity as determined at 90% binding was 7.5 pg/50^1 (150
pg/ml). The intraassay CV was 8.4% (n=30) while the interassay CV was 12.1
and 16.1 (n=15) for quality controls.

2.14 ENZYMEIMMUNOASSAY FOR PREGNANEDIOL-3aGLUCURONIDE
Urinary pregnanediol glucuronide (PdG) was measured by the direct
enzymeimmunoassay developed by Hodges and Green (1989).

2.14.1 Assay Materials and Reagents
The buffer used in the PdG assay was a Pas Gel buffer (Appendix 1.14).
The anti-PdG serum was raised in a rabbit against pregnanediol-3a-glucuronide
conjugated to BSA (Institute of Zoology). As described by Hodges and Green
(1989) the antiserum showed significant cross-reactivities with 5)8 pregnanediol
(45.1%), 20a DHP (12.1%), 5/3 pregnanedione (4.1%) while 17a
hydroxyprogesterone, 5)8 pregnanetriol and oestradiol- 17-glucuronide were less
than 0.1% in this assay.
The enzyme label used for the assay was pregnanediol-3a-glucuronide
conjugated to alkaline phosphatase prepared by the active ester technique of Sauer,
Foulkes, Worsfold and Morris (1986) as made by the Institute of Zoology. The
label was dialysed against 0.1 M PBS (Appendix 1.1.14) and stored at 4°C in PBS
containing 0.1% gelatin and sodium azide. The enzyme substrate was pnitrophenyl phosphate disodium (0.13 g. Sigma) dissolved in 24 ml of
diethanolamine buffer (Appendix 1.15). The approximate working dilution of the
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enzyme label was 1:10,000, although variations were found with each conjugation.
Pregnanediol-glucuronide standards (5j8 pregnane-17a,20a-diol-3aglucuronide, MW=495.6, Sigma) were stored in a stock solution of ethanol at
Img/ml at -20 °C. The standard curve was double diluted in assay buffer across a
range of 40 ng/ml - 0.313 ng/ml.

2.14.2 Antibody Coating of Microtitre Plates
The PdG antibody was diluted 1:20,000 with the microtitre plate coating
buffer (Appendix 1.16) of which 0.2 ml was dispensed to each well. The
microtitre plates were covered with clingfilm and placed in a humid chamber
overnight at 4°C. Following the incubation, the antiserum solution was emptied
from each well and replaced with 0.4 ml of Pas-Gel buffer (Appendix 1.14).
Plates were re-covered with clingfilm and stored in plastic airtight containers at
4°C.

2.14.3 Sample Preparation
Urine samples were diluted as appropriate prior to being assayed for PdG.

2.14.4 Assay Protocol
All samples (T), QC’s and standards (S1-S8) were prepared in duplicate
(0.1 ml) in glass test tubes to which 0.1 ml PAS gel buffer was also added. Zero
tubes (Z) containing buffer only were also prepared in duplicate. The enyzme
conjugate (0.4 ml) was added to all tubes followed by thorough mixing.
Meanwhile plates were emptied of storage buffer by inversion and rinsed
once with fresh PAS-gel buffer. Excess fluid was removed by tapping plate gently
on tissue. From each glass tube, duplicate volumes of 0.2 ml was transferred to
the microtitre plate with the top row left empty (B) in order to monitor the non
specific binding.
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The resulting assay layout was as follows:
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The plate was covered with clingfilm and incubated for 3 hours at room
temperature. Following incubation, the plate was washed 4 times with PAS-gel
buffer before the addition of 200 /*1 of substrate to all wells. Samples were further
incubated at room temperature before the reaction was stopped upon the addition
of 0.05 ml of 3N sodium hydroxide.

The plate was read by an automated plate

reader at a wavelength of 405 nm.

2.14.5 Assay Evaluation
The assay sensitivity as determined at 90% binding was 25 pg/well (10
ng/ml).

The interassay coefficient of variation was 8.1 and 9.3% (n=8) for

controls containing high and low concentrations of PdG.

2.15 ENZYMEIMMUNOASSAY OF OESTRONE-GLUCURONIDE
Urinary oestrone-glucuronide (E^G) was measured directly.

2.15.1 Assay Materials and Reagents
The assay buffer used for this assay was a PAS-gel buffer (Appendix 1.14).
The antiserum was rabbit anti-oestrone-glucuronide (Institute of 2kx)logy) which
was stored frozen in 7 /xl aliquots of 1:1(X) and used in the assay at a final
working dilution of 1:80,000. When using E^G as standard, the antibody
significantly cross-reacted with oestrone (200%), oestrone-sulphate (96.6%),
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oestradiol 17/3 (8.3%), oestradiol 17a (1.0%) and less than 1% with oestradiol
17/3-sulphate, estriol, androstenedione, testosterone, progesterone, 17a
hydroxyprogesterone, 5/3 pregnane-3a,20a-diol, 5/3 pregnanediol-glucuronide and
corticosterone.
The enzyme label used was oestrone glucuronide (Steraloids) conjugated to
alkaline phosphatase (Type VITT, Sigma) as prepared by the active ester technique
originally described by Meyer and Hoffman (1987). The conjugate was stored in
glycerol at 4°C. The final working dilution used in the assay varied with each
conjugation but was approximately 1:4(X)0. The substrate used was 0.13 g of Pnitrophenyl phosphate (Sigma 104-0) dissolved in 24 ml of substrate buffer
(Appendix 1.).
The standard was oestrone-3-glucuronide (Sigma E1752) which was stored
in a stock solution of 1.0 /zg/ml in ethanol at -2ŒC. A 5 /xl aliquot of the stock
solution was made up to 2 ml with PAS-gel buffer (2.5 ng/ml) and left for 30
minutes to reconstitute. This solution was then double diluted to create a standard
curve across the range of 2.5-0.039 ng/ml.
Microtitre plates were coated with a non-specific sheep anti-rabbit IgG
(Prof. Bamberg, Institute of Biochemistry, Vienna). The detailed description of
this methodology was given in Section 12.2.5 for the pregnanetriol EIA.

2.15.2 Sample Preparation
Urine samples were diluted as appropriate prior to being assayed directly
for EjG.

2.15.3 Assay Protocol
Plates were emptied of storage buffer by inversion and rinsed once with
fresh PAS-gel buffer. Excess fluid was removed by tapping plate gently on tissue.
All samples (T), QC’s and standards (S1-S8) were pipetted in duplicate (0.1 ml)
into the wells of the microtitre plate. Zero tubes (Z) containing buffer only were
also pipetted in duplicate while 2 wells were left empty in order to determine the
non-specific binding (NSB). The enyzme conjugate (0.05 ml) was added to all
wells followed by the addition of 0.05 ml of antibody to all well except the NSB.
Plates were wrapped in clingfilm and incubated overnight at 4°C.
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Following incubation, the plate was washed 4 times with PAS-gel buffer
before the addition of 200 /xl of substrate solution (Appendix 1.9) to all wells.
Samples were further incubated at room temperature for 45 minutes before the
reaction was stopped upon the addition of 0.05 ml of 3N sodium hydroxide.

The

plate was read by an automated plate reader at wavelength of 405 nm.

2.15.4 Assay Evaluation
A typical standard curve obtained by plotting the percentage of bound
steroid against the mass in ng of the E^G standard on a semi-logarithmic scale is
shown in Fig. 2.5.
The assay sensitivity as determined at 90% binding was 0.06 ng/ml. The
assay accuracy based on the measurement of 5 samples across three assays was
91.8% ± 0.28 (mean ± SEM, n=15). The intraassay coefficient of variation was
5.4% (n=30), while the interassay coefficient of variation was 8.9 and 7.7%
(n=40) for controls containing high and low concentrations of E^G.
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Figure 2.5. Binding inhibition curves demonstrating parallelism in serially diluted
Asian elephant urine pool samples from the mid luteal and follicular phase.

#—e Oestrone glucuronide standard
0 — 0

Elephant mid luteal phase plasma pool

A—A Elephant follicular phase plasma pool
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CHAPTER 3.
IDENTIFICATION OF URINARY GESTAGEN AND OESTROGEN
METABOLITES

3.1 INTRODUCTION
The analysis of hormone metabolites in urine and faeces has enabled the
characterization of the ovarian cycle and pregnancy in a wide variety of domestic
and exotic species. Since, however, species differences exist with respect to the
metabolism and route of excretion of reproductive steroids, it is important to
identify those excreted steroid metabolite(s) which will most accurately reflect the
reproductive events of interest.
Urinary assessment of reproductive steroid metabolites is the most reliable
and accurate means for non-invasive detection of hormonal fluctuations indicative
of ovarian function to-date. In those species for which urine is a major route of
excretion of reproductive steroid metabolites, urine samples can be standardized by
the measurement of creatinine. Measurement of creatinine concentrations
(assumed to be excreted in constant daily amounts) acts as a marker, enabling
samples to be corrected for variation in glomerular filtration rate and thus reported
as a mass of hormone/mg creatinine.
Identification of the major urinary reproductive steroid metabolites in the
elephant was undertaken using various techniques. Gas chromatography mass
spectrometry (GCMS) analysis was used for preliminary identification of urinary
gestagen metabolites. High performance liquid chromatography (HPLC) was used
to substantiate the initial GCMS findings for gestagens as well to examine the
relative abundance of urinary oestrogen metabolites.
The specific aim of this part of the study was to provide information on the
identity of the major progesterone and oestrogen metabolites present in elephant
urine, as a prelude to establishing the appropriate immunological assays for their
measurement.
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3.2 MATERIALS AND METHODS
3.2.1 Sample Preparation
Urine samples (20 ml) for GCMS analysis were collected from the six
female Asian elephants housed at PLZ in order to provide representative samples
from each of the follicular phase (n=3), midluteal phase (n=4) and pregnancy
(n=3). Urine samples were chosen based on having a creatinine concentrations
greater than 0.5 mg/ml. The reproductive state of the animal was based on the
continuous weekly assessment of circulating concentrations of plasma progesterone
which in turn was used to select the urine samples. Thus midluteal and follicular
phase as well as pregnancy urine samples were determined based on the
concentrations of plasma progesterone of the corresponding week.
Urine samples chosen for HPLC analysis (250 /xl) although smaller in
volume, followed the same selection criteria as just outlined for GCMS analysis.
For both gestagen and oestrogen analysis, comparison were made between results
obtained after hydrolysis and extraction with those after extraction only.

3.3 RESULTS
3.3.1 Gas Chromatography Mass Spectrometry
According to the mass spectra obtained, the silyl ether derivatives of
pregnanetriol (as described by Quilliam and Westmore, 1980) were the most
abundant of the progesterone metabolites successfully identified. Figure 3.1
illustrates the initial gas chromatographic (GC) identification of three isomers of
pregnanetriol from one pregnancy sample along with the internal standards A (5a
androstanediol), S (Stigmasterol) and C (Cholesterol butyrate). The mass
spectrometer (MS) printout identified the characteristic breakdown of the ion
spectra of pregnanetriol as well as the relative abundance. The identification of
pregnanetriol was achieved due to the TMSO groupings on the steroid which
caused the ions of the molecule to fractionate in the characteristic mass-to-charge
(m/z) pattern of 435, 345, 255 (Quilliam and Westmore, 1980) when undergoing
electron bombardment by the mass spectrometer. Figure 3.2 presents a
representative example of a GCMS printout from one female Asian elephant
during the mid luteal phase of the oestrous cycle. In this instance, the GC profile
indicates the presence of two isomers of pregnanetriol based on the MS analysis of
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Figure 3.1.

A typical gas chromatography mass spectrometer printout identifying

the internal standards (A,S and C) as well as three different isomers of
pregnanetriol in the urine of a pregnant Asian elephant. The characteristic
breakdown of the ion spectra of pregnanetriol, namely 255, 345, 435, allows for
rapid identification of any individual peaks selected from the GC profile.
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Figure 3.2. A typical gas chromatography mass spectrometer printout identifying
the internal standards (A,S and C) as well as two different isomers of
pregnanetriol in the urine of an Asian elephant in the mid luteal phase of the
oestrous cycle.
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the chromatographic peaks. In all samples tested from the mid-luteal phase of the
oestrous cycle as well as pregnancy (n=7) at least two isomers of pregnanetriol
were found.
A description of the breakdown for the ion fractionation specific for
pregnanetriol is shown in Fig. 3.3.

The molecular mass of the trimethylsilyl

ether derivative of pregnanetriol is M -1-552. With the characteristic fractionations
occurring at C2 0 ,

and

C3 ,

the ions with m/z ratios of 435, 345, 255 are

produced by the calculations:

1. M 4-552 - M l 17 (molecular weight of CH3 at C2 0 ) = m/z 435

I
C-TMSO
2. M435 - M90 (molecular weight of TMSO at
3. M345 - M90 (molecular weight of TMSO at

= m/z 345
C3)

= m/z 255

This ion fractionation pattern is unique to pregnanetriol enabling the identification
of the molecule although not the specific isomer.
Samples analyzed by gas chromatography only were used to further aid in
the identification of unknown steroid metabolites. Figure 3.4 is an example of a
typical GC profile from a female during the midluteal phase. Firstly, the run
shows the three internal standards in which ’A* elutes before the first major
urinary steroids, ’S’ elutes after the last major urinary steroid and C’ gives an
indication of the stability of the derivatization procedure. As the elution profile of
the internal standards do not vary between GC runs, a template of the standards
along with established common urinary steroid metabolites was used to identify the
standards as well as place unidentified peaks in the profile into perspective. Thus,
the initial identification of one pregnanetriol isomer was made (5jS-pregnane3a, 17a,20a-triol) based on this method.
In order to further identify unknown peaks, methylene units (MU) were
calculated which enabled an alternative means for precisely identifying the exact
molecular structure. The MU units are a constant value which can be compared
between GC runs. This was achieved by comparing the GC retention time of the
steroid metabolite peak in question with a reference substance which was a
saturated unbranched aliphatic hydrocarbon (straight chain and non-steroidal). For
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Figure 3.3. An example of the pattern in which the derivatized pregnanetriol
fractionates in order to produce the characteristic ion mass-to-charge ratio of 435,
345, 255. As pregnanetriol contains no carbonyl groups, the derivatized structure
is a trimethylsilyl ether (TMSO) derivative of pregnanetriol which fractures at C2 0 ,
Ci7 and C3 .
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Figure 3.4. An illustration of a typical GC profile from a female Asian elephant
outlining the positions of the internal controls as well as the two major isomers of
pregnanetriol consistently found in all samples, namely 5)3 pregnane3of,17a,20a//3-triols (PT2 and PTl).
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steroids, alkanes between C2 4 and C3 2 were used. The MU values were
determined by coinjection of the reference mixture with the steroid derivatives.
By derivatizing known steroids and running them through the GC along with
coinjected alkanes, the precise methylene units of the steroid in question was
ascertained. Figure 3.5 illustrates the coinjection of 5j8-pregnane-3a,17a,20a-triol
with straight chain alkanes (C2 4 -C3 2 ) and the calculation involved for determining
MU. In this instance, the results indicate that this pregnanetriol isomer has a MU
unit value of 28 based on the calculation:

X/Y X 2 = 28
where

X = distance from C2 6 to PT
Y = distance from

€ 2 5

to C2 8

Coinjection of a pure reference standard with the unknown steroid was
carried out to help confirm the specific molecular structure (ie. isomeric form).
Figure 3.6 illustrates the resulting change in peak height of another pregnanetriol
isomer as a result of coinjecting the pure reference steroid 5j8-pregnane3a,17a,20j8-triol along with the sample. By arbitrarily choosing any peak in the
unspiked profile and measuring the height from the baseline as well as the heights
of the identified steroids, the resulting ratio was used as a reference for
determining any changes in peak height between the spike and normal sample. In
this instance, the peak chosen from the unspiked profile in (A) measured 30mm
while the PT peak measured 9 mm creating a ratio of 0.3. In (B) after
coinjection, the same peak was measured at 32 mm while the PT peak was 78 mm
with the resulting ratio of 2.44. This obvious increase in peak height thus
confirmed the specific identity of this particular pregnanetriol isomer.
Table 3.1 provides a summary of the results of the GCMS analysis of all
the Asian elephant urine samples analysed. The results show that 5|8-pregnane3a,17a,20a-triol and 5/5-pregnane-3a,17a,20j8-triol were present in every urine
sample analyzed from pregnancy and the mid-luteal phase. Quantitively these two
steroid metabolites were also the most abundant forms of pregnanetriol present.
However, in the luteal phase and pregnancy samples, other isomeric forms of
pregnanetriol were identified. Significantly, it was not possible to detect
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Figure 3.5. This figure demonstrates the identification of 5j8-pregnane3a,17a,20a-triol by calculating the methylene units (MU) when the pure
derivatized standard was coinjected with straight chain alkanes C2 4 -C3 4 .
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Figure 3.6. An alternative means for identification and/or confirmation of the
actual isomeric form of the steroid in question involves the coinjection of the pure,
derivatized standard with the unknown steroid as illustrated in this GC trace. (A)
is the original GC profile while in (B) the urine sample has been coinjected with
the pure steroid 5/3-pregnane-3a,17a,20j(3-triol.
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Table 3.1
GCMS: Summary of Results

Reproductive
State

Identified Steroid
Metabolite

Follicular
n=3

lljS hydroxyandrosterone/
aeticholanolone
no detectable pregnanetriols

Mid Luteal
n=4

Pregnancy
n=3

Incidence

1

3

5j8 pregnane 3a, 17a,20a triol
5j8 pregnane 3a,17a,20/3 triol
5j8 pregnane 3a, 6a,20a triol
5a pregnane 3a,llj8,20a triol
5a pregnane 3j5,17 ,20a triol
3a,20a dihydroxy-5j5 pregnan-ll-one
lljS hydroxy androsterone/
aeticholanolone

4
4

5/3 pregnane 3a,17a,20a triol
5jS pregnane 3a, 17a,20/8 triol
5a pregnane 3j3,17 ,20a triol
5a pregnane 3a,ll/3,20a triol
3a,20a dihydroxy-5j8 pregnan-ll-one

3
3

2
1
1
1

1

1
1
2
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pregnanetriol in urine from the follicular phase, while progesterone, pregnanediol
and 20a dihydroprogesterone were not detected in any samples.
Following the initial GCMS identification of 5j8-pregnane-3a, 17a,20a/j8triols as abundant gestagen metabolites, the presence of immunoreactivity was
examined by HPLC (described in section 2.12). In order to have a steroid
reference marker for HPLC analysis, a tritiated pregnanetriol label had to be made
as one was not available commercially. This next section describes the
preparation of a tritiated pregnanetriol label for use as a reference marker during
HPLC analysis.

3.3.2 Preparation of Tritiated Pregnanetriol Label
Two tritiated pregnanetriol isomers were made for use in HPLC analytical
procedures. One isomer was produced by incubating fetal cotyledons from day
130 goat placenta as described by Flint et al. (1978). An example of a
radiochromatogram scan of a thin layer chromatogram from one incubation is
given in Fig. 3.7. The tentative identification of the different peaks derived from
the metabolism of pH] 17a hydroxyprogesterone were based upon retention factor
(RF) where:
R F= X/Y
where

X = the distance from the origin to the middle of the unknown peak
Y = the distance from the origin to the solvent front

and comparing the means and ranges of the RF’s with those published by Flint et
al. (1978). Table 3.2 briefly outlines the radiochromatogram results from the goat
placenta incubation, with the resulting retention factors as well as the per cent
conversion and activity of the samples analysed.
Recrystallization studies were also carried out in order to identify the
pregnanetriol isomers. Recrystallization enables the determination of the identity
of a steroid by using the properties which govern the growth of crystals. Samples
of pure, unlabeUed hormone are dissolved in a solvent containing the unknown
labelled steroid. The solution is made supersaturated by a combination of
evaporation of one solvent and the introduction of a second solvent in which the
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Figure 3.7. Radiochromatogram scan of a thin layer chromatogram illustrating the
metabolism of [^H] 17a hydroxyprogesterone. The solvent fronts are to the left
and the origins to the left. The three peaks of radioactivity obtained after
incubation of sheep placental tissue with [^H] 17a hydroxyprogesterone were
identified as (from left to right) 1: pregnanediol 2: unknown 3: pregnanetriol.
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Table 3.2

Results from four goat cotyledon tissue incubation studies indicating the mean
retention factor (Rp), range and the % conversion from pH] 17a
hydroxyprogesterone after radiochromatogram scanning of the thin layer
chromatograms.

Run #

Mean Rp

Range Rp

% Conversion

5/8 Pregananetriol

1
2
3
4

0.33
0.30
0.32
0.32

0.29-0.37
0.27-0.34
0.28-0.36
0.28-0.36

25
22
24
25

Unknown

1
2
3
4

0.41
0.38
0.40
0.39

0.38-0.45
0.34-0.42
0.37-0.44
0.35-0.42

10
10
12
11

Pregnanediol

1
2
3
4

0.61
0.59
0.58
0.60

0.56-0.65
0.54-0.63
0.53-0.62
0.55-0.64

15
14
16
15

Steroid
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steroid is less soluble. Crystals of the unlabelled pure steroid grow and
incorporate the labelled unknown if they are the same but not if they are different.
The specific activity is calculated from the weight of the crystals formed compared
to the amount of radioactivity incorporated. If this figure in ^Ci/mg remains
constant over a series of recrystallizations then this is evidence that the pure
steroid and the unknown are the same.
Recrystallization studies of the pregnanetriol peak produced by the tissue
incubation of goat cotyledons with 5/3-pregnane-3a,17a 20a-triol standard were
not successful (Table 3.3). The 20j8 form of the pregnanetriol was not available in
sufficient quantity to do any recrystallization studies. Thus, the exact
identification of this pregnanetriol isomer was made possible but was assumed to
be 5j8-pregnane-3i8,17a,20a-triol as originally determined by Flint et al. (1978).
The second pregnanetriol isomer was biochemically produced from the
reduction of pH] 17 hydroxy-5j(3-pregnane-3a,20a-diol. Radiochromatogram
scanning of this isomer generated a peak that eluted in approximately the same
position as the pregnanetriol isomer produced from goat cotyledon incubation but
did not co-elute with the

steroid controls (P4, 17aOHP4, Pdiol, 20aDHP).

However, recrystallization of this pregnanetriol isomer with 5j3-pregnane-3«, 17a
20a-triol was successful (Table 3.3). The activity of this pregnanetriol was 8.8
/iCi/ml.
Finally, in order to check the purity of the compounds produced as well as
to discover whether or not they could be separated, both pregnanetriol isomers
were run through HPLC. A summary of the results can be seen in Table 3.4.
Although the two isomers appeared to have different retention times when injected
separately, it was not possible to obtain clear separation when the samples were
coinjected. Due to the nature of the ring structure of the pregnanetriols it was not
possible to excite enough electrons to create a UV absorption spectra. None-theless, the pH] 5/3-pregnane-3a,17a,20a-triol label, consistently produced one clean
peak eluting at 7.99 minutes. However, the pH] 5j8-pregnane-3j8,17a,20a-triol
label consistently demonstrated an absorption spectra at 6.52 minutes, although the
CPM’s did not elute until 7.68 minutes, indicating some contamination of the pH]
label.
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Table 3.3
Summary of the results from recrystallization of tritiated pregnanetriol isomers
produced from goat cotyledons or HSD reduction studies with 5/8 pregnane
3a, 17a,20a triol. Progesterone was used as a control to monitor the procedure.

Steroid

Trials

Mass (g)

DPM

SpA OxCi/g)

Progesterone

initial
#1
#2
#3
#4
#5

0.0011
0.0008
0.0006
0.0003
0.0004
0.0003

2160
1320
1026
546
695
521

8.92
7.50
7.77
8.27
7.90
7.89

Mean
Std. Dev.
CV

X

10*'

1.21
1.24
6.17X
5.20 X
5.49 X
4.70 X

10'
10 '
10 '
10*'

8.04
0.05

X
X
X
X

5%

Pregnanetriol isomer initial
produced from
n
goat cotyledons
n
#3
#4

#S

0.0006
0.0003
0.0004
0.0003
0.0002
0.0002

1605
821
543
343
248
211

7.69 X 10*'
0.356
46.2%

Mean
Std. Dev.
CV
Pregnanetriol isomer initial
produced by HSD
#1
reduction
n
#3
#4
#5
Mean
Std. Dev.
CV

X

10 '
10 '
10 '
10 '
10 '
10 '

X

0.0010
0.0007
0.0003
0.0002
0.0002
0.0002

1906
1298
489
320
348
362

8.66
8.43
7.42
7.27
7.91
8.27

X
X
X
X
X
X

10 '
10 '
10*'
10 '
10'
10 '

7.99 X 10 '
0.056
7.09%
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Table 3.4
A summary of the HPLC results testing the purity of the two pregnanetriol
isomers and the peak retention time (PRT)

Steroid

Progesterone

Run #

^H CPM PRT
(min)

^H UV Spectra PRT
(min)

1
2

5.09
4.91
5.0

4.99
4.81
4.9

1
2

3.06
2.98
3.02

2.97
2.84
2.91

1
2
3

7.83
7.61
7.61
7.68

6.39
6.58
6.58
6.52

1
2
3

8.1
7.82
8.04
7.99

Mean
17of OH P4
Mean
5j3 pregnane
3j3,17of,20of triol
Mean
5j8 pregnane
3ot,17of,20a triol
Mean

——

—

—
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Based on the work of Flint et al. (1978) it was assumed that this
contamination was 17a,20a dihydroxy-pregn-4-en-3-one due to the nature of the
polarity of the steroid as well as the unsaturated ketone in the A ring enabling an
absorption spectra to be created. Thus, based on these studies it was decided to
use only the pH] 5j8-pregnane 3a,17a,20a-triol for further HPLC studies.

3.3.3 HPLC Uncoi\jugated Urinary Progesterone Metabolites
The results for HPLC analysis of a sample of hydrolysed and diethyl ether
extracted Asian elephant mid luteal phase urine are shown in Fig. 3.8.
Immunoreactivity co-eluting with the pH] P3 marker was found in all samples
tested (n=3), thus indicating the presence of immunoassayable P3 in luteal phase
Asian elephant urine. As indicated earlier, relatively large amounts of additional
immunoreactivity not co-eluting with the pH] P3 label were also present in
fractions 4-9 in all samples analyzed. In contrast, progesterone, 20a
dihydroprogesterone and 17a hydroxyprogesterone were not detectable in HPLC
fractions by their specific assays at the volumes and dilutions used.
In comparison. Fig. 3.9 illustrates the HPLC results obtained from the
same sample when no hydrolysis was performed. It can be seen that there is no
peak of P3 immunoreactivity co-eluting with the pH] P3 marker, although some
residual, unidentified immunoreactivity can be seen in fractions 4-7. Again,
progesterone, 20a dihydroprogesterone and 17a hydroxyprogesterone were not
detectable in the HPLC fractions by their specific assays at the volumes and
dilutions used.
Figure 3.10 further illustrates the comparison between urine samples which
have been hydrolysed and extracted as opposed to urine samples which have been
only extracted. This representative sample from the follicular phase of an Asian
elephant, demonstrates that no P3 immunoreactivity was detected when samples
were only extracted (n=3). However, in the hydrolysed and extracted sample,
small amounts of P3 immunoreactivity could be detected co-eluting with the P3
reference marker as well as eluting in earlier fractions. Based on these initial
results from the mid luteal and follicular phase samples, the decision was made for
all further samples to be hydrolysed and extracted prior to HPLC analytical
procedures.
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Figure 3.8. Co-chromatography profiles from HPLC of immunoreactive
progesterone metabolites in Asian elephant mid luteal phase urine. The elution
profiles (closed circles) of pregnanetriol, 20a dihydroprogesterone, 17a
hydroxyprogesterone and progesterone immunoreactivity in hydrolysed and diethyl
ether extracted urine are compared with that of pH] labelled pregnanetriol, 20a
dihydroprogesterone, pregnanediol and progesterone (open circles).
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Figure 3.9. Co-chromatography profiles from HPLC of immunoreactive
progesterone metabolites in Asian elephant mid luteal phase urine. The elution
profiles (closed circles) of pregnanetriol,

2 0

a dihydroprogesterone, pregnanediol

and progesterone immunoreactivity in diethyl ether extracted only urine are
compared with that of pH] labelled pregnanetriol,
pregnanediol and progesterone (open circles).
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Figure 3.10. Co-chromatography profiles from HPLC of immunoreactive
progesterone metabolites in Asian elephant follicular phase urine. The elution
profiles (closed circles) of pregnanetriol immunoreactivity in (A) hydrolysed and
diethyl ether extracted urine and (B) diethyl ether extracted only urine are
compared with that of pH] labelled pregnanetriol, 20a dihydroprogesterone,
pregnanediol and progesterone (open circles).
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HPLC was performed on urine samples throughout different stages of
pregnancy for the Asian elephant. Figures 3.11 and 3.12 depict examples of the
results obtained from samples from early and late pregnancy respectively. During
early pregnancy, large quantities of immunoreactivity were measurable in all
samples examined (n=3) although none of it specifically eluted with the P3
reference marker. Furthermore, there were measurable amounts of 20a
dihydroprogesterone co-eluting with both the pregnanetriol and pregnanediol
markers although not specifically with the

2 0

a dihydroprogesterone reference

tracer. In contrast, urine samples analyzed from late pregnancy (n=3)
consistently demonstrated an immunoreactive peak co-eluting with the
pregnanetriol marker although the unidentified immunoreactivity eluting earlier in
fractions 5-9 was also present. Unlike the samples analyzed during early
pregnancy, there was no

2 0

a dihydroprogesterone immunoreactivity measurable.

In all cases, 17a hydroxyprogesterone and progesterone remained undetectable.

3.3.4 HPLC of Uncoi^ugated Urinary Oestrogen Metabolites
Figure 3.13 illustrates an example of the HPLC results from a mid luteal
phase urine sample which has been extracted but not hydrolysed. It can be seen
that there is no detectable immunoreactivity co-eluting with any of the oestrogen
reference steroid markers. These findings were consistent for all the samples
analysed from the follicular phase (n=3), mid luteal phase (n=3) and early
pregnancy (n=3). Only urine samples analysed by HPLC from late pregnancy
elephants demonstrated low concentrations of oestrone immunoreactivity co-eluting
with the pH] oestrone marker. Based on these initial findings the decision was
made to hydrolyse and extract all urine samples prior to HPLC analytical
procedures.
Figure 3.14 shows the results for HPLC analysis of a sample of hydrolysed
and extracted Asian elephant follicular phase urine. Immunoreactivity was found
to co-elute with the oestrone and oestradiol-17jS tracers but not the oestriol tritiated
marker. However, the concentrations of immunoreactive oestrone were
consistently greater than the concentrations of oestradiol-17|5 (n=4).
In comparison. Fig. 3.15 provides an example of the HPLC results from
hydrolysed and extracted urine from female Asian elephants during the mid luteal
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Figure 3.11. Co-chromatography profiles from HPLC of immunoreactive
progesterone metabolites in Asian elephant early pregnancy urine. The elution
profiles (closed circles) of pregnanetriol and

2 0

a dihydroprogesterone

immunoreactivity in hydrolysed and diethyl ether extracted urine are compared
with that of pH] labelled pregnanetriol, 20a dihydroprogesterone, pregnanediol
and progesterone (open circles).
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Figure 3.12. Co-chromatography profiles from HPLC of immunoreactive
progesterone metabolites in Asian elephant late pregnancy urine. The elution
profiles (closed circles) of pregnanetriol and

2 0

a dihydroprogesterone

immunoreactivity in hydrolysed and diethyl ether extracted urine are compared
with that of pH] labelled pregnanetriol, 20a dihydroprogesterone, pregnanediol
and progesterone (open circles).
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Figure 3.13. Co-chromatography profiles from HPLC of immunoreactive
oestrogen metabolites in Asian elephant mid luteal phase urine. The elution
profiles (closed circles) of oestrone, oestradiol and oestriol immunoreactivity in
diethyl ether extracted urine are compared with that of pH] labelled oestrone,
oestradiol and oestriol (open circles).
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Figure 3.14. Co-chromatography profiles from HPLC of immunoreactive
oestrogen metabolites in Asian elephant follicular phase urine. The elution
profiles (closed circles) of oestrone, oestradiol and oestriol immunoreactivity in
hydrolysed and diethyl ether extracted urine are compared with that of pH]
labelled oestrone, oestradiol and oestriol (open circles).
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Figure 3.15. Co-chromatography profiles from HPLC of immunoreactive
oestrogen metabolites in Asian elephant mid luteal phase urine. The elution
profiles (closed circles) of oestrone, oestradiol and oestriol immunoreactivity in
hydrolysed and diethyl ether extracted urine are compared with that of pH]
labelled oestrone, oestradiol and oestriol (open circles).
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phase. In this instance as in all subsequent measurements (n=4), there was
measurable immunoreactivity of all three oestrogens co-eluting with their specific
tritiated reference markers when fractions were assayed in the respective oestrogen
assays. However, there was a ten fold increase in the concentrations of
immunoreactive oestrone as compared with the follicular phase sample.
Furthermore, although there was also an approximate three fold increase in
immunoreactive oestradiol-17)8 co-eluting with the reference marker, there was
also substantial cross-reactivity displayed with the oestrone reference marker which
was consistent in all samples analysed (n=4) and not present in any of the
follicular phase samples tested (n=4). Very low concentrations of immunoreactive
oestriol were detected in fractions co-eluting with the oestriol reference.
The HPLC oestrogen profile for early pregnancy animals (n=3) as
illustrated in Fig. 3.16 was similar to that described for mid-luteal phase samples.
However, the analysis of urine samples from late pregnancy cows (n=3) as
represented by the example in Fig. 3.17, illustrated a further five fold increase in
concentrations of oestrone eluting with the oestrone tritiated reference marker.
Concentrations of oestradiol-17)8 and oestriol were not noticeably different from
those seen for both early pregnancy and mid luteal phase urine samples.
Oestradiol-17)8 cross-reactivity co-eluting with the tritiated oestrone reference
marker was also measured.

3.4 DISCUSSION
The primary aim of this chapter was to determine the major gestagens and
oestrogens in the urine of female Asian elephants. The studies involving GCMS
clearly identified pregnanetriol as the major urinary gestagen metabolite. In
addition, these findings were supported by HPLC analysis which provided
additional evidence as to the presence and abundance of pregnanetriol in female
Asian elephant urine. Finally, HPLC also confirmed the presence of oestrone as
the most abundant urinary oestrogen present in both the follicular and mid luteal
phases of the oestrous cycle as well as varying stages of pregnancy.
The initial GCMS analysis identified a range of 5a and 5)8 pregnanetriol
isomers as well as a pregnanediolone and

1 1 )8

hydroxyandrosterone/aeticholanolone during the mid luteal phase of the oestrous
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Figure 3.16. Co-chromatography profiles from HPLC of immunoreactive
oestrogen metabolites in Asian elephant early pregnancy urine. The elution
profiles (closed circles) of oestrone, oestradiol and oestriol immunoreactivity in
hydrolysed and diethyl ether extracted urine are compared with that of pH]
labelled oestrone, oestradiol and oestriol (open circles).
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Figure 3.17. Co-chromatography profiles from HPLC of immunoreactive
oestrogen metabolites in Asian elephant late pregnancy urine. The elution profiles
(closed circles) of oestrone, oestradiol and oestriol immunoreactivity in hydrolysed
and diethyl ether extracted urine are compared with that of pH] labelled oestrone,
oestradiol and oestriol (open circles).
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cycle as well as pregnancy. However, 5j3-pregnane-3a,17a,20a/i8-triols were
consistently present in all these samples analysed, as well as being the most
abundant pregnanetriol isomers present. Furthermore, in all samples analyzed,
neither progesterone nor its metabolites, 17a hydroxyprogesterone, pregnanediol
and 20a dihydroprogesterone were detected by GCMS. This may be due in part
to the poor GC response for detecting most C2 i-a-ketolic steroids, particularly
when low concentrations are being examined (Shacldeton, Mattox, and Honour,
1983). However, in an independent study, Mainka and Lothrop (1990) attempted
but failed to measure urinary progesterone cycles in two Asian elephants, a finding
in support with the initial GCMS results. Thus based on these initial results, 5j8
pregnanetriol was considered the major urinary progesterone metabolite in the
Asian elephant.
Pregnanetriol is a unique major urinary metabolite of 17a
hydroxyprogesterone, produced by reductions in ring A, C3 and C2 0 of the steroid
molecule (Gower and Honour, 1984). Thus, the formation of P3 follows a
separate pathway from that used in the production of 2 0 a dihydroprogesterone and
pregnanediol (Gower and Honour, 1986), for which 17a hydroxyprogesterone is
not an obligatory intermediate (Axelrod and Goldzieher, 1960).
Originally discovered in the urine of two women with congenital adrenal
hyperplasia (Butler and Marrian, 1937), the measurement of P3 is normally used
as an indicator of this condition rather than for monitoring ovarian function.
Human ovaries however are known to be a source of its precursor, 17a
hydroxyprogesterone (Zander, 1958; Short and London, 1961) while measurement
of P3 for determining ovarian function as well as the well-being of the fbetoplacental unit during late pregnancy in women has been briefly reported (eg.
Pickett et al., 1959; Fotherby, 1960; Pickett and Kellie, 1962; Harkness and
Love, 1966). Most likely due to differences in 17a hydroxylase activity however,
pregnanetriol is not a major urinary metabolite in other domestic species which
have been examined to-date. In the goat, but not sheep, pig or cow, pregnanetriol
has been measured several weeks prior to parturition when 17a hydroxylase
activity was stimulated (Flint et al. 1978).
Following the initial GCMS findings and the subsequent development of the
P3 EIA, the next step was to determine whether or not P3 immunoreactivity could

171

be detected in the Asian elephant throughout various reproductive states. The
results clearly showed that measurement of P3 was detectable during the follicular
and mid luteal phases of the oestrous cycle as well as during pregnancy. Co
chromatography by HPLC failed to detect progesterone, 17a hydroxyprogesterone,
2 0

a hydroxyprogesterone or pregnanediol thus providing additional support to the

original GCMS results. These observations provoided further support to suggest
that these urinary gestagens are not excreted as physiologically important urinary
metabolites of progesterone in the Asian elephant.
HPLC profiles between urine samples which had been hydrolysed and
extracted prior to analysis as compared with those which had been extracted only,
clearly demonstrated that pregnanetriol was found predominantly in the conjugated
form in the Asian elephant. In humans, pregnanetriol is predominantly conjugated
to a glucuronide (Samarajeewa and Kellie, 1985), however this study was not able
to determine the type of conjugate present in the Asian elephant.
Future attempts to specifically try and identify the particular conjugate of
pregnanetriol might involve repeating the GCMS work by examining urine samples
for intact conjugates. The recent introduction of fast atom bombardment (FAB)
offers an immediate means of analyzing steroid conjugates without hydrolysis and
derivatization (Shackleton and Chai, 1986). Analysis of steroid conjugates may
also help to discern the identity of the more polar steroids cross reacting with the
P3 enzymeimmunoassays.
None-the-less, HPLC analysis clearly indicated that the measurement of P3
was not specific. Thus, the results reported in this thesis are non-specific
measurements of unconjugated P3 immunoreactivity, since HPLC demonstrated the
presence of other, more polar immunoreactive substances. These unidentified
substances may even be quantitatively more important than P3, however at present
their nature remains unknown. Although the antibody cross-reacts extensively
with other P3 isomers and with pregnanetetrols, all of which can be expected to
elute from HPLC at positions similar to that of the unknown, their contribution to
the immunoreactive profiles described could not be determined.
The GCMS and HPLC findings of relatively high levels of 5j8 pregnanetriol
(P3) in female Asian elephant urine during various reproductive states was unusual
but may explain the previous lack of success in attempting to monitor reproductive
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cycles with more commonly measured progesterone metabolites such as 20a
dihydroprogesterone and pregnanediol glucuronide. Measurement of urinary
pregnanediol glucuronide or 20a dihydroprogesterone have proven to be invaluable
for monitoring reproductive status in a wide variety of species including black and
white rhino (Hindle et al., 1992), gorilla (Hodges and Green, 1989), giant panda
(Hodges, Bevan, Celma, Hearn, Jones, Kleiman, Knight and Moore, 1984), white
tailed deer (Knox, Miller, Collins, Bush, Kiser and Marchington, 1992), killer
whale (Walker et al., 1988) and macaque (Monfort, Jayaraman, Schideler, Lasley
and Hendrickx, 1986). In contrast however, the levels of immunoreactivity
associated with these metabolites in Asian elephant urine are low and variable and
their patterns of excretion do not correlate with ovarian events (C. Niemuller, data
not shown).
Measurement of urinary unconjugated oestrogens by HPLC were made in
the effort to determine the major urinary oestrogen(s) excreted in Asian elephants
for subsequent use in more precisely monitoring ovarian events as well as
pregnancy. The data presented in this chapter clearly demonstrated that oestrone
was the most predominant urinary oestrogen metabolite found in various
reproductive states in the female Asian elephant, with particularly large
concentrations found during the latter half of pregnancy. Concentrations of
immunoreactive oestradiol-17)3 were also present in all samples analysed, although
the relative amounts were considerably less than for oestrone. Very small levels
of immunoreactive oestriol were detected in all urine samples tested except those
from the follicular phase.
The findings from this chapter are in contrast to earlier studies carried out
on Asian elephants. Previous assessment of Asian elephant urinary oestrogens by
HPLC (Ramsey et al., 1981) using a total immunoreactive oestrogen antibody
(cross-reactivities not given) demonstrated general cross-reactivity co-eluting with
the tritiated oestradiol, oestrone and oestriol reference steroids, although the stage
of the cycle from which samples were assessed was not given. A preliminary
radiometabolism study whereby tritiated oestradiol 17/3 was injected iv into two
female Asian elephants, found that oestradiol-17/3 conjugate was a major
metabolite in the urine and plasma, with the ratio of conjugated oestradiol to
oestrone being 60:40 (Czekala et al., 1992). However, Mainka and Lothrop

173

(1990) measuring total urinary oestrogens in one pregnant female Asian elephant,
demonstrated an increase in total oestrogens throughout pregnancy which does
support the HPLC results found in this study.
HPLC profiles of urine samples which had been hydrolysed and extracted
prior to analysis as compared with those which had been extracted only, clearly
demonstrated that the oestrogen metabolites measured were being excreted in the
urine predominantly in the conjugated form. This study however, did not
determine the type of conjugate present. Conjugated oestrone has been identified
as the major oestrogen in the urine of most species of primates and ungulates
studied to-date (as reviewed by Lasley, Monfort, Hodges and Czekala, 1981;
Loskutoff et al., 1983) and is excreted either as oestrone-3-sulphate or oestrone-3glucuronide.
In the Asian elephant, measurement of conjugated oestrogens in the plasma
of two pregnant elephants, identified oestrone-conjugate as the major oestrogen
metabolite (Hodges et al., 1987). To-date, no comparable studies have been
carried out in either the urine or plasma of cycling animals or urine of pregnant
animals to confirm this finding. Measurement of unconjugated oestrogens in the
plasma of cycling or pregnant animals have been difficult to measure due to the
low concentrations found (Plotka et al. 1975; Hess et al., 1983; Hodges et al.,
1987; Plotka et al., 1988). These data indirectly support the HPLC findings in
this study suggesting that the oestrogens being secreted in the urine of the Asian
elephant are predominantly conjugated.
In the human, oestradiol and oestrone are interconvertible by 17a/j8hydroxysteroid dehydrogenase in the plasma, although the oxidation of oestradiol
to oestrone is more rapid than the reverse (Gower and Honour, 1986). It is
possible that the conversion of oestradiol to oestrone and then oestrone conjugate
in the plasma is the major oestrogen steroid metabolic pathway found in the
elephant, which is then ultimately excreted in the urine as an oestrone conjugate.
The GCMS and HPLC results presented in this chapter have demonstrated
that pregnanetriol and oestrone are the major urinary progesterone and oestrogen
metabolites respectively present in the Asian elephant. These findings suggest that
measurement of urinary pregnanetriol and oestrone should provide useful, noninvasive means for monitoring reproductive status in the female Asian elephant.
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Therefore, the next two chapters will concentrate on the establishment and
validation of these two urinary metabolites with respect to their secretion patterns
during reproductive cycles and pregnancy in the female Asian elephant.
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CHAPTER 4
MONTTORING OVARIAN CYCLES BY URINARY GESTAGEN AND
OESTROGEN ANALYSIS IN ASIAN ELEPHANTS

4.1 INTRODUCTION
During the last ten years, the ovarian cycle of the Asian elephant has been
characterized by the measurement of circulating concentrations of plasma
progesterone (Hess et al., 1983; Plotka et al., 1988; Brown et al., 1991; Taya et
al., 1991). Measurements of plasma oestradiol as well as luteinizing hormone
(LH) have also been reported but levels are either below the detection limits of the
assays employed or the results are inconsistent between studies, consequently the
secretion of these hormones has not proved to be useful for indicating ovarian
status (Chappel and Schmidt, 1979; Hess et al., 1983; Plotka et al., 1988; Mainka
and Lothrop, 1990; Brown et al., 1991, Taya et al., 1991).
To-date, studies attempting to identify urinary metabolites of progesterone
with respect to the ovulatory cycle in Asian elephants have not been reported,
while measurement of urinary oestrogens have yielded variable and inconclusive
results (Ramsey et al., 1981; Mainka and Lothrop, 1990). A recent attempt to
monitor ovarian function by measuring unmetabolized progesterone in the urine
from Asiatic elephants was unsuccessful (Mainka and Lothrop, 1990).
Therefore, measurement of circulating concentrations of progesterone
currently provides the most reliable monitor of ovulatory cycles in female Asian
elephants and as such is widely used in many zoological collections. The
dependence on assessing ovarian function by plasma hormone analysis has been a
hindrance for those zoological establishments in which blood sampling is not safely
possible. Furthermore procedures involving blood sampling cannot be used in
longitudinal studies monitoring the reproductive dynamics of free-ranging
elephants. These reasons formed the rationale for attempting to determine a
non-invasive approach for assessing ovarian activity in the Asian elephant.
In the previous chapter data were presented which identified SjS
pregnanetriol and oestrone as the most abundant gestagen and oestrogen
metabolites in the urine of the female Asian elephant. Preliminary results
suggested that urine analysis may be feasible as a non-invasive means of
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monitoring reproductive status in this species. The purpose of the study presented
in this chapter was to expand upon these initial results in order to establish
immunological methods for the measurement of urinary steroid metabolites in the
Asiatic elephant and to determine their pattern of excretion throughout the ovarian
cycle. Thus the overall aim was to develop an alternative method of determining
ovarian function in the Asian elephant by evaluating weekly and daily urinary
samples and then correlating the findings with established plasma endocrine
parameters.

4.2 MATERIALS AND METHODS
The general detail of the assay procedures performed were described fully
in Chapter 2. The following descriptions provide further details relevant to this
chapter which were not previously described.

4.2.1 Animals Used
The elephants studied in this portion of the study were housed at Port
Lympne Zoo (PLZ), Hythe, Kent, England; London Zoo, London, England;
African Lion Safari, Cambridge, Ontario, Canada; Burnet Park Zoo, Syracuse,
N.Y., USA; Noorderdieren park, Emmen, Holland (n=15). A description of the
breeding arrangements for the PLZ animals has already been given in Chapter 3,
section 3.2.1. The elephants from London zoo where not housed with a male and
did not have access to one throughout the course of this study. The remaining
zoos owned at least one proven breeding male and for these collections, the
females had access to the males on a daily basis but were separated in the evening.
Oestrus behaviour, including flehmen responses and mating behaviour was
recorded by the keepers.
Wherever possible, matching, weekly samples of urine and plasma were
collected from all animals over a time span ranging from six months to three
years. Daily matched urine and plasma samples taken during the periovulatory
period were collected from the cows residing at the African Lion Safari (n=4) and
the London Zoo (n = l). The periovulatory period was pre-determined by routine
plasma progesterone analysis and attempted to include a ten day period
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encompassing pre- and post-mating behaviour although this was not always
possible.

4.2.2 Sample preparation for urinary and plasma hormone analysis
All urine samples were hydrolysed and extracted prior to being assayed for
pregnanetriol, oestradiol 17/3 and oestrone (unless otherwise indicated) by the
method outlined in section 2.3.1 and 2.3.2. Urine samples assayed by the
oestrone conjugate assay were measured directly. In all instances, plasma samples
were extracted prior to being assayed for progesterone, 17a hydroxyprogesterone,
oestrone and oestradiol-17/8. The relevant assay protocols were outlined in detail
in Chapter 2.

4.2.3 Ovarian cycle definition
The definition for the luteal and follicular stages of the elephant
reproductive cycles based on plasma endocrine analysis was modelled after that
described by Plotka et al. (1988). For both progesterone and 17a
hydroxyprogesterone, the onset of the luteal phase of the cycle was defined as the
first point (after the respective plasma concentrations dropped below

2 0 0

pg/ml)

that increased by 50 pg and remained elevated at least two weeks; the end of the
luteal phase as the first of two consecutive values within 50 pg that were less than
200 pg and at least 50 pg lower than the preceding value.
Similarily, according to urinary pregnanetriol concentrations, the onset of
the luteal phase was defined as the first point after a fall in values below

2 0 0

ng/mg CR which increased by 50 ng/mg CR and remained elevated for at least
two weeks. Likewise, the end of the luteal phase was taken as the first of two
consecutive values within 50 ng/mg CR which were less than 200 ng/mg CR and
at least 50 ng/mg CR lower than the preceding value.
The timing of ovulation was based on the analysis of once weekly plasma
progesterone concentrations and was presumed to have occurred once they had
become elevated. In order to correlate daily mating behaviour around a weekly
measurement, any reproductive behaviour occurring within ± three days of the
plasma progesterone value was attributed to that week. Otherwise, the behaviour
was assigned to the previous or following week.
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Measurements of urinary oestrone throughout the reproductive cycle were
matched with the corresponding pregnanetriol concentrations for a given date.
The length of the ovarian cycle was determined as the interval between the onset
of two successive luteal phases as defined separately for each gestagen hormone
measured. The urine and plasma gestagen and oestrogen data examined during the
periovulatory period were centered around mating behaviour. Ovulation was
presumed to have occurred once plasma progesterone concentrations became
elevated, as just described.

4.2.4 Statistics
Composite hormone profiles were generated by calculation of mean and
standard error of the mean (SEM) of individual values standardized according to
the definitions given in the above section. Correlation analyses at 99% confidence
limit were carried out in order to examine the relationship between plasma
progesterone, 17a hydroxyprogesterone and urinary pregnanetriol concentrations
throughout the ovarian cycle. Unweighted least squares linear regression analyses
were performed as an alternative statistical test for describing the relationship
between the gestagens measured in this section.

4.3 RESULTS
4.3.1 Gestagen profiles of the ovarian cycle
The profile of urinary P3 immunoreactivity (iP3) in relation to that of
circulating P4 concentrations during four consecutive ovarian cycles and into early
pregnancy in one elephant is shown in Figure 4.1. The urinary measurements
reveal a cyclic pattern of excretion in which the luteal and inter-luteal periods, as
determined by intervals of high and low circulating P4 levels, are clearly
distinguishable. In this individual, maximum luteal phase iP3 concentrations were
between 300 and 750 ng/mg CR, approximately five fold greater than those of the
corresponding interluteal period. There was a close temporal relationship between
the defined rise in plasma P4 and urinary iP3 following predicted ovulation in each
of the four cycles illustrated. The profile of urinary iP3 in another elephant in
relation to circulating concentrations of plasma P4 and 17a hydroxyprogesterone
(17a 0HP4) during three consecutive cycles is shown in Fig. 4.2. Again, the
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Figure 4.1 Representative reproductive profile of weekly plasma progesterone and
urinary pregnanetriol concentrations for one female Asian elephant through four
consecutive reproductive cycles and into early pregnancy.
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Figure 4.2 Representative reproductive profile of weekly plasma progesterone,
17a hydroxyprogesterone and urinary pregnanetriol concentrations for one female
Asian elephant through three consecutive reproductive cycles.
0 = predicted ovulation
M = mating
1= interest by male, but no observed mating
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urinary measurements of iP3 demonstrated a cyclical pattern of excretion when
compared with the plasma P4 profiles. Periods of high and low concentrations of
plasma 17a 0HP4 corresponded with the luteal and interluteal periods
respectively, as well as the matching plasma P4 and urinary iP3 data. The major
circulating precursor for P3 in women is known to be plasma 17a 0HP4 (Axelrod
and Goldzieher, 1960), and thus its detection in elephant plasma further
demonstrated that iP3 was an indicator of ovarian activity.
The profiles shown in Figures 4.1 and 4.2 were representative of typical
reproductive cycles for the elephants monitored in this study. For those animals in
which matched urine and plasma samples were available, a cyclical pattern of iP3
excretion which corresponded with the plasma progesterone profile was
demonstrated. However, absolute concentrations of iP3 throughout the follicular
and luteal phases showed considerable variability.
The data showed clear cyclic patterns of iP3 excretion, with values
increasing from an overall mean of 45 ng/mg CR (range 5-172 ng/mg CR) during
the inter-luteal period to a luteal phase mean of 237 ng/mg CR (range 75-802
ng/mg CR). Although variability was seen in iP3 values, both between cycles and
between animals, the extent of this was not markedly different from that seen in
measurements of plasma hormones as evidenced by the size of the SE bars in Fig.
4.3 Most importantly the trend of elevated urinary iP3 levels throughout the
interluteal period was maintained in all profiles and of the 20 cycles with matching
P4 and iP3 data, defined rises in both hormones occurred on the same date 18
times (90%). In the remaining two cycles the rises in iP3 were separated by one
week (eg. one sample apart).
Composite profiles of the mean and SEM plasma concentrations of P4
( N = ll animals, n=23 cycles) and urinary concentrations of P3 (N=8, n=20)
throughout the ovarian cycle in Asian elephants are shown in Fig. 4.3.
Corresponding data for plasma 17a OHP4 are also shown from 15 of these cycles
(N=8). All data were aligned to the rise in plasma P4 reflecting the start of the
luteal phase. The overall length of the oestrous cycle (mean ± sem) calculated
from the interval between successive luteal phases was 15.54 ± 1.5 (n=23),
15.21 ± 1.7 (n=15) and 15.45 ± 0.94 (n=20) weeks, based on measurements of
plasma P4, 17a OH P4 and urinary P3 respectively. Immunoreactive P3

185

Figure 4.3 Mean (± SEM) profiles of weekly progesterone, 17a
hydroxyprogesterone and pregnanetriol samples for Asian elephants representing
one reproductive cycle. All data were aligned to the elevation in plasma or
urinary steroid concentrations (week 1) until the following week 1.
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concentrations were significantly correlated with the levels of both P4 (r=0.98,
n=269, p<0.01) and 17a OH P4 (r=0.95, n=205, p<0.01) throughout the
ovarian cycle. Plasma concentrations of 17a OH P4 were also significantly
correlated with circulating concentrations of P4 during the ovarian cycle (r=0.93,
n=205, p<0.01). Further analysis using Least squares linear regression as shown
in Fig. 4.4 demonstrates the significant correlation between P4, 17a 0HP4 and
P3.
In an attempt to simplify the assay procedure, urine samples were
compared between those which had been hydrolysed and extracted, extracted only
or assayed directly. Figure 4.5 demonstrates the results of such a trial through
one cycle in a female Asian elephant. It was observed that measuring urine
samples directly (with appropriate buffer dilution) did not dramatically alter the
reproductive profile compared with those samples which underwent hydrolysis and
extraction prior to being assayed. The same samples which had been extracted
only showed no appreciable difference in the pattern of iP3 secretion indicative of
ovarian cyclicity. Concentrations of iP3 remained at baseline levels and showed
no luteal phase increase. Based on these results it was decided to modify the
assay procedure and exclude the hydrolysis and extraction step.
The profile shown in Fig. 4.6 depicts the results of assaying urine samples
directly for one Asian elephant through several ovarian cycles. The luteal and
interluteal periods were clearly defined with values increasing from an overall
mean of 55 ng/mg CR (range 50-85 ng/mg CR) during the follicular phase to a
luteal phase mean of 417 ng/mg CR (range 111-1531 ng/mg CR). Thus these
results demonstrated that this simplification generated improved reproductive
profiles.
During the course of this longterm study it became apparent that many of
the elephants were undergoing a series of non-conception ovulatory cycles despite
being in contact with a male. Two examples of this apparent infertility are shown
in Figures 4.7 and 4.8 as represented by plasma P4 concentrations and
corresponding mating behaviour of two female Asian elephants over a three year
period. For both animals pregnancy resulted in only those cycles in which mating
was seen to occur during the time of predicted ovulation (n= 4/16). An additional
pregnancy occurred where mating had not been observed, although intensive
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Figure 4.4 The relationship between progesterone, 17a hydroxyprogesterone and
pregnanetriol throughout the ovarian cycle. Lines were fitted through Least
squares linear regression analysis.
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Figure 4.5 Comparison of urinary immunoreactive pregnanetriol concentrations
throughout one ovarian cycle in one Asian female elephant which were either
hydrolysed and extracted (o—o), extracted only (#—e) or assayed directly
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Figure 4.6 Representative reproductive profile of weekly urinary pregnanetriol
concentrations for one female Asian elephant assayed directly through two and a
half consecutive reproductive cycles.
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Figure 4.7 Reproductive profile of weekly plasma progesterone concentrations for
one female Asian elephant during a three year period. The graph includes one
aborted pregnancy as well as ovarian cycles with concommittant mating data.
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Figure 4.8 Reproductive profile of weekly plasma progesterone concentrations for
one female Asian elephant during a three year period. The graph includes one
aborted pregnancy, ovarian cycles with concommittant mating data as well as an
ongoing pregnancy.

0 = preicted ovulation
M = mating
1= interest
A = abortion
C = conception
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flehmen behaviour by the bull was seen. In all of the other cases, mating either
did not occur at all, or it occurred at least a week before the time of expected
ovulation and did not result in conception. This apparent asynchrony between
behavioural and endocrine (physiological) events was not confined to these
individuals, but was seen in all six adult females in the group to which these two
belonged (Table 4.1). The data covered a 34 month period and indicated that out
of 45 ovarian (presumed ovulatory) cycles from 6 adult cows, mating coincided
with the time of predicted ovulation in only 17 (37.8%) cases. In the remaining
cycles, mating either did not occur (40%) or occurred at a time separated from
presumed ovulation (22.2%). Of the 17 cycles in which mating appeared to
co-incide with ovulation, three resulted in conception (17.6%). No pregnancy
occurred from the mis-timed matings.

4.3.2 Oestrogen profiles of the ovarian cycle
In the previous chapter data were presented which demonstrated that
oestrone (EJ was the major urinary oestrogen metabolite found in the female
Asian elephant as determined by HPLC analysis of various reproductive states.
Urinary oestrone is predominantly bound to a conjugate as can be seen by
comparing the values for hydrolysed and extracted vs extracted only samples from
the follicular and luteal phases as well as pregnancy (Table 4.2). For
simpliAcation of assay procedures however, further comparisons were made
between urine samples which had been hydrolysed and extracted prior to analysis
in an Ej RIA, and those samples which were assayed directly in an oestrone
conjugate (E^C) EIA. An example of the urinary oestrogen results throughout one
ovarian cycle in a female Asian elephant is presented in Fig. 4.9 and indicates that
measurement of either E^ or E^C provide comparable results. Thus, all further
urinary E^ results reported herein are measurements of E^C.
In order to gain an improved understanding of follicular dynamics
throughout the reproductive cycle, measurements of weekly E^C concentrations
were correlated with iP3 concentrations. Two examples of the variable profiles
generated by measuring weekly urinary E^C levels in relation to that of urinary
iP3 concentrations and mating behaviour are shown in Fig. 4.10 and 4.11. The
pattern of E^C secretion throughout these four non-conceptive cycles was erratic
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Table 4.1
Relationship between predicted oestrus and mating events in six Asian elephants
from one zoo spanning the period January 1989 - November 1991.

Animal

Total #
cycles

Mating
matching
predicted
oestrus (%)

No mating with
predicted oestrus
wrong
time (%)

Resulting
pregnancy

no
mating (%)

1

8

4(50)

1 (12.5)

3 (37.5)

1

2

11

4 (36.4)

4 (36.4)

3 (27.3)

0

3

6

3(50)

1 (16.7)

2 (33.3)

0

4

8

3 (37.5)

1 (12.5)

4(50)

0

5

8

2(25)

3 (37.5)

3 (37.5)

2

6"

4

1(25)

0(0)

3(75)

0

Totals

45

10 (22.2)

18 (40)

3

17 (37.8)

Overall Conception Rate: 3/17 x 100 = 17.6%
* cow completed a full term pregnancy in July of 1990
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Table 4.2
Comparison of oestrone between hydrolysed and extracted and extracted only urine
from female Asian elephants throughout various reproductive states.

H & E Follicular
3.38
3.43
8.92
10.0
15.9
G.03
X = 7.94 ± 0.60

H & E Mid Luteal

Extract Follicular
0.47
1.19
1.36
2.60
3.73
0,95
1.72 ± 0.71

Extract Midluteal

8.05
13.1
8.39
22.90
16.90
6.35
X = 12.62 ± 0.50

1.76
1.29
0.90
1.65
1.06
0.56
1.20 ± 0.38

H & E Pregnancv

Extract Pregnancv

17.7
47.5
7.2
58.9
25.0

m
X = 30.0 ± 0.65

1.51
5.23
1.53
4.99
2.60
3.46
3.22 ± 0.51
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Figure 4.9 Comparison of urinary immunoreactive oestrone (o—o) and oestrone
conjugate (#—#) concentrations throughout one ovarian cycle in one Asian female
elephant.
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Figure 4.10 Representative reproductive profile of weekly urinary pregnanetriol
and oestrone conjugate concentrations for one female Asian elephant assayed
directly through two consecutive reproductive cycles.
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Figure 4.11 Alternative reproductive profile of weekly urinary pregnanetriol and
oestrone conjugate concentrations for one female Asian elephant assayed directly
through two consecutive reproductive cycles.
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and did not conform to the hypothesized three week pattern of oestrogen secretion.
A distinct pre-ovulatory E^C surge was not apparent, although E^C levels appeared
to become elevated in three out of the four cycles two to three weeks after
presumed ovulation.

For these three cycles, levels of EjC continued to remain

elevated throughout most of the cycle, only declining during the final weeks of the
follicular phase. In one instance, there was no elevation of E^C levels until ten
weeks after presumed ovulation. Of further note is that during the time of
presumed ovulation, none of the non-conceptive cycles coincided with observed
mating behaviour although in one instance increased interest by the bull was
shown.
In contrast. Fig. 4.12 depicts the profile of weekly urinary E^C
concentrations through three consecutive cycles with the fourth cycle resulting in
pregnancy. Similar to the previous two figures, the three non-conceptive cycles in
this figure demonstrated a rise in E^C concentrations two to three weeks after
presumed ovulation. Furthermore, mating behaviour during these three cycles did
not coincide with the time of presumed ovulation. However, prior to two of the
predicted periods of ovulation, E^C levels appeared to rise again during the late
follicular phase before falling by the time of predicted ovulation (weeks 29-34 and
49-52). This pattern of a pre-ovulatory rise in E^C was most clearly seen during
weeks 49-52 which also coincided with mating and the resulting conception and
pregnancy. (The description of E^C excretion throughout pregnancy will be
addressed in the next chapter.) In four other females in which conception was
monitored, one exhibited an immediate pre-ovulatory rise in E^C levels, two
exhibited an E^C surge during the week of predicted oestrus while one did not
exhibit any immediate pre or pos- ovulatory rise in E^C.
A composite profile of the mean and SEM urine concentrations of iP3
(N=8 animals, n=20 cycles) and E^C (N=8, n=13) throughout the ovarian cycle
is shown in Fig. 4.13. All data were aligned to the rise in urinary iP3 reflecting
the start of the luteal phase according to the definition given in section 4.2.3. The
description of LP3 concentrations has already been presented in section 4.3.1. and
is re-presented here for clarity. Similar to the individual descriptions of the
non-conceptive cycles previously described, E^C levels were highest one week
after the rise in iP3 levels and remained elevated before falling during the
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Figure 4.12 Reproductive profile of weekly urinary pregnanetriol and oestrone
conjugate concentrations for one female Asian elephant asayed directly through
three consecutive reproductive cycles and into early pregnancy.
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Figure 4.13 Mean (± SEM) profiles of weekly urinary pregnanetriol (e—
e) and
oestrone conjugate (o—o) samples for Asian elephants representing one
reproductive cycle. All data were aligned to the elevation in urinary steroid
concentrations (week 1) until the following week 1.
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mid-luteal phase. Concentrations remained low for three weeks before gradually
increasing and remaining stable from week nine of the cycle onwards, although a
fall in levels appeared the week preceding the next ovulation.

4.3.3 Periovulatory hormone profiles
The data previously presented described the pattern of weekly gestagen and
oestrogen excretion throughout the ovarian cycle. In an attempt to gain a better
understanding of the hormonal events surrounding ovulation, daily urine and
plasma samples collected during the periovulatory period were also analysed. The
urine and plasma oestrogen and gestagen data presented in Figs. 4.14 and 4.15
represent an example of a periovulatory period respectively in each of two female
Asian elephants, one during a cycle in which conception occurred and one during
a cycle in which mating took place but conception did not occur.
For the non-conceptive profile (Fig. 4.14), urinary iP3 and plasma 17a
0HP4 concentrations became elevated the day after mating while, plasma P4
concentrations rose on the day of mating. In contrast, for the conceptive profile
(Fig. 4.15), iP3 did not rise until the third day after the last mating, while both P4
and 17a 0HP4 rose the day after the last mating.
Throughout the non-conceptive periovulatory profile, the pattern of urine
and plasma oestrogen secretion was variable. Plasma

concentrations were

slightly elevated six days prior to mating while plasma oestradiol 17/3 (Eg 17/3)
rose the day of mating and peaked one day later before falling. In contrast,
plasma Ej concentrations in the conception cycle were non-detectable which was
the case for the other three animals examined (see Table 4.3). However, similar
to the non-conceptive cycle, plasma Eg 17/3 levels rose the day after the last
mating in the conceptive profile before gradually returning to baseline levels.
Daily urinary EjC concentrations prior to and following mating during the
non-conceptive cycle were variable with no clear pattern. Likewise, urinary Eg
17/3 concentrations demonstrated fluctuating levels prior to mating before falling to
non-detectable levels. For the conceptive cycle, E^C concentrations appeared to
increase by the third day after the last mating while urinary Eg 17/3 concentrations
peaked on the last day of mating.
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Figure 4.14 Representative peri- and post-ovulatory non-conceptive profile of
daily urinary and plasma gestagen and oestrogen samples for one female Asian
elephant.
M = mating
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Figure 4.15 Representative peri- and post-ovulatory conceptive profile of daily
urinary and plasma gestagen and oestrogen samples for one female Asian elephant.
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Table 4.3
Compiled gestagen and oestrogen periovulatory data from 5 female Asian elephants including conception as well as non-conception
data based on daily urine and plasma samples.
Animal
Wimpy (C)

P3
urine

t 3 d. after last
mating.

P4 and 17a
plasma
t day after last
mating.

t day after last
mating.

Kitty (C)

EiG
urine
t 3 d. after last
mating.
—

t day after last
mating.

t day after last
mating.

variable, no
pattern, low
conc. after
mating.

Mug n (NC)

t 3 d. after last
mating.

t 2 d. after last
mating.

variable, no
pattern.

Tarra (NC)

t 5 d. after first
mating, 3 d. after
last mating.
t day after last
mating.

—

t day of last
mating.

ND
ND

E2
urine

t last day of
mating.
---

E2
plasma
t day after
mating.

t day after
mating.

Mug #1 (NC)

Geetha* (NC)

El
plasma

2 peaks, 2 and 8
d. after last
mating.
Peak 6 d. after
last mating.

Peak 6 d. before
first mating.

ND

—

ND

C = conception, NC = no conception, ND = non detectable, *matings 1 week apart.

Two peaks, 6 and
12 d. before first
mating.

t day after last
mating.

Two peaks, 3 and
6 d. before last
mating.

variable, no
peaks.

t 5 d. before
first mating and 2
and 8 d. after last
mating.
Peak 6 d. after
last mating.

---

t 10 d. after last
mating.

to
I—»
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A summary of the data from the two conceptive and four non-conceptive
periovulatory periods is given in Table 4.3. In general, there was very little
variability in the urine and plasma gestagen secretion in relationship to mating
between both the conceptive and non-conceptive periovulatory periods. In all
instances, plasma P4 and 17a 0HP4 had risen by the second day post mating
while urinary iP3 had risen by three days post mating. Levels of plasma and
urinary oestrogens however, showed more variability and discrepancies between
the conceptive and non-conceptive states. Except for one non-conception
periovulatory period (Mug #1, and already described for Fig. 4.14) plasma

was

non-detectable in all samples analysed. Urinary E^C concentrations during the
non-conceptive periods were either variable with no discernible pattern pre- or
post-mating or increases in E^C were noted up to eight days after the last mating.
Urinary E^C was only measured in one of two conceptive periovulatory periods
which demonstrated a rise in levels three days after the last mating. Plasma Eg
17/3 concentrations rose the day after the last mating in the two conceptive as well
as one non-conceptive periovulatory animals. However the pattern of secretion in
the remaining non-conceptive elephants was more inconsistent demonstrating either
variable secretions with no discernible increases or a rise in concentrations ten
days after the last mating. The pattern of urinary concentrations of E^ 17/3 were
extremely diverse for the non-conceptive periovulatory periods with one or more
peaks occurring up to 12 days prior to the first mating and up to eight days after
the last mating. Urinary E% 17/3 concentrations in the conceptive cycle rose on the
last day of mating before falling the next day to baseline levels.

4.4 DISCUSSION
The establishment of an EIA for the measurement of urinary
immunoreactive 5/3 pregnanetriol (iP3) has enabled the first description of the
pattern of excretion of urinary progesterone metabolites throughout the ovarian
cycle in the Asian elephant. The findings described in this chapter have
demonstrated that measurement of iP3 facilitated the monitoring of progesterone
metabolite excretion throughout the ovarian cycle. The results suggested that
measurement of iP3 should provide a useful non-invasive method for monitoring
reproductive status in this species.
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The general features of the reproductive cycles described in this study were
based upon reference measurements of circulating concentrations of plasma
progesterone (P4). Thus, the cyclical changes in the pattern of plasma P4
concentrations indicated that the reproductive cycle length of the 15 Asian
elephants in this study ranged between 14-18 weeks, which matched with earlier
descriptions (Hess et al., 1983; Plotka et al., 1988; Brown et al., 1991 and Taya
et al., 1991).
Data presented from both the individual as well as the composite profiles
revealed a cyclic pattern of immunoreactive pregnanetriol (iP3) excretion highly
correlated with circulating plasma P4 concentrations. Despite greater variability in
absolute urinary values as compared with plasma steroid concentrations, there was
a clear five fold increase in iP3 luteal phase values as compared with interluteal
phase levels. Burger and Summerville (1963) documented a four fold increase in
P3 luteal phase values over follicular phase levels in women which is consistent
with the results found in this study. Furthermore, 90% of the cycles analysed
demonstrated an increase in iP3 concentrations concurrent with the defined plasma
P4 rise. Although plasma P4 has to-date been the most useful measurement in
determining reproductive cycles, these results demonstrated that the measurement
of iP3 closely reflected P4 secretion and corpus luteum function.
The measurement of iP3 for monitoring ovarian function in the Asian
elephant has provided a viable alternative for determining the reproductive status
of this species. It's application however is most practical in a captive environment
where animals are known and frequently observed. Thus, urine samples can be
collected in mid-flow or syringed from the ground and immediately stored frozen
until needed for analysis. In a free-range situation, the practicalities of urine
collection become more problematic as it is more difficult to collect the urine
sample from the ground as well as determine from which animal the sample came
from.
Measurement of iP3 for monitoring the ovarian cycle in other species has
been reported briefly for women only. Pickett et al. (1959) comparing an
adrenalectomized woman with a healthy, intact female found P3 concentrations
closely followed pregnanediol (Pdiol) levels throughout the menstrual cycle
although the absolute amounts excreted where lower. In contrast, Fotherby
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(1960, 1962) and Burger and Sommerville (1963) found that P3 excretion was
different from Pdiol excretion, rising on day 1 of the menstrual cycle (two days
ahead of Pdiol) to a maximum value seven to nine days later. Thus P3 reached a
maximum concentration two to four days before Pdiol and subsequently began to
decrease two days earlier. However, the absolute levels of P3 as initially
determined in the study by Pickett et al. (1959) were considerably lower than for
Pdiol. In women therefore, it appears that although P3 is an earlier indication of
ovulation than Pdiol, the hormonal profile generated by measurement of Pdiol
indicates it is the major urinary gestagen metabolite generating a clearer profile of
the human menstrual cycle. This is in absolute contrast to the findings for the
Asian elephant where iP3 was clearly the major urinary gestagen metabolite while
measurement of Pdiol did not demonstrate any variation from baseline
measurements indicative of an ovarian cycle. As described in the previous
chapter, the measurement of P3 in the female Asian elephant was not specific.
Furthermore, measurement of P3 in extracted only urine samples produced very
low levels, suggesting that P3 was predominantly conjugated. Comparison
between the same samples which had been either hydrolysed and extracted prior
to being assayed or assayed directly, produced comparable results and indicated
that the hydrolysis efficiency as determined by measuring [^H] E^S and [^H] E^G
were not representative of the actual hydrolysis procedure used in cleaving P3
from its conjugate. Scott and Turner (1991) found variations in hydrolysis
efficiencies between steroids and their conjugates depending on the commercial
hydrolysis enzyme preparation being used and the conjugate being cleaved. The
initial measurements of iP3 described in this chapter assumed to represent a
summation of both the free steroid as well as the hydrolysed and extracted
conjugate were probably measuring less of the conjugate then originally supposed
(as confirmed by the results of the direct assay). Thus, the measurement of iP3
was subsequently simplified by eliminating the hydrolysis and extraction step and
diluting neat urine with assay buffer as appropriate. Comparison between the
results of the two methods indicated that this simplification generated comparable
and often improved reproductive profiles. Furthermore, as it greatly simplified
the method, it became the preferred choice for application.
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The ovarian origin of plasma 17of hydroxyprogesterone (17a 0HP4) and its
relationship as the major precursor to P3, prompted the initial measurements of
this steroid throughout the ovarian cycle of the Asian elephant. Initially, it had
been demonstrated in human adrenal hyperplasia patients that 17a 0HP4 of
adrenal origin was the major precursor of pregnanetriol (Bongiovanni, Eberlein
and Cara, 1954). Subsequently however, Fotherby and Love (1960) demonstrated
the presence of 17a 0HP4 in both adrenalectomized and normal women, while
Soloman, Wiele and Liebermann (1956) had already demonstrated its position as
an intermediate during ovarian steroid biosynthesis in vitro. Furthermore, Zander
(1958) had isolated 17a 0HP4 from ovarian follicles and corpora lutea while Short
and London (1961) had identified its presence in human follicular fluid. These
studies, together with the initial work of Pickett et al. (1959) and Fotherby (1960,
1962) describing the measurements of cyclical variations in pregnanetriol excretion
throughout the ovarian cycle, determined that the ovaries as well as the adrenals
were capable of secreting 17a 0HP4 as the precursor to pregnanetriol. The
significant correlation of circulating plasma levels of 17a OH P4 with
progesterone in this study suggested that the elephant ovary was also a major
source of this steroid and that urinary iP3 levels were related to ovarian 17a
0HP4 secretion.
In other mammals, luteal phase 17a 0HP4 concentrations are much lower
than progesterone concentrations, although this does not appear true for the Asian
elephant. Furthermore, the significant correlation between iP3 and both P4 and
17a 0HP4 throughout the reproductive cycle provided additional evidence that iP3
was a major urinary gestagen metabolite in the Asian elephant and that its pattern
of excretion reflected ovarian function. The results presented here suggest that the
elephant may have significantly higher 17a hydroxylase activity both in the ovary
and the liver which may explain why pregnanetriol is the major urinary
progestagen metabolite.
The findings from the previous chapter demonstrated that oestrone (Ej) was
the most abundant urinary oestrogen metabolite. However, its pattern of excretion
as determined in this section was not clear. Initially, comparisons between
measurements of hydrolysed and extracted urine with urine samples assayed
directly, demonstrated comparable results between the oestrone RIA and oestrone
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conjugate (EjC) EIA which influenced the decision to simplify the assay procedure
and use the oestrone conjugate EIA. However, from the data generated, the
pattern of EjC excretion did not clearly support either a 16 week or a three week
cycle in oestrogen secretion. Variability in the excretion pattern of unconjugated
plasma oestrogens in elephants has already been noted by earlier workers (Hess et
al., 1983; Brown et al., 1991; Taya et al., 1991). However, Hindle et al. (1992)
also were unable to correlate reproductive events in the black rhinoceros using the
EjC EIA despite determining oestrone glucuronide to be the major urinary
oestrone and thus needed to hydrolyse and extract samples prior to measurement in
an oestrone RIA. Thus, it is possible that measurement of urinary oestrone
throughout the reproductive cycle of the Asian elephant may have been more
informative. The generally non-informative pattern of oestrone conjugate
excretion may also have been due to the once weekly sampling frequency,
although daily sampling during the periovulatory did not in general clarify the
hormonal profile.
Mainka and Lothrop (1990) claimed that total urinary oestrogens tended to
peak just prior to elevations in serum progesterone, although Ramsey et al. (1981)
noted in their study that measurement of total urinary oestrogens demonstrated a
poor correlation with the sum of oestrone and oestradiol and was not a satisfactory
means of monitoring the ovarian cycle. Closer examination of the data from
Mainka and Lothrop, (1990) indicated that out of the five cycles shown from one
female Asian elephant, only two cycles demonstrated such a pattern. The
remaining cycles demonstrated an increase in total urinary oestrogens after the
progesterone rise, similar to the results observed in the present study for the
majority of the cycles with the notable exception of the conception cycles. Four
out of five elephants who were monitored through conception cycles demonstrated
a rise in E^C concentrations just prior to or the week of the progesterone rise.
Furthermore, although mating behaviour was not recorded in the study by Mainka
and Lothrop (1990), flehmen responses towards the female by the bull appeared to
be greatest during the mid to late follicular phase which was evident in the
present study and has also been previously described (Hess et al. 1983). Overall,
these results suggested that in agreement with the present study, there was an
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asynchrony amongst the majority of the cycles with respect to oestrogen excretion,
mating and presumed ovulation.
It is possible that the majority of measurable oestrogen excretions in the
Asian elephant may be of luteal origin, similar to that observed in certain primate
species such as Goeldi’s monkey (Carroll et al., 1990), marmosets and tamarins
(Eastman et al., 1984; Hodges and Eastman, 1984). Alternatively, the decrease in
urinary oestrone concentration around the mid-luteal phase prior to the gradual
increase during the follicular phase may be the reflection of plasma oestradiol-17/3
secretion from the developing follicles as proposed by Plotka et al. (1988). Dahl
et al. (1987) found multiple FSH peaks during the follicular phase in an Asian
elephant suggesting complex regulatory mechanisms involved in follicular
development.

Brown et al. (1991) suggested that the elevations in FSH during

the latter part of the luteal phase may play a role in recruiting follicles for the next
ovulatory cycle similar to that seen in the horse (Evans and Irvine, 1975). These
hypothesis’ would fit the wave-like pattern of oestrogen excretion seen in this
study.
An alternative reason for the variability in urinary E^C secretion may be
due to the short-term episodic changes in plasma E% secretion versus the slower
excretion of E^G (Baird, 1978). In white-tailed deer (Knox et al., 1992) Eld’s
deer (Monfort et al., 1990) and women (Rojansky, Halbreich and Collins, 1990) a
lack of correlation has been demonstrated to exist between serum E2 concentrations
and urinary EjG levels with no evidence of a urinary preovulatory surge.
The purpose of collecting the periovulatory data was to provide finer tuning
on the timing of the plasma and urinary gestagen and oestrogen rises associated
with presumed ovulation. However, the periovulatory gestagen data in relation to
mating behaviour derived from this study did not further our understanding on the
timing of ovulation in the Asian elephant. There was no clear differentiation
between conceptive and non-conceptive cycles with respect to plasma P4 and 17a
0HP4 secretion. In humans a close relationship exists between a rise in
circulating levels of 17a 0HP4 and the midcycle LH surge (Ross, Cargille,
Lipsett, Rayford, Marshall, Strott and Robard, 1970; Abraham, Odell, Swerdloff
and Hopper, 1972; Thomeycroft, Sribyatta, Tom, Nakamura and Mishell, 1974;
Landgren, Aedo, Nunez, Cekan and Diczfalusy, 1977). Circulating concentrations
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of 17a 0HP4 were found to rise concomittantly or just after the onset of the LH
surge, whereas P4 levels did not increase sharply until 24-36 hours after the LH
peak (Thomeycroft et al., 1974). Therefore detection of increasing concentrations
of 17a 0HP4 in humans was thought to be one of the earliest signs of follicular
luteinization. In the elephant however, there was no difference in the timing of
the rise in P4 and 17a OHP4 secretion after presumed ovulation and LH
measurements were not carried out.
Likewise, iP3 concentrations did not substantially vary between conceptive
and non-conceptive periovulatory hormone profiles. The initial communications of
Pickett et al. (1959) and Fotherby (1960) noted that urinary pregnanetriol
concentrations in women increased around the time of predicted ovulation and
remained elevated until a few days before the next menstruation. Fotherby (1962)
subsequently reported a significant rise in pregnanetriol excretion on day zero
(time of ovulation based on peak excretion of oestrone and oestradiol) while
pregnanediol excretion did not increase until two days later. Pickett and
Sommerville (1962) noted that this cyclic change in pregnanetriol excretion in
women was only evident when urinary oestrogens showed the typical pattern of a
pre-ovulatory surge.
However, the results derived from analysing the oestrogen periovulatory
profiles were inconclusive. The variability seen in the pattern of both plasma and
urinary oestrogen secretion in the Asian elephant between the conceptive and
non-conceptive periovulatory data did not appear to correlate with the rise in iP3
secretion.
The data accumulated during the course of this study also provided the
opportunity to compare reproductive behaviour with endocrine events. Of
particular interest was comparing the times of mating with the presumed time of
ovulation as determined by the hormonal profiles. It became evident that mating
as well as flehmen behaviour by the bull often occurred at a time other than that at
which presumed ovulation appeared to occur.

Yet when mating occurs at the

"correct" time there appears to be a relatively low conception rate.
It is generally assumed that cyclic fluctuations in the levels of circulating
P4 (or its metabolites) reflect ovulatory cycles, however, there is no information
on the elephant from which a cycle can be defined as endocrinologically or
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behaviourally normal. The results from Table I indicated that in individuals from
one particular group, only 25-50% of apparently "normal" ovulatory cycles were
associated with mating behaviour during the periovulatory period, despite access to
proven breeding bulls throughout this time. Furthermore, of the cycles in which
mating did occur at the time of expected ovulation, less than 20% resulted in
conception. In domestic species such as the cow, horse, goat and sheep
conception rate per ovulatory event is higher, varying between 40-75% (Smith,
R.D., 1986; Bristol, 1986; Smith, M., 1986; McDonald, 1986). Data collected
by researchers on wild African elephants in Amboseli National Park, Kenya have
noted a conception rate of approximately 75% (Moss, 1983). At this time the
reason for the high percentage of non-fertile cycles in the captive elephant
population is unclear. The data demonstrated that in only a small proportion of
cycles did mating occur at the time of presumed ovulation. This
behavioural/physiological imbalance may be related to the highly variable pattern
of oestrogen secretion during the cycle and the inability in most studies to describe
a clear pre-ovulatory increase in oestrogens (Hess et al., 1983, Mainka and
Lothrop, 1990, Brown et al., 1991 and Taya et al., 1991). Furthermore, with the
exception of Hess et al. (1983) and Mainka and Lothrop (1990), the above studies
lacked the matching behavioural data for their endocrinological descriptions of the
elephant reproductive cycle. These latter two studies indicated that the prevalence
of non-fertile cycles in the present study group of cows was not an isolated event.
Mainka and Lothrop (1990) described flehmen but not mating events of a bull
towards a cow (who did not conceive) through five complete cycles and comment
on three distinct breeding episodes in a second cow, before conception occurred.
Likewise, Hess et al. (1983) described 15 reproductive cycles divided between six
cows, from which only two conceptions occurred. None-the-less, the reason for
the apparent infertility is not understood.
The incidences of asynchronous breeding with respect to presumed
ovulation observed in this study has not been previously described. The lack of
mating or mistiming of mating may have been overestimated in this study as
animals were not constantly observed over 24 hours, thus matings occurring at
night would not have been observed. The most important external cue received by
the male from the female signifying onset of oestrus appears to be smell as
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determined by the flehmen responses (Jainudeen et al. 1971, Hess et al. 1983).
Miscuing of these pheromonal signals on the part of the female may be another
reason for mis-timed mating events. There may be a link between the timing of
ovulation and miscuing of pheromonal signals which might explain the
asynchronous mating events. Alternatively, the familiarity of the bull and cow in
a captive situation may play a role in the asynchronous breeding behaviour noted.
In summary, this chapter has described the measurement of iP3 throughout
the ovarian cycle of the Asian elephant. Its measurement in urine should not only
enable routine, non-invasive monitoring of reproductive cycles in captivity, but
also provide potential application towards assessing reproductive status in
semi-wild or possibly even free-ranging Asian elephants as well. The
measurement of oestrone conjugate in the urine was less conclusive. Differences
in excretion patterns between conceptive and non-conceptive cycles suggested that
measurement of urinary oestrone along with iP3 may provide more information on
normal follicular development and particularly ovulation.

227

CHAPTER 5
DEVELOPMENT OF NON-INVASIVE TECHNIQUES FOR DETERMTNTNG
AND MONITORING PREGNANCY IN ASIAN ELEPHANTS

5.1

INTRODUCTION

5.2 MATERIAL AND METHODS
5.2.1 Animals Used
5.2.2 Sample Preparation for Urinary and Hormone Analysis
5.2.3 Pregnancy
5.2.4 Statistics
5.3 RESULTS
5.3.1 General description of pregnancies
5.3.2 Measurement of plasma gestagens during pregnancy
5.3.3 Comparison of 17a OHP4:P4 ratio
5.3.4 Measurement of urinary pregnanetriol and oestrone during
pregnancy
5.3.5 Summary of urinary and plasma gestagens and
oestrogens observed during pregnancy
5.4

DISCUSSION

228

CHAPTER 5
DEVELOPMENT OF NON-INVASIVE TECHNIQUES FOR DETERMTNTNG
AND MONITORING PREGNANCY IN ASIAN ELEPHANTS

5.1 INTRODUCTION
Little information regarding the changes in reproductive steroid
endocrinology during pregnancy in the Asian elephant has been published. Hess et
al. (1983) provided the first description of consecutive progesterone
concentrations in samples from two Asian elephants during early and late
pregnancy. Results demonstrated consistently elevated plasma progesterone
concentrations from week 12 onwards as well as the loss of ovarian cyclicity.
These findings were subsequently confirmed by other researchers (von Koch et al.,
1988; Mainka and Lothrop, 1990). Prior to this, Plotka et al. (1975) had
demonstrated modest increases in plasma progesterone but not unconjugated
oestrogen concentrations during pregnancy as compared with non-pregnancy
during a cross-sectional study in female Asian elephants. Hodges et al. (1987)
however, determined that the measurement of conjugated oestrogens showed a
modest but gradual increase throughout pregnancy. Mainka and Lothrop (1990)
expanded upon these findings by measuring total oestrogen concentrations in the
urine of one pregnant Asian elephant and found that they were elevated by six
months of gestation. The study by Mainka and Lothrop also represented the first,
albeit non-specific, assessment of urinary oestrogens during pregnancy in the
Asian elephant.
Therefore to-date, the measurement of consecutive, weekly or bimonthly
circulating concentrations of plasma progesterone remains the earliest means for
diagnosing and monitoring pregnancy in the Asian elephant. Yet as discussed
previously, those zoological collections which are unable to collect blood samples
safely on a regular basis are hindered in their attempts to determine and monitor
pregnancy, having instead to rely on behavioral and physiological changes.
Furthermore, for free-ranging elephants involved in long term reproductive field
studies, the possibility of regular blood sample collection is not feasible.
Studies attempting to monitor pregnancy by measurement of the major
urinary progesterone and oestrogen metabolites have not been reported. In the
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previous chapter, data were presented which demonstrated that the ovarian cycle
of the Asian elephant could be successfully and routinely monitored by the
measurement of urinary 5|8 pregnanetriol. Measurements of urinary oestrone
conjugate were not conclusive with respect to determining patterns of follicular
development and ovulation, although differences in excretion profiles between
conceptive and non-conceptive cycles were apparent.
Therefore, the aim of this part of the study was to improve our existing
knowledge of reproductive steroid endocrinology in Asian elephants during
pregnancy with particular emphasis on a non-invasive approach. As an extension
of findings presented in earlier chapters of this thesis, comparisons were made
between plasma steroids and their urinary gestagen and oestrogen metabolites
during normal and aborted pregnancies in the Asian elephant.

5.2 MATERIALS AND METHODS
The general detail of the assay procedures performed in this chapter were
described fully in Chapter 2. The following descriptions provide further details
relevant to this chapter which have not previously been described.

5.2.1 Animals Used
The elephants studied for this section of the study were housed at Port
Lympne Zoo (PLZ), Hythe, Kent, England; London Zoo, London, England;
African Lion Safari (ALS), Cambridge, Ontario, Canada; Burnet Park Zoo (BPZ),
Syracuse, N.Y., USA and Noorderdieren Park Zoo, Emmen, Holland (n = 10). A
description of the breeding arrangements for these females was given in Chapter 3,
section 3.2.1 (PLZ) and Chapter 4, section 4.2.1 (ALS, BPZ, Emmen).
Wherever possible, matching, weekly samples of urine and plasma were
collected from the elephants. In some instances, pregnancies were already in
progress before sample collection started, while in other cases pregnancies were
still ongoing at the end of the study.

5.2.2 Sample preparation for urinary and plasma hormone analysis
All urine samples were assayed directly for 5j8 pregnanetriol and oestrone
by the methods outlined in section 2.12 and 2.15. In all instances, plasma samples
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were extracted prior to being assayed for progesterone and 17a
hydroxyprogesterone according to the protocols described in sections 2.7 and 2.8.

5.2.3 Pregnancy
Pregnancy was confirmed based on the changes of plasma progesterone and
17a hydroxyprogesterone. For progesterone, the onset of pregnancy was defined
as the time of rapid increase in the steroid of at least 50 pg/mf from follicular
phase levels (less than 200 pg/mf) which then remained elevated with no further
evidence of ovarian cyclicity. Based upon this criterion, pregnancy could be
positively determined by 14 weeks of gestation.
Based on 17a hydroxyprogesterone concentrations, the onset of pregnancy
was also defined as the time of a rapid increase of at least 50 pg/mf from
follicular phase levels. However, this was followed by a decline in concentrations
of at least 300 pg/m f, starting from week two after oestrus and lasting between
one to 13 weeks, prior to concentrations returning to and remaining at elevated
levels similar to those of plasma progesterone.
Measurements of immunoreactive pregnanetriol and oestrone conjugate
concentrations in urine were matched with the corresponding plasma gestagen
concentrations for the onset and duration of pregnancy.
Composite pregnancy profiles were divided into either early or late pregnancy.
Early pregnancy was defined as the first 16 weeks following the rise in plasma
progesterone, 17a hydroxyprogesterone or pregnanetriol as already described in
section 4.2.3, in order to enable comparisons between a conceptive and nonconceptive oestrous cycle. Late pregnancy was defined as the last 30 weeks prior
to birth, with all data standardized to the week of parturition which was designated
as week zero.

5.2.4 Statistics
Statistical analyses were carried out by analyses of mean and standard error
of the mean (SEM) for generating composite pregnancy endocrine profiles and
comparing different stages of pregnancy for progesterone, 17a
hydroxyprogesterone, pregnanetriol and oestrone conjugate. In order to test for
significance between the different stages of pregnancy. Student’s T-test at a 99%
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confidence limit was employed. The Mann-Whitney U test was used for
determining significance when comparing the 17a hydroxyprogesterone to
progesterone ratio in early pregnancy as compared with a non-conceptive cycle.
The 17a OHP4:P4 values were calculated on a weekly basis for each individual
animal. The overall weekly mean ± SEM was then determined for all elephants.
A two by two table was designed for the 17a OHP4:P4 ratio in order to determine
the percentage of false positives and false negatives when determining pregnancy
between weeks two to seven after mating.

5.3 RESULTS
5.3.1 General description of pregnancies
General descriptions of the pregnancy histories of the elephants studied for
this aspect of the thesis are given in Tables 5.1 and 5.2. A total of twelve
pregnancies was followed in ten animals of which six pregnancies were completed
during the course of the study while two others ended in spontaneous abortion.
The remaining four pregnancies were still in progress at the conclusion of the
study.
Of the normal, full term pregnancies, two out of the six females delivered a
live calf without assistance within four hours of beginning labour. One of these
females was multiparous while the other was nulliparous. Both were under the
age of 20 at conception and had conceived within two cycles of being in contact
with a male. The remaining four females required assistance in the form of either
surgical, manual and/or pharmacologic intervention (eg. oxytocin).

In these

instances, labour was lengthy ranging from 11.5 hours to 6 days while calf
survivability was poor with only two out of five calves surviving. Three of these
five calves were breech presentations, two of these being the ones which survived.
One of the females died ten days post partum while a second female was seriously
ill for four months post partum and did not resume normal oestrous cyclicity for a
full year. All four females were nulliparous, over 20 years of age, except for one
12 year old and took between two to 14 ovarian cycles after being introduced to a
bull before conception occurred.
The two spontaneous abortions were due to extreme trauma. In one
instance the pregnant female was severely assaulted by another cow and aborted

Table 5.1 A general table describing the pregnancy history of eight Asian female elephants who had either given birth or aborted by the
end of this study.

Calf Presentation,
parturition length,
assistance

Gender,
weight (kg)

34

breech, 5 days
C/S required.

male
120.5

98

Calf bom dead, dam died 10 days later.

Romani

21

breech, 11.75
hrs, assisted.

male
123.6

95

Dam acylic, still nursing 16 months post partum.

Wimpy

18

normal, 4 hrs,
unaided

male
114.1

91

Dam pregnant 13 months post partum, daytime nursing,
nursing.

Animal

Age*
(yrs)

Babe

Pregnancy
length
(weeks)

Present
status

Yasmin

22

normal, 6 days
and < 12 hours.

male twins
94 and 98
135 and 116

Twins dead at birth, female acyclic for one year, normal
cycles now.

Htoo

10

normal, 1.5 hrs,
unaided.

female
80

Dam acylic and still nursing 9 months post partum,
months post partum.

Yuzin

12

breech, 11.5 hrs,
oxytocin.

male
110

Veda

22

abortion

Rani

22

abortion

age at conception.
C/S: Caesarean section.

—

—

Dam rejected calf at birth, cycling.

—

27

conceived 6 cycles later.

—

21

10 further cycles completed no conception.

to
w
to
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Table 5.2

Ongoing pregnancies of four Asian female elephants at the conclusion of the
present study.

Animal

Age^
(years)

# of oestrous
cycles prior
to conception*’

Length of
gestation
(weeks)

Previous
reproductive
status

Veda

24

6

52

One abortion.

Kitty

27

11

53

Nulliparous.

Wimpy

21

1

20

Multiparous.

Thai

12

1

35

Nulliparous.

®Age at conception.
‘’Since termination of pregnancy or introduction to bull.
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within 24 hours of the attack. This nulliparous female however recovered
immediately, did not experience any acyclicity and conceived two years (six
cycles) later. The second, multiparous female aborted following a severe
hurricane storm and had not conceived again at the conclusion of the study. No
acyclicity was observed in this animal yet the periods of presumed ovulation did
not elicit any sexual response from the bull. Initially, the nulliparous cow had
conceived during her second oestrus after being introduced to a bull, while the
multiparous cow conceived after six reproductive cycles following the last
pregnancy.

5.3.2 Measurement of plasma gestagens during pregnancy
The profile of circulating concentrations of progesterone and 17a
hydroxyprogesterone in one female Asian elephant during the pre-conception
cycle, conception cycle, pregnancy, lactational anoestrus and an ensuing pregnancy
are shown in Fig. 5.1. The pattern of secretion of P4 and 17a OHP4 during the
pre-conception cycle (weeks 13-29) was typically characterized by intervals of
high and low gestagen secretion representing luteal and interluteal periods
respectively. Breeding dates matched the time of predicted ovulation (week 29)
and pregnancy was confirmed at week 41 due to the elevated concentrations of
plasma P4 which continued to remain elevated for 90 weeks.
Circulating concentrations of plasma 17a 0HP4 initially increased during
the first two weeks after conception to 558 pg/mf but then in marked contrast to
P4 levels, fell to late luteal and follicular phase concentrations (range 41 - 244
pg/mf) for the next eleven weeks before becoming elevated again. Both plasma
P4 and 17a 0HP4 remained elevated until the week prior to parturition when both
steroids began to decline rapidly. Similar profiles were observed in two other
animals for which there were matching plasma progesterone and llkOHP4 data.
This 91 week gestation was followed by a 30 week lactational anoestrus as
characterized by fluctuating concentrations of plasma P4 ranging between 50 - 600
pg/m f. During this time period, no cyclical pattern of progesterone secretion was
seen to indicate normal luteal and interluteal activity characteristic of normal
elephant ovarian cyclicity. (Unfortunately, due to the retrospective nature of the
study, samples were no longer available for measurement of plasma 17a
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Figure 5.1. Representative profile of weekly plasma progesterone and 17a
hydroxyprogesterone concentrations for one female Asian elephant through one
non-conception cycle, pregnancy, lactation and a second, ongoing pregnancy.
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hydroxyprogesterone concentrations). Despite the continued presence of the
suckling calf, the first ovulation occurred at week 165 post partum resulting in
mating and consequently a second, currently ongoing pregnancy. This resulted in
a birth to conception interval of 46 weeks for this animal.
A second example of the relationship between circulating concentrations of
P4 and 17a 0HP4 through four non-conceptive cycles as well as a complete
pregnancy is shown in Fig. 5.2. This female underwent eleven ovarian cycles
while in direct contact with a bull prior to conception occurring, the last four of
which are shown. In contrast, the elephant depicted in the previous example had
conceived after being mated during her first oestrus exposed to a bull. However,
as evidenced in the previous figure as well as chapter four, the three non
conception cycles (weeks eight to 49) for this elephant are clearly indicated by the
luteal and interluteal patterns of plasma P4 and 17a 0HP4 secretion. The overall
length of these ovarian cycles as calculated from the interval between successive
luteal phases was 14.25 ± 0.25 weeks with the luteal and interluteal periods being
8.5 ± 0.3 and 5.75 ± 0.25 weeks in duration respectively. Concentrations of P4
were significantly correlated with levels of 17a OHP4 throughout the ovarian
cycle (r=0.96, n=42, p<0.01).
The fourth ovarian cycle (week 49-63) shown in Fig. 5.2 resulted in
pregnancy. Breeding dates matched the time of predicted ovulation (week 63) and
pregnancy was confirmed by the continued presence of elevated concentrations of
plasma P4 between weeks 64 and 160. In contrast to the previous example
however, there was no clear post-ovulatory rise in plasma 17a 0HP4 levels.
Levels of 17a 0HP4 remained low until the 21st week of pregnancy at which time
concentrations rose to levels similar to those of P4. This was the longest time
period that the two steroids showed different patterns of secretion during early
pregnancy as in all other instances (n=5) 17a 0HP4 concentrations were elevated
to levels similar to P4 by week 14 of gestation.
A further difference in this elephant with respect to the pattern of 17a
0HP4 and P4 secretion occurred during late pregnancy. Concentrations of 17a
0HP4 became erratic and began to demonstrate a trend of gradual decline
approximately 14 weeks prior to parturition while plasma P4 concentrations began
to fall only in the week prior to the onset of labour.

This female was in labour
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Figure 5.2. Alternative profile of weekly plasma progesterone and 17a
hydroxyprogesterone concentrations for one female Asian elephant through four
non-conceptive cycles and one complete pregnancy.
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for five days whereupon a cesarean section was performed and from which she
subsequently died ten days later due to complications.
The profile depicted in Fig. 5.3 shows the pre-conception cycle, aborted
pregnancy and first ovarian cycle post abortion for circulating concentrations of P4
and 17a 0HP4 in a female Asian elephant. Again, a close relationship between
P4 and 17a 0HP4 levels during the preconception cycle and first ovarian cycle
following the abortion can be seen. There was no immediate post conception rise
in plasma 17a 0HP4. Levels first rose four weeks after conception occurred but
dropped to follicular phase levels by the 12th week of pregnancy and did not rise
again until the first post abortion reproductive cycle whereupon plasma P4
concentrations also rose. This pattern of 17a OHP4 secretion was not seen in any
other elephants during both normal or aborted pregnancies (n=6). The elevated
pattern of plasma P4 secretion was characteristic of normal pregnancy until levels
fell abruptly at week 38, thus terminating the pregnancy during the 20th week of
gestation.
Composite profiles of the mean and SEM plasma concentrations of P4 and
17a OHP4 (N=6 animals, n= 7 pregnancies) throughout pregnancy in the Asian
elephant are shown in Fig. 5.4. All data were aligned to the rise in plasma P4
reflecting the start of pregnancy. The overall length of gestation in those females
which were monitored throughout pregnancy (n=4) was 95.2 ± 2.9 weeks (range
91-98 weeks). Plasma progesterone concentrations remained elevated throughout
pregnancy while plasma 17a 0HP4 concentrations generally showed a decrease
sometime during the first 12 weeks before returning to elevated levels similar to
progesterone concentrations throughout the remainder of pregnancy. Plasma P4
and 17a OHP4 levels decreased on average between one to two weeks prior to
parturition although individual variation was noted (eg. variation in 17a OHP4
concentrations noted for Fig. 5.2).

5.3.3 Comparison of 17a OHP4:P4 ratio
The relationship between circulating concentrations of plasma P4 and 17a
0HP4 during early pregnancy as compared to the similar time frame during nonconceptive ovarian cycles is shown in Fig. 5.5. The data presented represent
mean values (± SEM) and are normalized to the week prior to the elevation in
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Figure 5.3. Profile of weekly plasma progesterone (o—o) and 17a
hydroxyprogesterone (•--•) concentrations for one female Asian elephant through
one non-conception cycle followed by an aborted pregnancy and first ovarian cycle
post abortion.
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Figure 5.4. Composite profiles of weekly progesterone and 17a
hydroxyprogesterone concentrations (mean ± SEM) for Asian elephants
throughout pregnancy. All data were aligned to the week prior to the elevation in
plasma steroid concentrations (week 1) until birth.
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plasma gestagen concentrations (Week 1) as previously define. Profiles are
continued until week one of the subsequent cycle for non-conceptive cycles (n=15)
or to week 16 for early pregnancy samples (n=5).
During the non-conceptive ovarian cycle, concentrations of both plasma P4
and 17a 0HP4 rose until week six whereupon levels of both steroids began to
decrease to baseline or follicular phase concentrations by week eleven. Levels of
both gestagens continued to remain low for the remainder of the cycle. In
contrast, during the same 16 week time period in early pregnancy, plasma P4
concentrations increased from follicular phase levels and were significantly higher
than luteal phase levels (see Table 5.5). Concentrations of plasma 17a 0HP4
during early pregnancy also showed an apparent rise during the first two weeks
although this could not be demonstrated statistically. Thereafter levels decreased
from week three to seven before again becoming elevated. However, there was no
significant difference between early pregnancy and luteal phase concentrations of
17a OHP4 (see Table 5.5).
In order to examine more closely the differences in the plasma gestagen
secretion during the first 16 weeks following predicted ovulation, a 17a OHP4:P4
ratio was calculated per week for each elephant. Table 5.3 represents the
individual 17a OHP4:P4 ratios during a non-conception cycle and early pregnancy
for five animals. The general trend from this initial calculation indicated that
there was an average change in the ratio from greater than one during nonconceptive cycles to less than one during early pregnancy.
The composite profile of Fig. 5.6 compares the mean ratio values of 17a
OHP4 to P4 between early pregnancy and non-conceptive ovarian cycles over the
16 week time period. It can be seen that there was a significant difference in the
secretion between these two steroids during weeks two to seven post conception as
compared to the corresponding time span of an ovarian cycle.

During non-

conceptive cycles, the meaned ratios of 17a OHP4:P4 fluctuated from an average
value of > 1.0 during the luteal phase of the cycle (weeks 1-8) to values of <1.0
during the late luteal phase and entire follicular phase (weeks 8-16). In contrast,
the 17a OHP4:P4 ratio values throughout the first 16 weeks of pregnancy
remained on average less than one. Statistically, there was a significant difference
in the 17a OHP4:P4 ratio between weeks 2-7 of non-conceptive cycles as
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Figure 5.5. Composite profiles of weekly plasma progesterone (o—o) and 17a
hydroxyprogesterone ( • - • ) concentrations (mean ± SEM) for female Asian
elephants comparing early pregnancy (A) with non-conceptive ovarian cycles (B).
All data were aligned to the week prior to the elevation in plasma steroid
concentrations (week 1).
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Table 5.3
Comparison of the 17oOHP4:P4 ratio between early pregnancy and non-conceptive cycles in 5 animals.

Week

Animal #1
cycle EP

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
EP: early pregnancy

1.65
6.07
1.48
4.25
0.65
0.83
0.99
1.50
0.83
0.72
0.66
0.16
0.18
0.29

1.12
0.48
0.56
1.05
0.49
0.28
0.46
0.95
0.85
1.28
0.46
0.61
0.60
0.67
1.30
1.06

Animal #2
cycle EP

Animal #3
cycle EP

Animal #4
cycle EP

Animal #5
cycle EP

0.55
1.64
1.28
1.43
1.36
1.06
1.0
0.64
0.84
0.81
1.14
1.06
0.64
0.10
0.36
0.68

1.0
1.92
1.14
0.79
1.93
1.34
0.97
0.92
0.77
0.84
0.19
0.52
1.45
0.38
0.33
0.39

3.94
4.70
2.6
6.68
6.76
1.4
2.26
3.94
0.92
1.31
1.06
0.33
0.11
0.28
0.61

0.71
1.64
1.52
1.28
1.03
1.14
1.28
1.32
1.47
1.06
1.11
0.92
0.68
0.79
0.87
0.61

0.13
0.73
0.73
0.46
0.58
0.52
0.57
0.42
0.21
0.31
0.19
0.20
0.25
0.21
0.17
0.21

0.18
0.29
0.04
0.22
0.31
0.45
0.16
0.28
0.28
0.17
0.20
0.25
0.21
0.17
0.64
0.83

0.10
0.20
0.20
0.12
0.23
0.16
0.02
0.21
0.56
0.20
0.15
0.28
0.17
0.35
0.59
0.10

1.37
0.32
0.31
0.38
0.52
0.47
0.15
0.66
0.49
0.72
0.42
0.56
0.74
0.81
0.38
0.54

OO
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Figure 5.6. Comparison of the mean ± SEM 17a
hydroxyprogesterone:progesterone ratio during early pregnancy (o—o) and nonconceptive ovarian cycles (#—#).
*p < 0.05
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compared with pregnancy (p<0.05, N=5). From week eight onwards, the 17a
OHP4:P4 ratio remained < 1.0 for both the non-conceptive cycles and pregnancy,
thus, there no longer was a significant difference between them.
Table 5.4 shows a two by two table analysis of the 17a OHP4:P4 ratio
during weeks 2-7 for early pregnancy and non-conceptive ovarian cycles. The
value of 0.7 for the 17a OHP4:P4 ratio was used as the cut-off point for
determining reproductive status. Based on this ratio, a positive predictive value of
96.7% and a negative predictive value of 93.3% was calculated. Therefore, by
calculating the 17a OHP4:P4 ratio during weeks 2-7 after presumed ovulation, a
positive diagnosis of pregnancy (ratio < 0.7) or non-pregnancy (ratio > 0.7) can
be made with 96.7% or 93.3% confidence respectively. The sensitivity and
specificity of the test were 93.5% and 96.6% respectively. Thus, the likelihood of
a false negative or false positive occurring would be 6.5% and 3.4% respectively.

5.3.4 Measurement of urinary pregnanetriol and oestrone during pregnancy
The profile of urinary iP3 immunoreactivity and EjC in relation to that of
circulating concentrations of P4 through one non-conception cycle and 52 weeks of
pregnancy is shown in Fig. 5.7. During the non-conception cycle (week 3-21) the
rise in urinary iP3 concentrations (week 4) matched the rise in plasma P4
following predicted ovulation. Urinary E^C levels showed a pre-ovulatory rise
prior to the week of predicted ovulation followed by an increase in concentrations
three weeks after mating. A second rise in E^C levels occurred two weeks prior
to the next period of predicted ovulation with levels at baseline concentrations the
week of mating and conception. The urinary iP3 measurements demonstrated a
clear cyclical pattern of excretion with luteal and interluteal periods corresponding
to the intervals of high and low plasma P4 secretion. In this elephant, maximum
luteal phase iP3 concentrations ranged between 250 and 1000 ng/mg CR, while
interluteal phase levels were less than 100 ng/mg CR.
Mating dates matched the time of predicted ovulation (week 21) with the
resulting pregnancy confirmed by the continued secretion of elevated
concentrations of plasma P4. Measurement of circulating P4 during the 52 weeks
of gestation examined remained consistently elevated above normal follicular phase
concentrations, with levels ranging from 250 to 2400 pg/ml. Urinary
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Table 5.4
2x2 Table test of the 17aOHP^:P^ ratio during weeks 2-7 post mating versus
outcome as applied retrospectively to the study population.

Outcome
Pregnant

Not
pregnant

Test < 0.70

29

1

Test > 0.70

2

28

Positive predictive value:
Negative predictive value:
Sensitivity:
Specificity:

29/30
28/30
29/31
28/29

=
=
=
=

96.7%
93.3%
93.5%
96.6%
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concentrations of iP3 however, did not demonstrate a similar pattern of excretion.
Concentrations of iP3 were variable, ranging from less than 100 ng/mg CR to
greater than 3000 ng/mg CR over the 52 week period. Although the general trend
of iP3 secretion in this animal demonstrated elevated levels which were greater
than average follicular phase concentrations seen during non-conceptive ovarian
cycles, a great deal of variability in iP3 excretion during pregnancy was evident.
Despite the variable excretion of iP3 in this elephant, there none-the-less was no
pattern of high and low iP3 concentrations consistent with a luteal and interluteal
period of an ovarian cycle.
In this same animal, urinary EjC levels remained lower than non-pregnant
values (under 15 ng/mg CR) for the first 13 weeks of pregnancy after which they
increased gradually to approximately 50 ng/mg CR by week 21 (week 42 on
graph). Thereafter, concentrations of E^C remained elevated, ranging between 5
to 60 ng/mg CR.
The gaps in the profile were due to urine samples being too dilute as
determined by urinary creatinine concentration analysis. The profile only shows
the first 52 weeks of pregnancy due to the study finishing prior to the completion
of gestation in this animal.
An alternate profile of iP3 and E^C secretion in relation to circulating
concentrations of P4 during a completed pregnancy is given in Fig. 5.8. Urine
sample collection did not begin until week 18 of pregnancy. Week one was the
week of predicted ovulation which corresponded with mating by the bull.
Pregnancy was retrospectively determined by the continued presence of elevated
concentrations of plasma P4. Plasma P4 levels remained elevated above interluteal
phase levels, with concentrations ranging between 200 to 1100 pg/ml until the
week of parturition (week 95) whereupon levels dropped reaching follicular phase
levels of less than 1(X) pg/ml.
Levels of iP3 ranged from approximately 50 ng/mg CR to 400 ng/mg CR
from week 18 of pregnancy onwards. However with a few exceptions, iP3
concentrations consistently remained elevated similar to plasma P4 secretion, with
levels remaining greater than 1(X) ng/mg CR until the week of parturition (week
95) when levels dropped. Concentrations of iP3 continued to remain low for two
weeks post partum, after which time sample collection was ended. Throughout the
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Figure 5.7. Representative profile of weekly plasma progesterone and urinary
immunoreactive pregnanetriol and oestrone conjugate concentrations for one
female Asian elephant through a preconception cycle and 52 weeks of pregnancy.

E = oestrus
M = mating
C = conception
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Figure 5.8. Representative profile of weekly plasma progesterone and urinary
immunoreactive pregnanetriol and oestrone conjugate concentrations for one
female Asian elephant through an entire pregnancy.

E = oestrus
M = mating
C = conception
P = parturition
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pregnancy, there was no pattern of high and low iP3 excretion consistent with the
luteal and interluteal period characteristic of the elephant ovarian cycle.
Urinary E^C concentrations gradually increased throughout the pregnancy.
Levels were typical of non-pregnant values (less than 15 ng/mg CR) until week 42
of gestation. From this time onwards, concentrations of E^C were generally
greater than 15 ng/mg CR, with maximum levels greater than 1(X) ng/mg CR until
the week after parturition. Concentrations of E^C had begun to decrease the week
of parturition, however, baseline levels ( < 5 ng/mg CR) were not reached until
the first week post partum.
The profiles of urinary P3 and E^C concentrations in relation to plasma P4
throughout an entire pregnancy of an Asian elephant carrying twins are shown in
Fig. 5.9. Blood sampling was not possible until week 19 of pregnancy, thus
plasma P4 data during early pregnancy was not available. During the remainder
of the pregnancy, circulating concentrations of P4 remained consistently elevated
ranging between 250 to 1300 pg/ml. Plasma P4 levels fell below 100 pg/ml
during the week prior to parturition (week 94), remained low for the week of birth
and the first post partum week. Unfortunately blood sample collection was
terminated at this point due to the traumatic and lengthy nature of the labour (see
Yasmin, Table 5.1), thus no P4 values were recorded during the next two weeks
prior to the second birth (week 98).
Immunoreactive pregnanetriol (iP3) concentrations in this animal became
elevated by the first week after observed mating, similar to that seen during a nonconceptive cycle as previously described. Levels remained elevated until week 14
when they fell to baseline concentrations of less than 20 ng/mg CR for the next
five weeks, before rising again at approximately week 21 of gestation. Thereafter,
concentrations of iP3, although variable, remained elevated above 100 ng/mg CR
(range 100 - 4(X) ng/mg CR) throughout the remainder of the gestation period
similar to the profile described in the previous figure. Concentrations of iP3 only
started to fall again at the time of the first birth (week 94) although levels were
only below 100 ng/mg CR three weeks later at the time of the second birth (week
98).
In this same animal, urinary E^C levels remained similar to non-pregnant
values (under 15 ng/mg CR) for the first 35 weeks of pregnancy after which they

259

Figure 5.9. Representative profile of weekly plasma progesterone and urinary
immunoreactive pregnanetriol and oestrone conjugate concentrations for a female
Asian elephant carrying twins, through an entire pregnancy.
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increased gradually to approximately 30 ng/mg CR by week 55. At this time,
concentrations of E^C remained elevated ranging between 15 to 40 ng/mg CR until
parturition. Levels of E^C fell below 10 ng/mg CR during the week after the first
birth and remained low during the following weeks prior to the time of the second
birth at week 98.
Figure 5.10 illustrates the urinary concentrations of iP3 and E^C in relation
to P4 during a pregnancy which ended abruptly after 28 weeks of gestation (see
Veda, Table 5.1). Plasma P4 levels rose the week after predicted ovulation and
observed mating behaviour (week 2). Pregnancy was confirmed by the continued
secretion of elevated concentrations of plasma P4. Measurement of circulating P4
during the 28 weeks of gestation remained consistently elevated above normal
follicular phase concentrations, with levels ranging from 200 to 900 pg/ml. The
pregnancy was prematurely terminated when this elephant was severely attacked
by a second female. The morning following the attack, large amounts of blood
and mucous were found staining the hindlegs of the formerly pregnant animal and
on the floor, although no conceptus was found. Subsequent endocrine analysis
showed that progesterone concentrations had fallen abruptly to values under 100
ng/mg CR and remained low for the following six weeks.
The pattern of urinary iP3 secretion initially matched the description
previously given for normal pregnancies. Concentrations of iP3 rose the week
after observed mating behaviour and predicted ovulation, to levels between 600
and 3(XX) ng/mg CR. A subsequent drop in concentration to values ranging
between 250 to 5(X) ng/mg CR was seen during weeks seven to eleven of
pregnancy. A second rise in iP3 concentrations similar to the initial increase, was
followed by a second fall in levels between weeks 16-19. Thereafter
concentrations remained consistently elevated at levels greater than 500 ng/mg CR
until the spontaneous abortion occurred at week 30 whereupon levels fell to
follicular phase concentrations and remained low for the next six weeks.
The excretion of urinary E^C during this time period was variable with no
clear pattern discernable. Levels fluctuated between one and 35 ng/mg CR.
Concentrations of E^C only remained consistently at baseline levels (less than 5
ng/mg CR) the week following the spontaneous abortion where they remained for
the next six weeks.
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Figure 5.10. Profile of urinary immunoreactive pregnanetriol and oestrone
conjugate through an aborted pregnancy.
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The results shown in Fig. 5.11 from two other pregnant elephants further
illustrate the urinary iP3 and E^C hormonal changes occurring during early and
late pregnancy. Initially, urinary iP3 concentrations became elevated the week
after predicted ovulation and observed mating behaviour. Subsequently,
concentrations of iP3 consistently remained elevated the week after presumed
ovulation, ranging from 200 to 2800 ng/mg CR during the 38 weeks of gestation
monitored. During these early weeks of pregnancy, there was no pattern of high
and low iP3 excretion consistent with the luteal and interluteal period characteristic
of the elephant ovarian cycle.
The urinary EjC concentrations for this elephant showed a post-ovulatory
rise to 16 ng/mg CR during the week after predicted ovulation followed by a drop
in concentrations ranging between 4 to 6 ng/mg CR during weeks 3-8. Thereafter,
levels of E^C rose and continued to remain elevated with concentrations ranging
between 10 and 32 ng/mg CR.
The values of urinary iP3 and E^C during the last 30 weeks of gestation
and the period of early lactation from another female Asian elephant are shown in
the bottom half of Fig. 5.11. The iP3 concentrations show a variable pattern of
excretion although levels are consistently elevated, ranging between 250 to 1250
ng/mg CR. For this animal, levels of urinary iP3 began to drop the week prior to
parturition and were at baseline levels (under 1(X) ng/mg CR) from the week of
parturition onwards, including the next six weeks of early lactation, after which
time sampling ceased.
In this elephant, E^C concentrations during the last 30 weeks of gestation
were elevated. Levels ranged from 50 to 170 ng/mg CR until the week prior to
parturition. At this time, EjC concentrations dropped below 50 ng/mg CR and by
the following week (parturition) were at values under 10 ng/mg CR, remaining
low for the next 6 weeks of early lactation.
The composite graphs shown in Fig. 5.13 illustrates the mean urinary
hormonal changes occurring during early pregnancy (N=3 animals, n=3
pregnancies) as compared with the similar time period during non-conceptive
cycles (N=8 animals, n=20 cycles). Immunoreactive P3 concentrations during
non-conceptive cycles became elevated after presumed ovulation but began
declining to baseline levels indicative of the follicular phase by week 12. During
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Figure 5.11. Individual profiles of urinary concentrations of immunoreactive
pregnanetriol (o—o) and oestrone conjugate (•--•) during early (A) and late
pregnancy (B) in two female Asian elephants.
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early pregnancy however, iP3 concentrations showed a general trend of elevated
levels similar to or greater than maximum luteal phase values. Initially, iP3
concentrations rose the week following ovulation and continued to increase until
week six. At this time, there was a general trend demonstrating a decline in iP3
concentrations during weeks six to nine. Subsequently, there was a return to
elevated concentrations of iP3 from week ten onwards, which was in contrast to
the follicular phase levels of iP3 seen for the non-conceptive ovarian cycles.
The composite data in Fig. 5.12 comparing E^C concentrations between
early pregnancy (N=3 animals, n=3 pregnancies) and non-conceptive
reproductive cycles (N=8, n=20 cycles) was more variable and difficult to
interpret. Although the general trend during early pregnancy seemed to indicate a
gradual increase in E^C concentrations from week ten onwards as compared with
the non-conceptive reproductive cycle, in fact no significant difference between the
two reproductive states could be made to support this claim.
Figure 5.13 shows the mean levels in urinary iP3 and E^C concentrations
during late pregnancy, parturition and early lactation (N=5 animals, n=5
pregnancies). Urinary iP3 concentrations were clearly elevated above follicular
phase levels during late pregnancy.

The week prior to parturition, iP3

concentrations began to drop, falling to follicular phase levels (< 100 ng/mg CR)
during the week of parturition. Excretion of iP3 continued to remain at low
concentrations throughout the early weeks of lactation.
Urinary E^C values were significantly elevated above luteal phase levels
(see Table 5.5) throughout the final 30 weeks of gestation. During the week of
parturition, EjC levels dropped below 20 ng/mg CR. Concentrations continued to
fall during early lactation to values under 10 ng/mg CR.
For all elephants monitored during late pregnancy, concentrations of iP3
dropped during the week prior to parturition with the exception of one elephant
whose levels dropped six weeks prior to birth. In contrast, the response in E^C
concentrations were more delayed. Levels fell the week prior to parturition in one
elephant but in all other cases E^C concentrations began to drop the week of
parturition, reaching baseline concentrations during the first week of lactation.
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Figure 5.12. Composite profiles of urinary immunoreactive pregnanetriol and
oestrone conjugate concentrations (mean ± SEM) comparing non-conceptive
ovarian cycles (o—o) with early pregnancy (#—#).
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Figure 5.13. Composite profile of urinary immunoreactive pregnanetriol and
oestrone conjugate concentrations (mean ± SEM) during late pregnancy and early
lactation. All data were aligned to the week of parturition, designated as week
zero.
P = parturition
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5.3.5 Summary of urinary and plasma gestagens and oestrogens observed
during pregnancy
The data shown in Table 5.5 and Fig. 5.14 represents all the urinary and
plasma gestagen and oestrogen pregnancy results obtained in this study.
Comparisons of mean (± SEM) of iP3, P4, 17a 0HP4 and E^C during the luteal
phase, early, mid and late pregnancy as well as the week of parturition are shown
in Table 5.5. Concentrations of iP3 throughout pregnancy were not significantly
different from luteal phase concentrations with the exception of the time period
surrounding parturition (p= <0.001, n=5). Although greatly elevated
concentrations of iP3 were seen in some animals from early pregnancy to term,
individual variations of iP3 excretion amongst the elephants was too large to
demonstrate a significant increase over luteal phase levels.
In contrast, concentrations of plasma P4 were significantly greater from
early pregnancy onwards as compared with luteal phase levels (p < 0.001, n=496),
while concentrations of plasma 17a 0HP4 were significantly elevated over luteal
phase concentrations from mid-pregnancy onwards (p<0.001, n=221). Likewise,
urinary EIC concentrations were significantly elevated from mid-pregnancy
onwards as compared with the mean luteal phase concentrations (p< 0.001,
n=243).
Figure 5.14 shows the range of all individual values for urinary and plasma
gestagens and oestrogens measured throughout pregnancy. The scatter plot of
plasma P4 demonstrated a general trend of consistently elevated concentrations
following conception until parturition in all elephants. Concentrations of
circulating 17a 0HP4 following the post conception increase were initially lower
than plasma P4, however, levels generally were elevated by 15 weeks of gestation
and remained so until birth. The pattern of urinary iP3 excretion throughout
pregnancy was more variable amongst individual animals. Urinary E^C
concentrations demonstrated a gradual increase over time which was particularly
evident during the last 30 weeks of gestation.

5.4 DISCUSSION
The findings from this chapter suggest that the direct measurement of
urinary conjugated immunoreactive pregnanetriol is useful in the detection and
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Table 5.5

A comparison of the mean, SEM and range of luteal phase concentrations of
plasma progesterone and lia. hydroxyprogesterone (pg/mf ) and urinary
immunoreactive pregnanetriol and oestrone conjugate (ng/mg CR) with various
stages of pregnancy and parturition in the female Asian elephant.

Hormone

L z ,r .

Stage

Mean

SEM

Range

iP3

luteal
EP
MP
LP
PP
PR

457.0
307.4
462.9
334.3
72.1
357.9

56.70
48.28
69.30
23.86
10.02
17.80

114-1932
54-1165
59-3039
56-1274
44-169^
44-3039

P4

luteal
EP
MP
LP
PP
PR

396.4
956.9
1208.3
858.0
95.4
1028.3

1.87
69.79
42.80
53.20
25.51
31.86

100-1881
170-2715^
268-4188^
180-3477^
30-185*
30-4188*

17ot OHP4

luteal
EP
MP
LP
PP
PR

471.4
458.6
1209.4
869.8
52.3
861.7

42.00
56.71
57.38
54.07
16.93
38.10

107-2484
40-1576
358-3419*
53-1635*
50-179*
40-3419*

EjC

luteal
EP
MP
LP
PP
PR

8.1
6.7
16.2
59.7
12.3
35.4

0.72
1.35
1.14
9.29
3.17
4.72

0.88-33.9
0.08-30.3
2.7-51.2*
9.7-168.7*
1.07-23.2
0.08-168.7*

c a j i y p ic g iid J i^ y

l

- lu ;.

MP: mid pregnancy (weeks 30 - 60).
LP: late pregnancy (last 30 weeks of gestation).
PP: parturition (week of birth).
PR: entire pregnancy.
* : significantly different (p < 0.01) from luteal phase values.
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Figure 5.14. Scatter graph demonstrating the range of variability in circulating
concentrations of plasma progesterone and 17a hydroxyprogesterone, and urinary
concentrations of immunoreactive pregnanetriol and oestrone conjugate for all
pregnancies monitored during this study.
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monitoring of pregnancy in this species. Furthermore, the establishment of this
non-invasive assay for monitoring pregnancy provides an alternative to plasma
progesterone analysis. Measurement of urinary oestrone conjugate throughout
pregnancy also proved to be a further means for monitoring pregnancy noninvasively in the Asian elephant, particularly during the latter half of gestation.
The results also represent the first complete documentation of weekly plasma
progesterone and 17of hydroxyprogesterone concentrations from conception to
parturition in the Asian elephant. The change in the ratio of plasma 17a
hydroxyprogesterone and progesterone during weeks two to seven after conception
from > 0 .7 to < 0.7 was shown to be an indicator of pregnancy and thus
represents the earliest method of determining gestation in the Asian elephant todate. Finally, a general, comprehensive description of pregnancy, parturition,
spontaneous abortion and offspring viability has been recorded.
The previous chapter reported a significant correlation between
immunoreactive pregnanetriol, 17a hydroxyprogesterone and progesterone during
the ovarian cycle of the Asian elephant. The evidence suggested that
immunoreactive pregnanetriol was a major urinary metabolite reflecting ovarian
function in this species.

The findings from this chapter indicated that

immunoreactive pregnanetriol is also a major urinary progesterone metabolite
reflecting gestation in the Asian elephant.
Measurement of urinary pregnanetriol is used most predominantly for
diagnosis of congenital adrenal hyperplasia in humans (eg. Samarajeewa and
Kellie, 1985). There was some interest shown during the 1960’s in developing
this assay for use in monitoring ovarian cycles in women (eg. Fotherby, 1960) as
well as following pregnancy by non-invasive methods (Ronan, Parsons, Namiot
and Wotiz, 1960; Fotherby, James, Kamyab, Klopper and Wilson, 1965; Harkness
and Love, 1966).

These latter studies noted that in pregnant women significant

increases in urinary pregnanetriol concentrations occurred after week 30 of
gestation reaching a maximum between the 36th and 37th week. Although both an
adrenal (Bongiovanni et al., 1954) and ovarian (Fotherby and Love, 1960) origin
of the pregnanetriol precursor have been demonstrated, these findings suggested
that the foeto-placental unit was also a source of 17a hydroxyprogesterone.
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In the elephant, the excretion pattern of immunoreactive pregnanetriol was
similar to the elevated profiles seen with the plasma gestagen secretions.
Concentrations of pregnanetriol rose the week following mating and predicted
ovulation, remaining elevated until the week prior to parturition, with the
exception of a decrease in levels during early pregnancy. The onset and range of
the decline in urinary pregnanetriol levels during early pregnancy occurred on
average between week six to nine of gestation, although the range of variation
amongst individual animals was much greater. This decline in pregnanetriol
concentrations did not match the pattern of progesterone secretion which was
continously elevated throughout pregnancy. However, a decline in 17a
hydroxyprogesterone levels did occur during a similar time period in early
pregnancy.
Due to the nature of the relationship between pregnanetriol and 17a
hydroxyprogesterone, it was somewhat unexpected that the change in pregnanetriol
excretion did not more closely follow the decrease in circulating concentrations of
its plasma precursor (average onset and range of decreased levels occurring
between weeks three to seven). This may have been due to the lack of paired
urine and plasma data during this time period as well as the small number of
animals monitored.
Thereafter, pregnanetriol concentrations rose and remained elevated
throughout the remainder of pregnancy only falling the week prior to parturition
except in one instance where levels fell six weeks prior to birth. Concentrations
of pregnanetriol were not significantly elevated throughout pregnancy as compared
with levels from the luteal phase of the ovarian cycle except for the time period
surrounding parturition. This was likely due to the small number of animals in the
study as their was a considerable range of overlap between pregnant and non
pregnant values.
Although immunoreactive pregnanetriol is the dominant urinary metabolite
throughout pregnancy in the Asian elephant, this is not the case in other species
currently studied. The difference in progesterone metabolism in the elephant as
compared with other animals may be due to differences in 17a hydroxylase
activity. In the human, pregnanetriol secretion is only significantly elevated after
week 30 of gestation (Harkness and Love, 1966). In the goat but not sheep or
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pig, the stimulation of 17a hydroxylase activity only occurs several weeks prior to
parturition, resulting in significantly increased synthesis of pregnanetriol at this
time (Flint, 1983).
These findings of elevated urinary immunoreactive pregnanetriol
concentrations throughout the gestation of the Asian elephant represent the first
practical alternative to blood gestagen analysis. The development of urinary
enzymeimmunoassays for assessing reproductive status has already been
successfully implemented in a wide variety of exotic species (for review see
Hodges, 1993). For the Asian elephant, small volumes of urine (1 ml) collected
on a weekly or bimonthly basis is sufficient to enable routine monitoring of the
reproductive state. Thus this non-invasive approach for assessing reproduction
provides the opportunity for safe and non-stressful sample collection. However,
one of the limiting factors to this technique is the difficulty in obtaining the
necessary reagents for the EIA as both the enzyme label and the glucuronide
standard are not available commercially. Finally, the practicality in assessing the
reproductive status of free-ranging animals is limited as elephants would have to
be intensively observed in order to collect samples from the ground.
Measurement of urinary oestrogens were also carried out as an alternative
means for monitoring pregnancy in the Asian elephant. Previously, HPLC results
from Chapter Three identified oestrone as the major immunoreactive oestrogen
found throughout gestation in this species. An enzymeimmunoassay was
developed employing oestrone-glucuronide as the antibody and standard but which
demonstrated a greater than 95 % cross-reactivity with both oestrone sulphate as
well as the free steroid. Thus the data derived from the measurements of urinary
oestrone from the pregnant animals measured in this study, represent the total
oestrone (conjugated and unconjugated) present in the urine. The specific identity
of the conjugate was not determined.
Both the individual profiles as well as the scatter plot of urinary E^C
concentrations throughout pregnancy indicated a gradual increase in E^C levels
over time despite there being a wide range in absolute values. However, although
levels were significantly elevated over luteal phase concentrations by week 30 of
gestation onward, the most pronounced rise in E^C concentrations occurred during
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the last 30 weeks of pregnancy with levels falling to baseline only after
parturition.
Data on urinary oestrogen concentrations during pregnancy in female Asian
elephants have only been reported in one other study (Mainka and Lothrop, 1990).
These workers measured total oestrogen levels from the third month post
conception onward, reporting steadily increasing oestrogen concentrations during
the first year of gestation from 50 pg//xg CR to greater than 400 pg/^tg CR with
levels remaining elevated until birth. Following parturition, total oestrogen
concentrations fell to values more typical of the follicular phase of the second,
non-pregnant animal in the study. The general trend of those findings concurred
with the results described in this study, although the absolute values measured in
this study were higher than those reported by Mainka and Lothrop (1990).
Studies carried out on culled wild African elephants (Hodges et al., 1983)
demonstrated that levels of total plasma oestradiol-17|8 were significantly higher
from the sixth month of pregnancy onwards as compared with non-pregnant
animals. These findings were also preliminarily confirmed in two pregnant Asian
elephants, with both conjugated oestrone and to a lesser extent conjugated
oestradiol-17j8 showing gradual increases in concentrations from approximately
week 40 of gestation onward (Hodges et al., 1987).

These descriptions of the

changes in plasma oestrogens from mid-pregnancy onward matched well with the
increases in urinary oestrone conjugate observed by week 30 in the study presented
here.
In the human, circulating concentrations of both oestrone and oestradiol17/3 increase throughout pregnancy, although oestriol produced by the human
placenta during the final trimester of pregnancy is the most important oestrogen
quantitatively (Diczfalusy, 1962). Hodges et al. (1987) described an increase in
circulating levels of oestrone and oestradiol-17j3 in the Asian elephant, while
measurements of total plasma oestriol during pregnancy in culled wild African
elephants were low and not different from non-pregnant levels (Hodges et al.,
1983). However, samples were not measured past 16 months of gestation and thus
into the final trimester of gestation when oestriol in humans is secreted in the
greatest quantities. In this study however, measurement of urinary and plasma
oestriol by RP HPLC during early, mid and late pregnancy in female Asian
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elephants yielded either non-detectable or very low concentrations of oestriol
thereby agreeing with the findings of Hodges et al. (1983). Thus, this oestrogen
was not considered of any importance in the elephant during pregnancy and was
not pursued any further.
None-the-less, the late pregnancy increase in plasma oestradiol and
oestrone documented by Hodges et al. (1987) and urinary oestrone concentrations
(this study; Mainka and Lothrop, 1990) is suggestive of a functional foetalplacental unit. In the human, conversion of maternal adrenal
dehydroepiandrosterone sulphate (DHAS) by placental aromatase results in
oestradiol and oestrone production (Anderson et al., 1981). The sheep placenta
utilizes increased concentrations of fetal adrenal cortisol during late pregnancy for
synthesis of oestrone and oestradiol (Ricketts et al., 1980). As neither maternal
DHAS nor fetal cortisol were determined in this or previous studies, the
mechanism of oestrogen metabolism or excretion in the elephant remains
unknown.
Measurement of circulating concentrations of plasma progesterone has long
been accepted in most species as the hormone of pregnancy. Early pregnancy
studies on the Asian and African elephants have demonstrated the viability of
measuring this steroid with respect to determining and monitoring pregnancy (eg.
Plotka et al., 1975; Hess et al., 1983; McNeilly et al., 1983; de Villiers et al.
1989; Mainka and Lothrop, 1990). The results from this study from both the
individual and composite profiles demonstrated that mean progesterone
concentrations became significantly elevated during early pregnancy (weeks 1-16)
as compared to mean luteal phase concentrations and remained so throughout the
entire pregnancy. Mean progesterone concentrations reached their peak during the
second trimester of pregnancy. However, for pregnancy diagnosis and
confirmation, a clear distinction in progesterone concentrations between the non
pregnant and pregnant animal could only be made by repetitive sampling over time
due to the large overlap in individual values. This finding was in accordance with
other studies (McNeilly et al., 1983; de Villiers et al. 1989; Mainka and Lothrop,
1990). It appears that a minimum of ten consecutive weekly samples are
necessary in order to confirm pregnancy.
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The 17a hydroxyprogesterone data presented from both the individual and
composite profiles revealed a pattern of secretion closely matching plasma
progesterone concentrations throughout pregnancy with the exception of several
weeks during early pregnancy. When comparing the plasma 17a
hydroxyprogesterone to progesterone ratio during the first 16 weeks of a nonfertile cycle with a fertile cycle, a significant change in the ratio from > 0.7 to
< 0 .7 occurs between weeks two to seven after ovulation. The results indicate
that it is possible to positively identify pregnancy or non-pregnancy, with a high
degree of sensitivity and specificity, 96.7% and 93.3% of the time during weeks
2-7. This significant difference in the 17a OHP4:P4 ratio during early pregnancy
represents the earliest means for diagnosing pregnancy in the elephant.
It is interesting to speculate as to what is causing this drop in 17a
hydroxyprogesterone secretion. During early pregnancy in humans, the placenta
lacks the 17a hydroxylase enzyme (Palmar et al., 1966) necessary for the
production of 17a hydroxyprogesterone from progesterone. Thus, there is a
decline in peripheral circulating concentrations of 17a hydroxyprogesterone by the
fifth and sixth week of gestation which demonstrates the gradual loss of luteal
steroid secretion and signals the shift to placental steroid support (Tulchinsky and
Hobel, 1973). However in other species, measurement of circulating
concentrations of 17a hydroxyprogesterone during pregnancy can demonstrate
variable results. In the marmoset monkey, levels of plasma 17a
hydroxyprogesterone continue to increase during early pregnancy in contrast to
plasma progesterone despite the gradual loss of luteal tissue and shift to placental
production (Hodges, Henderson and Hearn, 1983). The authors hypothesized that
this may have been due to changes in peripheral metabolism of 17a 0HP4 as
utero-ovarian concentrations did not demonstrate this increase.
In the Asian elephant, a fall in plasma 17a hydroxyprogesterone was noted
to occur on average between weeks two to seven of gestation respectively, similar
to that described in women although the range of variation amongst individual
animals was much greater. Although this suggested a change in 17a hydroxylase
activity and thus was suggestive of a shift to placental steroid support,
concentrations subsequently became as elevated as plasma progesterone levels
throughout the remainder of pregnancy. In other species, the stage of pregnancy
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at which placental 17a hydroxylase is activated may vary. In the goat, sheep and
pig, levels of 17a hydroxyprogesterone rise only just prior to parturition. In these
species, induction of parturition is dependent on the initial stimulus of fetal
glucocorticoids at term which activates 17a hydroxylase in the placenta which in
turn is responsible for the rise in 17a hydroxyprogesterone concentrations (Flint et
al., 1978; Flint, 1983).
Levels of 17a hydroxyprogesterone in the elephant however, were not
significantly elevated during the final trimester or at parturition as compared with
earlier stages of pregnancy. Hodges (unpublished observations in McNeilly et al.,
1983) noted that African elephant serum levels of 20a dihydroprogesterone and
17a hydroxyprogesterone measured during pregnancy from culled animals were
similar to progesterone concentrations. Thus it might be possible that the two
species of elephants could be similar in their mechanisms of progesterone
metabolism during pregnancy.
In other mammals, concentrations of plasma 17a hydroxyprogesterone are
consistently much lower than plasma progesterone throughout pregnancy as well as
the luteal phase of an ovarian cycle. These findings suggest that the elephant
ovary, liver and/or foetoplacental unit may have significantly higher 17a
hydroxylase activity as compared to other mammals which may explain why
pregnanetriol is the major urinary progestagen metabolite rather than pregnanediol
or 20a dihydroprogesterone.
The general reproductive background of the pregnant elephants
followed in this study showed some interesting similarities as well as
dissimilarities with previously published reports. The overall gestation length
which ranged from 91-98 weeks (637 - 686 days) matched well with earlier
European and Sri Lankan reports (Dittrich, 1967; Ratnasooriya, Fernando and
Manatunga, 1991) as well as a more recent report from the Calgary Zoo (Mainka
and Lothrop, 1990). Other records from India, Sri Lanka as well as Burmese
working camp elephants documented a wider range in gestation lengths ranging
from 17 to 25 months although the mean length was approximately 21 months
(Bume 1942, Flower, 1943, Deraniyagala, 1955, Eisenberg, 1980). Prior to the
advent of radioimmunoassays, pregnancy determination was based solely on
mating behaviour and gradual mammary gland development. However, as the
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length of the oestrous cycle was not determined until 1983, the accuracy of some
of these values is questionable.
The ratio of male to female calves observed in this study (6:1) was quite
high. Dittrich (1967) summarized the data obtained for calves bom in Europe
until 1965 and found a male: female ratio of 17:36, with two unknowns. During
the same time period in North America (NA) the ratio was 7:4 with one unknown.
Bume (1942) provided data from Burma indicating a 12:13 male:female ratio.
Gale (1974) documented 967 births over 17 years in the Burmese timber camps
and had a male to female ratio of 475:492. The trend in NA over the last ten
years has seen the predominance of male calves with a ratio of 7:1 (D. Tuttle, NA
SSP, pers. comm.). Although the ratio of male to female offspring of all these
observations combined indicate an approximate 1:1 result, it is not clear as to why
in Europe and NA there is regional disparity amongst the number of offspring
bom. Perhaps the overall numbers of captive births are simply too low to make a
clear assessment and are thus due to chance or perhaps there is a higher likelihood
of male survivability in utero than for females.
The birthweights in this study, in Europe as summarized by Dittrich (1967)
and in Calgary as noted by Mainka and Lothrop (1990) were higher than those
recorded from Asia. Ratnasooriya et al. (1991) documented six birthweights from
Sri Lanka ranging from 49-95 kg, while Flowers (1943) gave birthweights from
India ranging between 79-90 kg. It is quite possible that the higher birthweights
seen in the European and North American zoos are one of the factors involved
with the increased incidence of difficult labour and delivery. Four of the six
females in this study required assistance at birth with only two of these five
offspring surviving. Both cows which required no assistance at birth had very
quick labours (1.5-4 hours) and calves with lower birthweights. Dittrich (1967)
also noted that short labours (under four hours) were problem free. Mainka and
Lothrop recorded a 3.5 hour trouble-free labour despite a calf weighing 138 kg.
Ratnasooriya et al. (1991) recorded one stillbirth from the six births documented
in their study. Although the length of labour was not given, the calf was almost
double the weight of the other livebom calves (95 kg vs 49-56kg).
The 43 % incidence of breech births observed in this study has not been
commented on elsewhere, thus the frequency of its occurrence here cannot be
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compared. The occurrence of twins observed in this study was also quite a rare
event. Both African and Asian elephants generally produce one offspring with the
incidence of twinning in both species estimated at 1% (Dittrich, 1967; Laws,
1969; Gale, 1974; Smuts, 1975; Sukumar, 1989). Dittrich (1967) recorded the
only known incidence of twins bom in captivity in the western world in Munich,
Germany in 1951, although they were stillbirths. Gale (1974) documented five
incidences of twins from the records of the Burmese timber camp elephants
between 1920 and 1967 and found the gestation period to be the same as that of
singletons. He noted that one set of twins was stillborn while the timespan
between births of the four remaining sets of livebom twins ranged from two hours
to 44 days. The twins from this study were both stillbom and bom 30 days apart.
Finally, the two observed cases of premature termination of pregnancy in this
study has not been recorded elsewhere, thus again the frequency of its occurrence
can not be judged.
The poor survivability of the calves documented here was not an unusual
phenomenon. Dittrich (1967) noted that of the 55 European births, 16 calves died
shortly after birth due to matricide (5), stillbirth (7), rejection by the mother (3)
and humane euthanasia (1). Gale (1974) noted a 4% incidence of stillbirths in
Burmese timber camp elephants.
Interestingly, from the records of the European zoos for Asian elephants as
well as observations on wild African elephants, those mothers whose calves were
bom dead or rejected their calves were receptive for breeding within three months
and had an intercalf interval of two years, while those mothers who nursed their
calves produced another calf on average 3-4 years later (Dittrich, 1967; Lee and
Moss, 1986). Gale (1974) noted a longer interbirth interval of five to seven years
in working timber camp elephants with females producing on average between
three to five calves each. In this study, the retum to normal ovarian cycling was
quite rapid with the exception of the cow who carried the twins and subsequently
became quite ill. The two cows who had aborted resumed cycling within 10
weeks although only one of those females conceived again prior to the end of this
study. The female who had rejected her calf at birth resumed cycling 12 weeks
after parturition but had not conceived one year later. Of the three cows who
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were nursing, a retum to cyclicity at 17, 29 and 36 weeks post partum was noted
with the middle animal conceiving 46 weeks after birth.
As noted in Chapter four, the conception rate of Asian elephants in
captivity is low. The two cows who conceived a second time during the time
course of this study will have had an interbirth interval of three and five years
when their pregnancies are completed, similar to the time span proposed for other
captive (Dittrich, 1967; Gale, 1974) and wild (Gee, 1964; Kurt, 1974; Eisenberg,
1980) Asian elephants. However, the remaining five cows who have all returned
to normal ovarian cycling have yet to conceive.
The age range of the nulliparous females at conception from this study
ranged from 10-34 years. The onset of sexual maturity in the Asian elephant can
occur as early as six to seven years of age (Eisenberg et al., 1971; Eisenberg,
1980; Dittrich, 1967). Reproductively active Asian elephant cows over 50 years
of age have been documented (Sukumar, 1989) although they represent a small
proportion of the overall population. Dittrich (1967) recorded a cow who gave
birth for the first time at 31 years of age and went on to produce two more calves
at age 34 and 39. African elephants have been recorded to show peak fertility
anywhere between 1 8 - 3 5 years of age with a significant decline in fertility after
40 years of age (Laws et al., 1970; Hanks, 1972; Smuts, 1975; Kerr, 1978).
Thus, the ages of nulliparous females in this study clearly fell into this period of
peak fertility and therefore would not seem to have played a role in the poor
fertility seen in captivity. However, it is of interest to note that the younger
animals conceived on far fewer oestrus periods than the older cows suggesting that
in the Asian elephant at least, a decline in peak fertility may occur after 20 years
of age.
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CHAPTER 6
GENERAL DISCUSSION

The initial GCMS results established that 5/3 pregnanetriols were the most
abundant urinary gestagen metabolites present in samples analyzed from the luteal
phase as well as pregnancy of the Asian elephant. Presumably samples analyzed
from the foUicular phase of the ovarian cycle contained concentrations of
pregnanetriol that were too low to be detected. These initial results were
corroborated upon further analysis by HPLC after the development of a
pregnanetriol EIA. However, HPLC measurement also determined that
measurement of pregnanetriol in the urine of the Asian elephant was not specific
as the presence of more polar immunoreactive substances were detected,
irrespective of the reproductive status being assessed.
The routine analysis of weekly urinary immunoreactive pregnanetriol (iP3)
concentrations throughout the ovarian cycle produced a cyclical pattern of
excretion which was highly correlated with circulating concentrations of plasma
progesterone as well as with 17a hydroxyprogesterone, its metabolic precursor.
At this time, simplification of the assay by the removal of the hydrolysis and
extraction step demonstrated that ovarian cycles thus generated were comparable if
not often improved.
Analysis of urinary iP3 concentrations using the direct EIA approach was
carried out on pregnancy samples. Urinary concentrations of iP3 became elevated
by the week following mating and conception but levels fell to baseline (follicular
phase) concentrations between weeks 6-14 for a period ranging from one to five
weeks before becoming elevated again. Levels remained elevated throughout the
remainder of the pregnancy until shortly before parturition. Statistically, however
there was no significant difference in pregnanetriol concentrations during any stage
of pregnancy as compared with levels measured during the luteal phase except at
parturition. A similar description of fluctuations in pregnanetriol secretion was
recorded by Ronan et al. (1960) and Fotherby et al. (1965) in pregnant women.
These workers hypothesized that the biphasic excretion of pregnanetriol reflected
the change in 17a hydroxyprogesterone formation by the corpus luteum with the
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drop in concentration reflecting the shift to placental 17a hydroxyprogesterone
production.
This explanation would appear to be the most likely hypothesis describing
the biphasic excretion profile during early pregnancy for the Asian elephant.
However, the pattern of urinary pregnanetriol secretion during early pregnancy
varied from the corresponding plasma gestagen profiles. In this instance, plasma
progesterone rose by the week following mating and conception and remained
significantly elevated above luteal phase concentrations until the week prior to
parturition. The concentrations of circulating 17a hydroxyprogesterone during
pregnancy showed a drop in levels (after the initial post ovulation rise) sometime
between week two and twelve before rising to similar levels as plasma
progesterone for the remainder of the pregnancy. Although it was expected that
pregnanetriol excretion would closely match its plasma precursor, the variability in
the data may be accounted for by the small sample size as well as the lack of
matching urine and plasma data from the same animal.
Comparison of the 17a OHP4:P4 ratio during the first 16 weeks of
pregnancy as compared with a non-conceptive cycle, demonstrated that there was
a change in the ratio from greater than 0.7 to less than 0.7 during weeks two to
seven of a conceptive cycle. This difference in secretion of the two major plasma
gestagens in the Asian elephant suggests a decline in 17a hydroxylase activity
possibly indicating a shift from corpus luteum to placental steroid secretion. The
shift in the ratio of these two plasma gestagens represents the earliest means of
pregnancy detection for the Asian elephant.
Future studies may want to concentrate around this time of potential
"maternal recognition of pregnancy" in the elephant. Measurement of PGF2a
during the weeks following oestrus and successful mating may indicate an
inhibition of prostaglandin secretion, thus suggesting an extension of functional
luteal activity. Further investigation may lead to a search for the source of an
anti-luteolytic substance. In ovine and bovine conceptuses, a type 1 interferon
secreted by the trophoblast, is responsible for anti-luteolytic activity (Stewart,
Guesdon, Payne, Charleston, Vallet and Flint, 1992).
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The analysis of urinary oestrone conjugate excretion throughout the ovarian
cycle as determined by EIA, proved to be variable. Although HPLC had clearly
identified oestrone as the major urinary oestrogen metabolite, weekly sampling
throughout the reproductive cycle and daily sampling during the periovulatory
period did not result in a definable pattern of oestrogen excretion. The most
consistent finding was the rise in E^C levels during the late periovulatory period in
four out of five conceptive cycles.
The urinary oestrogen data generated from the ovarian cycles presented in
this study, did not improve our understanding of follicular development and
ovulation in the Asian elephant. The small number of animals studied in this
thesis as well as the high incidence of infertility seen generally throughout
captivity in the West, raises the question as to whether or not the ovarian cycles
described are normal. In the wild, both species of elephant are more oriented
towards a seasonal pattern of reproduction (Hanks, 1972; Moss, 1983; Sukumar,
1989) with pregnancy and lactional anoestrous being the dominant reproductive
states of the animal. Future work in this area should attempt to continue to
increase the comparison between conceptive and non-conceptive cycles in order to
recognize "normal" patterns of oestrogen secretion during the follicular phase.
Measurement of urinary oestrone conjugate concentrations during
pregnancy were far more informative. There was a steady increase in urinary
excretion throughout pregnancy. By the 30th week of gestation, EjC values were
significantly elevated over non-pregnant levels with concentrations returning to
baseline levels only after parturition had occurred. Determination of urinary
oestrone conjugate concentrations would be a useful means of non-invasively
detecting pregnancy in elephants from which frequent sampling was not possible.
Correlations between reproductive behaviour and endocrine events were
also assessed in this study. It became evident as the study progressed, that mating
and its associated behaviours by the bull were often asynchronous with the times
of presumed ovulation. Furthermore, when mating and presumed ovulation
matched, there was a less than 20% conception rate. The apparent high
percentage of non-fertile ovarian cycles seen in the captive elephant population is
at odds to the description of reproduction occurring in the wild. Moss (1983)
describes a 75 % conception rate amongst the African elephants of Amboseli.
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Furthermore, as just described, there is a far greater seasonal pattern of
reproduction in wild elephants (Hanks, 1972; Moss, 1983; Sukumar, 1989) which
is not evident in captivity (Hess et al., 1982, Niemuller et al., 1993).
A description of the general reproductive histories of the cows followed in
this study was also carried out. Gestation lengths ranging between 91-98 weeks
corresponded well with previous publications (Dittrich 1967; Ratnasooriya et al.,
1991). The ages of the nulliparous pregnant elephants ranged between 10 and 34
years at the time of conception which matched with the prime reproductive years
for both species of elephant as suggested in earlier publications (eg. Eisenberg et
al., 1971; Hanks, 1972; Kerr, 1978; Sukumar, 1989). The higher birthweights
seen with elephants in Western zoos may be one of the factors responsible for the
increased incidences of difficult labour. Mention is made of the high percentage
of breech births observed in this study as well as the rare phenomenon of
twinning. While no previous mention of breech birth is present in the literature,
the incidence of twinning in elephants is estimated to be 1% (Dittrich, 1967,
Sukumar, 1989).
The poor offspring survivability in Western zoos is not unusual. Dittrich
(1967) who traced the history of 55 Asian elephant calves bom in captivity in
Europe, noted that 29% of the calves died during the time period surrounding
birth, compared with a 4% mortality rate in Burmese Timber camps (Gale, 1974).
The 43% mortality rate in this study is the highest yet recorded in the literature.
The high incidence of unsuccessful births witnessed in this study may have been
due to a combination of inexperienced management with respect to elephant
parturition, unfit and overweight elephants and primarily plain misfortune.
One of the natural continuations of this study would be to concentrate on
the periovulatory period in order to more clearly define the phenomenon of
follicular development and ovulation. Despite daily sampling of urine and plasma
in this study and earlier studies (Hess et al., 1983; Brown et al., 1991) the data
derived to date do not provide a clear pattern of events during this time. An
economical means of determining ovulation in the elephant would be invaluable for
captive breeding programs.
Presently many zoological establishments do not house a bull, primarily
due to safety and economics. Elephant bulls are extremely dangerous animals.
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particularly when in musth (Niemuller and Liptrap, 1991) and thus require special
housing facilities which are very expensive. In order to maximize the number of
cows available to a particular bull as well as keep a viable gene pool,
determination of ovulation would be invaluable for captive breeding management.
In this way, hormone analysis could be used to time the movement of cows to
bulls in order to maximize the success of natural matings. For the future, the use
of a diagnostic endocrine test for monitoring ovulation would greatly aid in the
timing of artifical reproductive technologies such as artificial insemination.
Another extension of this work would be to carry out a study in order to
develop the means to successfully monitor the ovarian cycle and pregnancy noninvasively for the African elephant. This was initially attempted in this study.
Preliminary HPLC findings demonstrated the presence of pregnanetriol in the
urine similar to the results described for the Asian elephant in this study
(Niemuller, Shaw and Hodges, 1992). However, attempts to correlate the urinary
excretion of pregnanetriol with plasma gestagens was not successful. The exciting
discovery of 5a dihydro-progesterone in the corpus luteum of the African elephant
by Heistermann, van Aarde and Hodges (1993) however, suggests that the pattern
of plasma progesterone metabolism in this species of elephant differs from its
Asian cousin. This important preliminary finding questions previously published
progesterone data for the African elephant (Plotka et al., 1975; McNeilly et al.,
1983; Brannian et al., 1988; Plotka et al., 1988; von Koch et al., 1988; de
Villiers et al., 1989) as these may actually have been measurements of the cross
reactivity of this less polar steroid in the progesterone radioimmunoassays. It
remains to be seen whether the 5a dihydroprogesterone is further metabolised
prior to excretion in the urine or whether in fact measurement of this steroid will
provide the first non-invasive means for monitoring reproduction in the African
elephant.
The areas of pregnancy, parturition and lactation have only begun to be
explored in the Asian elephant. The increasing ability of zoological establishments
for successfully breeding their elephants opens up new possibilities in the area for
comparative reproductive studies. The change in the 17a hydroxyprogesterone to
progesterone ratio between weeks two to seven of gestation discovered in this
study suggests that the factors involved in the maternal recognition of pregnancy
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may be active at this time. The sequence of events triggering the phenomenon of
parturition is yet to be clearly understood. The endocrine events associated with
the physiology of lactational anoestrous have only begun to be examined.
Finally, a great challenge would be to make the enzymeimmunoassays
robust enough to withstand field conditions. The exponentially increasing human
population is competing for land and resource space with indigenous wildlife.
Already many countries are setting aside protected areas of land in order to shelter
native plants and animals. The nomadic elephant with its immense food and water
requirements would quickly destroy its own protected habitat if the population
density became to great. This has already occurred in Amboseli National Park,
Kenya where préposais are being presented for controlling the elephant population
without resorting to culling (The Amboseli Accord, 1992). With increasingly
protected and closely monitored animals, the knowledge of the reproductive status
of the animals concerned would greatly aid the decision for alternative population
management strategies.
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APPENDIX 1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

Hydrolysis Buffer (pH 5.0)
Sodium acetate
9% Acetic acid
Double distilled water

27.(X)g
12.(X)g
1000ml

Potassium Phosphate Buffer (7.4)
KH2 PO4
K2 HPO4
Double distilled water

.8 g
8.7g
1000ml

Tris Buffer (pH 7.6)
Tris(hydroxymethyl)-methylamine
MgCl2 6 H2 0
Double distilled water

6.05g
203mg
1000ml

LSB Assay Buffer (pH 7.0)
NaH2 P0 4 .2 H2 0
Na2HP04.12H20
NaNg
Gelatin
Double distilled water

6 .1 g
21.9g
O.lg
l.Og
1000ml

Dextran Coated Charcoal Solution
Charcoal
Dextran T-70
Assay buffer

1.25g
0 .125g
200ml

WHO Assay Buffer (pH 7.2)
NaH2P04.2H20
Na2HP04.12H20
NaCl
NaNg
Gelatin
Double distilled water

3.05g
20.25g
8.80g
O.lOg
l.OOg
l(X)Oml

6

lodination Buffers (pH 7.4)
#1:

#2:

0.5M phosphate
NaH2P04.2H20
Na2HP04
Double distilled water
0.05M phosphate
1:10 dilution of 0.5 M buffer

5g
28.5g
500ml
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#3:

1 .8

0.005M phosphate
1:10 dilution of 0.05 M buffer

Tris Enzyme Assay Buffer (pH 7.5)
Tris(hydroxymethyl)^methylamine
NaCl
Bovine sérum albumin (BSA)
Tween 80
D row

1.9 Substrate Buffer: (pH 5.0)
Citric acid
Tween 80
D row
1 .1 0

1 .1 1

1 .1 2

2.42g
17.52g
l.OOg
1 . 0 ml
1 0 0 0 ml

.0 1 g
1 . 0 ml
1 0 0 0 ml
2 1

Peroxidase Substrate Buffer:
0-Phenyldiamine
substrate buffer
hydrogen peroxide

lOOmg
28ml
25/il

Coating Buffer: (pH 9.6)
Na2C0g
NaHCOj
D row

1.59g
2.93g
1 0 0 0 ml

Storage Buffer: (pH 7.5)
Tris(hydroxymethyl)-methylamine
BDH 10315
NaCl
BSA (Sigma fraction V-A4503)
Sodium azide
DIDW

3.15g
23.3g
13.0g
1.3g
1 0 0 0 ml

1.13 H 2 SO 4 Stopping Solution (3 mol/1):
Double distilled water
95 - 97% H2 SO4

670 ml
300 ml

1.14 Pas-Gel Buffer (pH 7.0)
KH2PO4
Na2 HP0 4
NaCl
NaNg
Gelatin
Double distilled water

4.42g
24.16g
9.0g
l.Og
l.Og
1 0 0 0 ml
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1.15 Diethanolamine Buffer (pH 9.8)
Diethanolamine
MgCl2.6H20 (0.5mM)
NaNg
Double distilled water

52.55g
0.05g
0.05g
500ml

1.16 PdG Plate Coating Buffer (pH 5.0)
Sodium acetate
Double distilled water

1.23g
1000ml

