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Abstract

Understanding the complex endocrine interactions that control reproduction in felids is essential for captive breeding
management. The most important demand is a quick and reliable pregnancy diagnosis. However, the occurrence of pseudopreg-
nancies in felids complicates matters. We investigated whether the fecal prostaglandin metabolite (PGFM) recently suggested for
pregnancy diagnosis in the lynx is suitable for all felid species. We found that increased levels of PGFM during the last trimester
indicate pregnancy in seven of the eight main lineages of the carnivore family Felidae. PGFM levels in a sand cat (domestic cat
lineage) were basal at mating and remained so until Day 40 post-mating. Day 41 marked the beginning of a distinct increase
culminating in peak levels of 6.5 �g/g before parturition and decreasing again to baseline thereafter. Similar pregnancy profiles

ere obtained from the domestic cat, the leopard cat, the lynx, the ocelot and the caracal lineage, whereas in pseudopregnant
ndividuals (sand cat, Iberian and Eurasian lynx) fecal PGFM remained at basal levels. In pregnant cheetahs (puma lineage) PGFM
ncreased above basal following day �48 peaking before pregnancy but remained at baseline in pseudopregnant females.
iscrepancies existed in the Panthera lineage. While Chinese leopard, Sumatran tiger, and the black panther showed marked

ncreases of PGFM during the last weeks of pregnancy, only moderate increases in PGFM levels were found in the Indochinese
iger and the Persian leopard. Altogether, PGFM as tool for pregnancy diagnosis has been proven to be useful in breeding
anagement of felids.
2012 Elsevier Inc. All rights reserved.
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1. Introduction

All 36 species of wild felids are included in Appendices
I and II of CITES and tend to be one of the most endangered
and vulnerable groups of mammals in the world. Twenty-
three of those cat species are threatened or endangered with
extirpation in at least some part of their natural range (http://

* Corresponding author. Tel: �49 30 5168615; fax: �49 30
5126104.
E-mail address: dehnhard@izw-berlin.de (M. Dehnhard).

093-691X/$ – see front matter © 2012 Elsevier Inc. All rights reserved.
oi:10.1016/j.theriogenology.2011.10.011
www.iucnredlist.org). For example, survival of the 10 non-
domestic felid species endemic to Latin America is particu-
larly jeopardized by habitat loss, human-animal conflicts, and
poaching [1] whereas tiger conservation in Asia is mainly by
harvest of animals for traditional medicines used by at least a
quarter of the world’s human population [2]. One felid spe-
cies in particular—the Iberian Lynx—is critically endan-
gered (IUCN R. List 2009) mainly due to decimation of
European rabbit (Oryctolagus cuniculus) populations, the

lynx’s main prey [3].

http://www.iucnredlist.org
http://www.iucnredlist.org
mailto:dehnhard@izw-berlin.de
www.theriojournal.com
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Because of increasing extinction risks there is a
growing demand for zoos to sustain genetically healthy
felids populations in case of catastrophic extinctions.
Most felid species reproduce poorly in captivity, a
problem attributed to behavioral incompatibilities, cap-
tivity stress, or inappropriate husbandry [1]. Causes of
female reproductive failure are challenging to diagnose
because of difficulties analyzing the complex endocrine
milieu associated with estrous activity, ovarian func-
tion, conception, and pregnancy [4]. Therefore, under-
standing the endocrine principles of reproduction in
felids is essential for their captive breeding manage-
ment and applied conservation efforts. One of the most
important demands in captive breeding programs is a
quick and reliable pregnancy diagnosis, because fe-
males in captivity tend to abort or kill their offspring if
management conditions are not appropriate. Thereby
primiparous females have a higher rate of failure to
raise their young than multiparous ones [5]. A timely
installed video-surveillance system permits early detec-
tion of problems which may result in the rescue of cubs
that were abandoned by their mothers for hand-raising.
In this regard, non-invasive endocrine monitoring uti-
lizing urine and fecal samples is preferred. Such tech-
niques avoid repeated blood sampling for reproductive
hormone analysis and do not represent a source of
additional stress that may increase the risk of abortion
in pregnant lynxes.

In several felid species, pregnancy diagnosis utiliz-
ing non-invasive fecal hormone metabolite monitoring
has become a routine procedure [6]. After successful

ating, progesterone level increases in blood plasma
ue the activity of corpora lutea. Towards the end of
regnancy, progesterone levels decrease and drop to
aseline levels before parturition [6]. This plasma pro-
le of progesterone secretion is mirrored by progester-
ne metabolites in feces. In many felid species, fecal
rogesterone (P4) metabolite concentrations increase
ignificantly during pregnancy [7]. Pseudopregnancies
non-pregnant luteal phase) are characterized by a
horter duration of fecal progestin elevation, usually
pproximately one-half to two-thirds of the gestation
ength. For example, in the cheetah the average pseu-
opregnancy length is 53 d, whereas a normal full-term
estation length is 94 d [7]. In the clouded leopard
verage pseudopregnancy lasts 48 d, compared to a
ull-term gestation of 90 d [7]. The main disadvantages
f fecal progestin measurements for reliable pregnancy
iagnosis are the necessity of repeated (frequent) sam-
ling as well as highly variable intra- and interspecies

aseline concentrations. Furthermore, in a few felid
pecies fecal P4 metabolite analysis failed to demon-
trate pregnancy [8–10].

As an alternative to fecal steroid analysis, urine has
een utilized for tracking pregnancy specific hormones.
n particular, several peptide hormones, such as lutein-
zing hormone (LH) and human choriogonadotropin
hCG) can be detected in urine and may be related to
exual activity or pregnancy status [11,12]. Recently, it
as shown that relaxin is detectable in urine of preg-
ant domestic cats, leopards and lynxes [10,13]. In our
revious study [14] we investigated the urinary prosta-
landin F2� metabolite (PGFM), which also seems to

be a pregnancy related placental signal in the Iberian
lynx [14]. PGF2� is a prostaglandin, that has been
portrayed as a locally bioactive hormone detectable in
virtually all tissues [15]. It is now widely accepted that
uterine and placental prostaglandins play a key role in
regulating the function and life span of corpora lutea
[16] and exogenous PGF� is luteolytic in both pregnant
nd pseudo-pregnant bitches [17]. Serum PGFM anal-
ses in the dog revealed different patterns between
regnant and non-pregnant (diestrus) bitches [18].

The same was obvious in the Iberian lynx. Based on
he analysis of the urinary PGF2� metabolite PGFM, a

clear differentiation between pregnant and pseudopreg-
nant female lynxes was possible [14]. The PGFM pat-
terns revealed a constant hormone increase over the last
trimester (21 d) of gestation in pregnant females with
peak concentrations around the time of parturition fol-
lowed by a post-partum drop to baseline. In compari-
son, in pseudopregnant females baseline profiles were
obtained during the entire period of supposed preg-
nancy [14]. The finding that PGFM is detectable in
feces of Iberian lynxes as well and follows similar
courses as shown for urine [14] encourages us to extend
our investigations to other felids.

We hypothesize that the fecal PGFM detected in the
lynx might be representative for other felid species and
that our PGFM enzyme linked immunoassay (EIA) can
be used as a simple and reliable pregnancy test. To
prove this hypothesis, we collected fecal samples from
pregnant and pseudopregnant females of different felid
species and determined PGFM by an EIA based on a
new and more sensitive PGFM-specific antibody and a
PGFM peroxidase conjugate [14].

2. Materials and methods

2.1. Animals and sampling

The housing locations of study animals are shown

in Table 1. Ten different zoos contributed to the
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study. Fecal samples from a cheetah were obtained
from the Smithsonian Conservation Biology Institute
(SCBI), Front Royal, VA, USA, and the White Oak
Conservation Center, Yulee, FL, USA. The study
comprises 18 different felids species, representing
seven of the eight main lineages of the carnivore
family Felidae [19]. Adult females were allowed to
mate and the deliveries of cubs or observed abortions
were ultimate indications of pregnancy. Pseudopreg-
nancies (PP) occurred if conception failed after ap-
propriate mating observations. All female felids were
housed under variable conditions, following the gen-
eral requirements of institutional husbandry guide-
lines. In the case of shared enclosures housing fe-
male and male together, the keepers labeled the
samples accordingly.

Unless noted, sampling commenced several days
before the expected mating or immediately following
observed mating and ended after parturition. The fre-
quency of sample collection ranged from once daily to
two times a week according to institutional protocols.
Samples were frozen immediately and stored at �20 °C

Table 1
Species and sample origin.

Species Lineage

and cat (Felis margarita) Domestic cat
frican wildcat (Felis silvestris lybica)
sian leopard cat (Prionailurus
bengalensis)

Leopard cat

ishing cat (Prionailurus viverrinus)

uma (Puma condolor) Puma
heetah (Acinonyx jubatus)

berian lynx (Lynx pardinus) Lynx
urasian lynx (Lynx lynx)

celot (Leopardus pardalis) Ocelot
eoffroy’s cat (Leopardus geoffroyi)
ncilla (Leopardus tigrinus)
aracal (Caracal caracal) Caracal
erval (Leptailurus serval)
lack jaguar (Panthera pardus) Panthera
orth Chinese leopard (Panthera
pardus japonensis)

ersian leopard (Panthera pardus
ciscaucasica)

umatran tiger (Panthera tigris
sumatrae)

ndochinese tiger (Panthera tigris
corbetti)

, pregnancy; PP, pseudopregnancy.
until processed.
2.2. Sample processing

Fecal samples were processed as described previously
[14]. In brief, wet fecal samples (0.5 g) were extracted with
4.5 ml 90% methanol by shaking for 30 min and centrifuga-
tion for 15 min at 3000 � g. The supernatant was decanted
and diluted 1:1 with water followed by a dilution with 40%
methanol (1:10). Aliquots of diluted extracts were then as-
sayed for PGFM using enzyme immunosassay (EIA). For
the cheetah fecal samples, �0.2 g of dried fecal powder were
oiled in 90% ethanol: 10% distilled water [20,21]. Each
ample was centrifuged at 500 � g for 20 min, the superna-

tant recovered and the resulting pellet redissolved in 5 ml of
90% ethanol before recentrifugation (500g, 15 min). This
secondary supernatant was recovered, pooled with the first,
dried under air and redissolved in 1 ml methanol (100%).
Fecal extracts were vortexed, then sonicated for 15 min and
stored at �20 °C until hormonal analysis.

2.3. Stability of PGFM in fecal samples

Repeated PGFM analyses in samples stored at �20 °C
revealed stability for at least two years. To investigate
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rpark Berlin, Germany �
rpark Berlin, Germany �

nt Safari Park and Zoo, Port Lympne,
UK

�

rpark Berlin, Germany �
hite Oak Conservation Center, Yulee, FL; � �
ithsonian Conservation Biology Institute,

front Royal, VA, USA
CBP, Spain � �
N. Severtzov Institute, Moscow, Russian
Federation

� �

rpark Hellabrunn, Munich, Germany �
rpark Berlin, Germany �
gue Zoo, Czech Republic �
rpark Berlin, Germany �
rpark Berlin, Germany �
rpark Berlin, Germany �
rpark Berlin, Germany �

lwetterzoo Münster, Germany �

rpark Berlin, Germany �

rpark Berlin, Germany �
Eb
Tie
Tie

Ke

Tie
W
Sm

IL
A.

Tie
Tie
Pra
Tie
Tie
Tie
Tie

Al

Tie

Tie
the stability of PGFM at elevated temperatures, 0.5 g
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aliquots of two fecal samples (both from Iberian lynx)
were taken and incubated over 0, 48 and 72 hours at 37
°C, respectively. Incubation was stopped by freezing at
�20 °C. Finally, all samples were extracted accord-
ingly and analyzed within one assay.

2.4. PGFM antibody

The PGFM antibody was generated in rabbits
against 9�,11�-dihydroxy-15-oxo-prost-5-en-1-oic
cid-BSA by Sigma as described by Schlegel, et al [22].
he cross-reactivity of the PGFM antibody was tested
gainst PGFM (9�,11�-dihydroxy-15-oxo-prost-5-en-
-oic acid), tetranor-PGFM (9�,11�-dihydroxy-15-
xo-2,3,4,5-tetranor-prostan-1,20-dioic acid), 11�-
GF2� (9�,11�,15S-trihydroxy-prosta-5Z,13E-dien-1-

oic acid), PGF2� (9�,11�,15S-trihydroxy-prosta-
Z,13E-dien-1-oic acid), PGE2 (9-oxo,11�,15S-

dihydroxy-prosta-5Z,13E-dien-1-oic acid), PGEM
(9,15-dioxo-11� -hydroxy-prosta-5Z-en-1-oic acid),
tetranor-PGEM (9, 15-dioxo- 11�-hydroxy-13, 14-di-
hydro- 2, 3, 4, 5-tetranor-prostan- 1, 20-dioic acid), and
PGAM (9, 15-dioxo-prosta- 5Z, 10-dien- 1-oic acid);
all obtained from Cayman Chemicals (Cayman Europe,
Tallinn, Estonia). The PGF2� (9�,11�,15S-trihydroxy-
8�]-prosta-5Z,13E-dien-1-oic acid) was purchased

from Sigma (Sigma Chemie, GmbH, Deisenhofen, Ger-
many). The antibody was characterized by a high spec-
ificity towards PGFM (100%), low binding to PGEM
(1.9%) and PGF2� (0.5%) and negligible cross-reactiv-
ities (� 0.1%) to tetranor-PGFM, tetranor-PGEM, 11-
PGF2�, PGF2�, PGE and PGAM.

2.5. Enzyme immunoassay procedure

The EIA was carried out as described in detail pre-
viously [14]. In brief, 96 well microtiter plates coated
with affinity purified goat IgG (anti-rabbit IgG), 1 �g/
well in 100 �l coating buffer were washed and dupli-
cates of 20 �l feces extract or PGFM standard were
laced simultaneously with 100 �l PGFM-HRP conju-

gate diluted (1:20.000) in assay buffer (50 mM

Na2HPO4/Na2HPO4, 0.15 M NaCl, 0.1% BSA, pH 7.4).
hereafter, 100 �l PGFM antiserum diluted in assay
uffer (1:25.000) was added immediately to all wells
xcept blank. The plates were incubated overnight at
°C. After washing, the substrate reaction was per-

ormed with 150-�l substrate solution per well (1.2 mM

H2O2, 0.4 mM 3,3=,5,5=-tetramethylbenzidine in 10 mM

sodium acetate, pH 5.5) and stopped with 50 �L 4N

2SO4. The color intensity was measured at 450 nm
with a 12-channel microtiter plate reader (Infinite M

200, Tecan, Crailsheim, Germany) and hormone con-
centrations were calculated according to the standard
curve using the Magellan software (Tecan).

The PGFM calibration standards were prepared by
dilution with 40% methanol ranging from 0.4 to 200
pg/well. Sensitivity of the assay at 90% binding was 2.3
pg/well. Serial dilutions of fecal pools from Iberian
lynx proved parallelism to the standard PGFM with no
differences in slopes (P � 0.05). Precision and repro-
ucibility were calculated from multiple measurements
f pooled samples containing low and high endogenous
GFM concentrations. The inter- and intraassay coef-
cients of variation were 16.2 and 14.1% (n � 20), and
.9 and 4.2% (n � 8), respectively.

.6. Statistical analyses

To investigate the stability of PGFM in fecal sam-
les comparisons of mean values were performed by
tudent’s paired t test after testing for normality using

he software program InStat Version 3 (GraphPad Soft-
are, Inc., La Jolla, CA, USA).
For fecal PGFM profiles, an iterative process was

sed to calculate basal concentrations [23,24]. Briefly,
he mean of all samples for each female was calculated
nd samples with concentrations greater than one stan-
ard deviation (SD) above this mean were removed.
his iterative process was repeated until there were no
amples with concentrations greater than the mean plus
SD. The mean of the remaining values was consid-

red as the individual basal concentration. An increase
bove basal was defined as the day when fecal PGFM
oncentrations exceeded basal concentrations � 1SD
or at least three consecutive samples.

. Results

.1. Stability of PGFM in feces extracts

Compared with the initial PGFM concentrations of
.5 and 0.14 �g/g feces, the recoveries after 48 and
2 h of storage at 37 °C were 1.78 (118.6%) and 1.82
121.3%) for the first, and 0.13 (92.8%) and 0.11
78.6%) �g/g feces for the second sample, respectively.

The results revealed no change (P � 0.05; Student’s
paired t test) of PGFM within a 3-d storage period,
indicating that PGFM in fecal samples is stable, even at
elevated temperatures.

3.2. PGFM profiles in pregnant female felids

Table 2 displays a summary of gestation length and
PGFM levels (�g/g feces) of all 18 cat species exam-

ined in this study. Most species were represented by
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only one individual. The interspecies comparison fo-
cused on the onset of the PGFM increase post-breeding,
defined as the day PGFM levels increased above basal
plus 1 SD over a period of at least three consecutive
samples. For almost all felid species, it is apparent that
significant PGFM elevations above baseline occurred
�3 to 4 wks before parturition, and at the beginning of the
third trimester. Individual PGFM pregnancy profiles were
analyzed for the different cat lineages according to the
feline pedigree [19] and are presented in Table 2.

.2.1. Domestic cat, leopard cat and lynx lineages
The felid species of these lineages are characterized

y pregnancy lengths ranging from 65 to 70 d. Figure 1
epicts the PGFM profiles from one pregnant and one
seudopregnant sand cat (domestic cat lineage) and one
regnant fishing cat (leopard cat lineage). In the preg-
ant sand cat, PGFM levels were basal (0.07 �g/g)

following mating and remained at this level until Day
40 post-mating. Day 41 marked the beginning of a
distinct increase, culminating in peak levels of 2.1 �g/g
eces 3 d before parturition. Following parturition,
GFM concentrations immediately decreased again to
asal levels (0.1 �g/g) and remained low over the rest
f the sampling period (through Day 80). By contrast,
he pseudopregnancy related fecal PGFM concentration

Table 2
Gestation length, number of pregnancies as well as baseline and ma

Species Pregnancy
n

Gestation
length
(days)

African wildcat* 1 67
Sand cat 1 65
Asian leopard cat† 1 73

ishing cat 1 66
Puma 1 81
Cheetah‡ 3 96
berian lynx‡ 5 66
urasian lynx‡ 3 70
celot 1 75
ncilla 2 71
eoffry’s cat 1 72

Caracal 1 78
Serval§ 1 78

umatran tiger 1 103
North Chinese leopard 2 97–98
Black panther (jaguar) 1 110
Indochinese tiger 1 98
Persian leopard¶ 1 �95

* Sampling gap between Day 44 and 59
† samples available only from Day 52
‡ mean from three and five females, respectively
§ samples available only from Day 33, and 5-days gap before Day

¶ mating date is missing
emained basal during the entire sampling period (Fig
A). A comparable profile was obtained from the fish-
ng cat (66 d pregnancy, Fig. 1B). Basal concentrations
ere measured until Day 30 post-mating, followed by

n increase with a maximum concentration of 7.8 �g/g
feces 5 d before parturition. Following parturition,
PGFM levels decreased reaching basal values within
5 d. Similar profiles were obtained from the African
wild cat (domestic cat lineage) and from the Asian
leopard cat (leopard cat lineage, Table 2), whereas the
latter revealed the highest PGFM amplitude of all spe-
cies investigated so far (21 �g/g).

Figure 2 represents profiles from Iberian lynx of
three different reproductive stages, including one nor-
mal pregnancy (A), one premature delivery and one
aborted pregnancy (B). All three PGFM patterns pro-
ceeded similarly until day 45 post-mating. After the
increase of PGFM levels during the third trimester, a
shifted and a steep decrease were observed in correla-
tion to abortion (d50), premature birth (d63) and regu-
lar termination of pregnancy (d66). The PGFM course
of the pregnant female is representative for the Iberian
and Eurasian species and has been used successfully for
pregnancy diagnosis in support of the Iberian lynx
captive breeding program (ILCBP) in 2010 and 2011.

PGFM levels (�g/g feces) of 18 investigated felid species.

line
el
/g)

Baseline
� SD
(�g/g)

Maximum
level

(�g/g)

PGFM-increase
on day

06 0.08 1.48 n.d.
04 0.06 6.5 35
06 0.09 21.0 n.d
08 0.10 7.8 41
05 0.07 0.7 73
12 0.14 1.44 46
04 0.05 3.63 40
10 0.04 1.6 45
52 0.68 8.2 58
/0.08 0.08/0.11 1.83/3.92 24/28
08 0.12 2.7 38
18 0.21 9.6 47
15 0.21 2.1 64
06 0.10 2.0 73
05 0.07 0.52/0.83 74/79
04 0.04 1.38 82
04 0.05 0.44 68
03 0.04 0.30 �72
ximum

Base
lev

(�g

0.
0.
0.
0.
0.
0.
0.
0.
0.

0.06
0.
0.
0.
0.
0.
0.
0.
0.

64
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3.2.2. Puma lineage
For species of the puma lineage, we were able to

analyze samples from three cheetah pregnancies (n �
3) and five cheetah pseudopregnancies (n � 4) and one
pregnant puma (data not shown). The PGFM profile of
the pregnant cheetahs (Fig. 3A) is characterized by an
untypical trend compared to all other felids showing
elevated PGFM concentrations around the time of mat-
ing. Thereafter, a period of relatively low PGFM con-
centrations (� 0.5 �g/g) followed until Day 48, when
PGFM levels increased above basal (0.22 �g/g) again
nd peaked on Day 88 (1.60 �g/g) in the pregnancy

(pregnancy length of 96 d). Unfortunately, no samples
were obtained from either the last 2 d of pregnancy or
the postpartum period. The unusual trend around the
time of mating is mainly caused by one female where
high PGFM concentrations (up to 1.38 �g/g) were

easured during that period, generating high SDs. A
imilar mating associated phenomenon was obtained in
ne pseudopregnant female. In the remaining two preg-

Fig. 1. Prostaglandin F2� metabolite (PGFM) concentrations obtained
s a pregnant fishing cat (B. Prionailurus veverrinus). A significant
fter copulation. Arrows indicate time point of parturition.
ancies and four pseudopregnancies, however, high a
GFM concentrations following mating were not de-
ected. In contrast to the pregnant cycle, no PGFM
levation was observed during the pseudopregnancies.
n general, for all the five pseudopregnant animals,
GFM concentration did not exceed baseline levels
uring the entire collection period. The mating associ-
ted elevation of PGFM seems to be untypical and has
een seen so far only in the cheetah.

In the puma (pregnancy length of 81 d), the PGFM
rofile differed from the cheetah, as the PGFM elevation
as observed only 1 wk before parturition (Table 2).

.2.3. Ocelot and caracal lineages
These two feline lineages are characterized by preg-

ancy length of approximately 70 to 80 d. Figure 4
hows the PGFM profiles of a pregnant ocelot (ocelot
ineage) and a pregnant caracal (caracal lineage). The
GFM concentrations of the ocelot increased over basal
0.52 �g/g) on Day 58 of pregnancy, peaked on Day
6 (8.2 �g/g) and dropped again to basal concentrations

pregnant and a pseudopregnant sand cat (A. Felis margarita) as well
nce between the sand cat profiles occurred between days 41 and 67
from a
diverge
t parturition. A similar profile was observed for the
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caracal, where PGFM increased on Day 47 post-breed-
ing leading to maximum concentrations (�10 �g/g) at
Day 61 and remained elevated prior parturition. Other
representatives of the ocelot lineage (oncilla and Geof-
froy’s cat, Table 2) and the caracal lineage (serval,
Table 2) confirmed the validity of PGFM as a preg-
nancy indicator and revealed similar profiles.

3.2.4. Panthera lineage
The Panthera lineage was represented by one Suma-

tran and one Indochinese tiger (Fig. 5A), one Chinese
and one Persian leopard (Fig. 5B), and a black panther
(Table 2). All of these animals were naturally mated
and established pregnancy. Surprisingly, the pregnan-
cy-related PGFM profiles differed among the species.
While the Chinese leopard and Sumatran tiger (Fig. 5)
showed marked increases of PGFM concentrations
around Day 75, the black panther is characterized by a
later but distinct PGFM increase on Day 82 correspond-
ing to 4 wks before parturition (Day 110, Table 2).
Only moderate increases in PGFM levels, not exceed-
ing 0.4 �g/g feces, were observed in the Indochinese

Fig. 2. PGFM concentrations in three female Iberian lynx. Female one
on Day 53, whereas female three had a preterm still birth (2 cubs) o
iger (Fig. 5) and the Persian leopard. Compared to the
rofiles of their sister taxa within the felids these values
ere quite low and the characteristic peak around par-

urition was not observed.

. Discussion

Our results demonstrate that the PGF2� metabolite
PGFM is a reliable pregnancy indicator in several felid
species. In pregnant females, fecal PGFM concentra-
tions elevate significantly above baseline during the last
trimester of pregnancy peaking towards parturition.
This pattern of elevation was not observed in any pseu-
dopregnant female. In addition, fecal PGFM concen-
trations also decrease drastically at time of abortion and
premature birth, indicating a strong relationship of this
hormone with maintenance of full-term pregnancy.

To our knowledge, this is the first report of PGFM
assayed as a fecal metabolite for pregnancy determina-
tion in any species. PGFM can be determined in fecal
extracts using a simple EIA. Our method does not
require sample pretreatment except for a simple extrac-

ed two healthy cubs on Day 66. Female two had a confirmed abortion
63. Arrows indicate time point of parturition and abortions.
deliver
tion and a dilution step with 40% methanol. In addition,
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incubation of fecal samples at 37 °C during 3 d does not
affect fecal PGFM concentrations, which suggests a
high stability of PGFM and makes feces preservation
and sample deep-freezing unnecessary if contemporary
analysis is intended.

The high sensitivity of the PGFM EIA method (0.4
pg/well), is sufficient to measure both low baseline
concentrations (average 0.02 �g/g) and high PGFM
levels during the peri-partum period (applying dilutions
up to 1:100). The different extract dilutions did not
affect measurements due to an extraordinarily high de-
gree of parallelism excluding matrix effects (data not
shown). The method for the determination of PGFM in
feces proved to have very high precision.

One of our most interesting results from this present
research is that the EIA allowed the simultaneous anal-
yses of immunoreactive PGFM metabolites in fecal
samples from 18 cat species of seven cat lineages.
Pregnancy related fecal PGFM profiles were obtained
from all species evaluated. Interestingly, peak levels in
the peripartal period differed in magnitude reaching 21

Fig. 3. Determination of PGFM in samples collected from female ch
EM of three pregnancies, whereas the lower graph (4B) shows the
etween the hormone courses occurred at Day 47–49 after copulatio
�g/g in the Asian leopard cat compared to � 0.5 �g/g
in both the North Chinese leopard and in the puma. Our
previous results from the Iberian lynx [14] as well as
the sand cat and cheetah indicate that PGFM analyses
may allow the differentiation between pregnancy and
pseudopregnancy in captive and free-ranging felids.
High-level PGFM in fecal samples are sufficient to
diagnose an ongoing (last trimester) pregnancy without
the knowledge of breeding date. In both the sand cat
and the cheetah, deviating PGFM courses allow a clear
differentiation of pregnant from pseudopregnant fe-
males beginning approximately at Days 42 and 58 post-
mating, respectively.

In the four lynx species evaluated, PGFM measure-
ments seem to be the only reliable option to diagnose
pregnancy non-invasively. In contrast to other felids,
steroid-based monitoring of ovarian luteal function is
impossible using fecal and urinary progestagen metab-
olites, therefore a reliable pregnancy diagnosis method
has never before been developed [8,25]. The Witness
relaxin pregnancy test [13] has been used for diagnostic
purposes using urine samples collected between Days

Acinonyx jubatus). The upper graph (4A) shows the 3-day means �
means � SEM of five pseudopregnancies. A significant divergence
eetahs (
3-days
26 and 46 from pregnant Iberian lynx [10]. However,
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not all diagnosed pregnant females delivered a litter,
which indicates high rates of abortions after d46 or
false positives using the relaxin test. In the Iberian lynx,
PGFM analyses had been successfully used to diagnose

Fig. 4. PGFM concentrations in samples collected from a pr

Fig. 5. PGFM concentrations in samples collected from a pregnant Su
corbetti) (upper graph A). The lower graph (B) presents the PGFM c

leopard (Panthera pardus japonensis).
pregnancies in the course of the captive breeding proj-
ect. During the 2010 and 2011 mating seasons, 26 of 27
pregnancies were predicted correctly, thus only one
pregnancy diagnosis was uncertain. In that case, sam-

ocelot (Leopardus pardalis) and caracal (Caracal caracal).

(Panthera tigris sumatrae) and an Indochinese tiger (Panthera tigris
n a pregnant Persian (Panthera pardus ciscaucasica) and a Chinese
matran
ourse i
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ples from a male were not distinguished from the fe-
male.

Also during our pregnancy monitoring in 2011, the
exact day of late abortions was determined by specific
PGFM profiles in three animals (see one example in
Fig. 3). Additional advantages of the PGFM assay in
comparison with the relaxin test are the reduced sample
processing necessary and the ability to use fecal sam-
ples. For example, urinary relaxin determination de-
mands a concentration step by ultrafiltration before
analysis. An additional carnivore comprehensive preg-
nancy marker is the prolactin concentrations in blood
plasma, allowing the discrimination between pregnancy
and pseudopregnancy via elevated values in cats and in
other carnivores, such as the Japanese black bear [26],
the dog [27] and the mink [28] making this hormone
lso an interesting target for pregnancy diagnosis if
rine sample are available.

Felids express marked interspecies variations in re-
roductive hormone patterns. For example, the rela-
ionship between pregnant and pseudopregnant cycle
ength differs between tigers and Pallas cats [29]. In the
iger, the gestation length is 108 d and a pseudopreg-
ant cycle lasts only one-third of this period (�35 d),
hereas in the Pallas cat a pseudopregnancy takes

bout 70% (45–50 d) of pregnancy length (66 d [29]).
ue to the inconsistency of steroid hormone metabo-

ism across species, each assay detecting fecal steroid
etabolites must be properly validated using both lab-

ratory and biological tests. In contrast, our results
evealed that fecal PGFM can be measured with one
ssay suitable for at least seven of the eight main
ineages of the carnivore family Felidea.

Although most felid species we investigated were
epresented by only one pregnant individual, we are
onvinced that it is possible to generalize PGFM pro-
les for small felid species (e.g., sand cat, fishing cat,
heetah, lynx, ocelot, oncilla, caracal, and serval). In
hese species, PGFM diverges from baseline level ex-
lusively during the last pregnancy trimester. We found
nly one exception from this typical “small cat” pattern
n samples evaluated from the puma, where PGFM
ncreases only 8 d before parturition. Notable inconsis-
ency in PGFM profiles occurred within the big cats of
he Panthera lineage, even for sister taxa of one species.
or example, Indochinese and Sumatran tigers differ in
aximum levels of 0.4 to 2.0 �g/g feces PGFM, and

he profiles of the Persian and Chinese leopard also
aried greatly from each other (ranges of 0.3–0.8 �g/g
eces PGFM). This parallels with a comparative study

n different felids using fecal P4 metabolite analyses as i
n index of pregnancy. Whereas P4 metabolism mech-
nisms appear to be conserved (similar immunoreactive
rofiles) among the taxonomically related species
leopard cat, cheetah, clouded leopard, and snow leop-
rd) peak levels varied by a factor of �15 between the
pecies [7]. Based on scattered samples obtained from
he peripartal period of a clouded leopard (Panthera
ineage), first results indicated that a PGFM based preg-
ancy diagnosis might be feasible in this species. Al-
ogether, for some of the large felid species, more
regnant and pseudopregnant cycles must be evaluated
efore an overall conclusion about the suitability of the
GFM ‘pregnancy’ test can be made.

The PGFM patterns of production described here
ppear to be unique for felids. Our initial expectation
as that PGFM might be a suitable pregnancy indicator

n all carnivores. However, in most non-felid carnivore
pecies investigated, we were able to detect a sharp
GFM peak before parturition only, indicating the lu-

eolytic function of PGF2� as described in ruminants
[30] and in bitches [31]. Further investigation into
PGFM production in other carnivores is warranted.

The physiological role of PGF2� in felids remains to
e elucidated. In the cat, particularly large doses of
GF2� (2 mg/cat) are needed to induce abortion

[32,33]. Therefore, we suggest that prostaglandin levels
in queens must reach an individual threshold before
luteolytic action occurs. In addition, uterine PGF2� is
nown to act locally on the corpus luteum by a coun-
ercurrent mechanism, but not via systemic circulation
16]. Fecal PGFM, however, reflects circulating PGFM
n blood. The production and concentration of intrao-
arian PGF2� might be different from that in blood
erum and likely increases only just before parturition
s measured in the uteroovarian vein plasma of the
heep [16].

We propose that the primary source of F series
rostaglandins during third trimester in felids is the
tero-placenta complex. This is supported by the pro-
les of the two female lynx (Fig. 2) where preterm
regnancy termination was accompanied by an imme-
iate drop of PGFM after abortion/premature birth. The
ncreasing production of PGF2� during the third trimes-

ter might be linked to a rapid increase in fetal growth
from Day 42 of gestation onwards [34]. This does not
explain, however, why felids differ from the typical
(non-felid) PGFM course, where extensive prostaglan-
din secretion is focused during the peripartal period.
Also, it should be considered that PGF2� could affect
steroid biosynthesis. It has been shown that PGF2� is

nvolved in the up-regulation of steroid biosynthesis in



o

b
s
c
l
W
m
e
f
P
p
l
s
i
t

[

[

[

[

[

[

[

[

1098 M. Dehnhard et al. / Theriogenology 77 (2012) 1088–1099
alpaca Leydig cells [35] and also inhibits the release of
progesterone in caprine luteal tissues [36]. This action
on luteal cell steroid production could also occur in
felids, which may explain the gradual decline in pe-
ripheral progesterone concentrations in the cat during
the last pregnancy weeks—a decrease which does not
appear compensated by the placenta [37]. In the cat,
removal of the ovaries at Day 45 induces abortion,
suggesting placental steroid synthesis of minor impor-
tance to maintain pregnancy at this stage [38]. Little is
known about the variation among feline placental
forms, which could also be related to the differences in
species-specific PGF2� patterns. We predict that PGF2�

is not the key luteolytic factor in felids, considering that
oxytocin of ovarian and/or neural origin also triggers
luteolysis in cats [39] in addition to a complex cascade
f mediators that still await elucidation.

In summary, the PGFM principle has been proved to
e valid in six of the eight cat lineages, including the
mall cats except for the puma (puma lineage). Dis-
repancies existed between the big cats of the Panthera
ineage exhibiting gestation lengths of 80 to 100 d.

hile Chinese leopard and Sumatran tiger showed
arked increases of PGFM around Day 75, only mod-

rate increases in PGFM levels not exceeding 0.4 �g/g
eces were observed in the Indochinese tiger and the
ersian leopard. Based on additional samples from
regnant females it has to be investigated whether the
ow PGFM levels might complicate pregnancy diagno-
is in these species. In addition comparative HPLC
mmunograms will be carried out to investigate whether
he composition of fecal PGF2� metabolites changes

towards parturition because in the Iberian lynx PGFM
itself was undetectable by our PGFM EIA one day
before parturition.

Altogether, this method of pregnancy diagnosis and
monitoring may prove to be useful in the breeding
management of felid species and provides a foundation
for future studies on pregnancy in captive exotic car-
nivores.
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