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STUDIES ON THE PHYSIOLOGY OF EARLY PREGNANCY IN ALPACAS 

Abstract 
 
 

by Alexis Jean Campbell, M.S. 
Washington State University  

December 2015 
 

Chair: Ahmed Tibary 
 
 

Camelids are economically important production animals in many areas of the world.  Early 

pregnancy loss is a major cause of reproductive inefficiency.  Pregnancy maintenance depends on a timely 

signaling mechanism called maternal recognition of pregnancy (MRP).  This mechanism is not well 

characterized in camelids.  The work presented in this thesis is part of a larger research program to study 

early embryo development and MRP, as well as factors involved in early pregnancy loss.  

In a first study, the incidence and outcome of twin pregnancy in double-ovulating alpacas was 

evaluated by retrospective and prospective analysis.  Our finding indicated that twinning is not rare and 

may be a cause of early pregnancy loss.  The incidence of multiple ovulation approached 30%. There were 

more twins from bilateral ovulations than from unilateral ovulations.  A high rate of spontaneous reduction 

of twin pregnancies (62.5% of cases within the study) to a singleton occurs early, however a significant 

proportion of twin pregnancies may result in loss of both embryos (37.5% of cases within the study).     

The objective of the second and third study was to compare uterine histology in the left and right 

uterine horn in non-pregnant and early pregnant alpacas.  Uterine tissue samples from pregnant and open 

females (n=5 per group) taken at 9 and 14 days post-ovulation were evaluated for differences in 

endometrial and myometrial layer thickness, glandular density and tortuosity, vascularity, and infiltration of 

inflammatory cells between the left and right uterine horns in pregnant and non-pregnant animals.   All 

groups under progesterone influence showed similar histological features.  There were no histological 

differences between the left and right uterine horns in all groups.  Expressions of estrogen receptor alpha 
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and progesterone receptor were identified within the endometrium using immunohistochemistry. 

Quantification of these receptors is being conducted.   

 These studies showed that establishment of pregnancy in the left uterine horn in camelids cannot 

be explained by histologic differences. A genomic and proteomic study is planned to further investigate the 

MRP in this species. 
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Chapter 1 

Introduction 

 

1.1 Background  

Camelidae (or camelids) are economically important in South America, Africa, and the Middle East. 

Llamas and alpacas have become increasingly popular in other parts of the world including the United 

States.1 Reproductive capacity is an important component of production and profitability within the industry.  

Expanded knowledge on the signaling mechanisms responsible for maternal recognition of pregnancy 

(MRP) and the physiology of early pregnancy would allow for a better understanding of mechanisms 

involved in infertility and early embryonic death.  In addition, our understanding of the crosstalk between the 

embryo and the uterus could further advance reproductive technologies, such as embryo transfer.      

The luteal phase of the estrous cycle is simultaneously prepared for two conflicting events to occur.  

Either luteolysis will occur allowing the animal to return to estrus for another opportunity at becoming 

pregnant, or luteal maintenance for pregnancy will result.2 MRP is a physiological process whereby the 

conceptus signals its presence to the maternal system resulting in a prolonged lifespan of the corpus 

luteum (CL).2, 3 The CL is necessary for the production of progesterone, which is required to maintain a 

uterine environment consistent with embryo survival.  In domestic large animal species the conceptus must 

provide a timely biochemical signal to prevent luteolysis.  This is specifically important in ruminant, camelid, 

swine, and equine species because the pre-attachment period of the embryo within the uterus is long when 

compared to other species, such as primates.4 Maternal recognition signaling and CL maintenance can be 

classified into one of 3 categories: luteotrophic, antiluteolytic, or luteostatic.  Luteotrophic maternal 

recognition signaling directly promotes luteal function.  Antiluteolytic signaling prevents the release of 

luteolytic prostaglandin F2α (PGF2α) and luteostatic signaling alters the distribution of PGF2α so that it does 

not reach the CL in an amount necessary to result in loss of the CL.2, 4, 5 
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While some domestic species, such as pigs and ruminants,6, 7 have well defined MRP signaling 

pathways, other domestic species, including camelids, are still under investigation.  The reproductive 

anatomy and physiology of the female camelid is dramatically different compared to ruminants.8  Alpacas 

are induced ovulators, with ovulation occurring equally from both the right and left ovary.1, 8  Although 

fertilization can occur in either side, embryos migrate to the left uterine horn for attachment.9  Camelids are 

unique in the fact that greater than 98% of pregnancies are carried in the left uterine horn.1 

In camelids, the CL reaches a maximum size 8-9 days post-breeding and luteolysis occurs and is 

complete 10-11 days post-breeding if a pregnancy is not present.10  Therefore in these species MRP has to 

take place prior to Day 9-10 after mating and fertilization.  Embryos enter the uterus approximately 7 days 

after mating and rapidly elongate after migration to the left uterine horn on Day 10-11.1, 9, 11   

In ruminants, the antiluteolytic mechanism of maternal recognition involving the secretion of 

interferon tau (IFNt) has been well established.6, 12  While an interferon-like protein has not been identified 

13, there is speculation that estrogen does play at least some role in MPR in camelids.  In pigs, it has been 

well demonstrated that estrogen plays a significant role in MRP.  Pig conceptuses secrete an abundance of 

estrogen during early pregnancy preventing the secretion of PGF2α into the uterine vein by redirecting its 

release into the uterine lumen where it is metabolized to a non-luteolytic form.6, 14  In camelids, pre-

implantation blastocysts produce increasing amounts of estradiol-17β and exhibit high aromatizing 

activity.15  Although this increase in estradiol has been documented, its potential role in MRP is not fully 

understood.   

Due to the fact that the majority of pregnancy loss in camelids is experienced prior to 60 days of 

gestation, a more thorough understanding of the MRP signaling and the physiology of early pregnancy is 

paramount both scientifically and clinically.  
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1.2 Rationale 

Early pregnancy losses can cause significant financial loss within the industry, and identification of 

the MRP signaling pathway would provide better case management of early pregnancy loss or infertility in 

camelids.  The majority of studies on the physiology of early pregnancy have been performed in other 

domestic large animal species, specifically ruminants.  One of the major recent discoveries in domestic 

species related to MRP and early embryonic loss is the role that genetic expression in the uterus plays in 

the establishment of pregnancy.  There is limited information available regarding areas associated with 

early pregnancy in camelids and an understanding of uterine genetic expression during pregnancy in 

alpacas has not been established.  The alpaca genome has been sequenced in recent years 16, and 

although still in its infancy, identification of genetic markers can further reproductive research, reproductive 

health, and fertility.  Identification of, understanding of expression of, and localization of factors associated 

with MRP in camelids may provide information beneficial to advancements of reproductive veterinary 

medicine.    

The work presented in this thesis is part of a research effort to study early embryo development 

and maternal recognition of pregnancy, as well as factors involved in early pregnancy loss.  

 

1.3 Hypotheses 

Two hypotheses were developed: 

Multiple ovulations are relatively common resulting in twin conception followed by reduction to a 

singleton or complete loss of pregnancy. 

 Embryo migration and elongation triggers gene expression changes and maintenance of 

pregnancy in camelids.  It is expected that there is a difference in the genetic expression and mRNA 

production in the pregnant and non-pregnant endometrium.   
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1.4 Objectives 

Four studies were designed to test these hypotheses. 

The first study: Double ovulation and occurrence of twinning in alpacas (V. pacos) (Chapter 3) was 

designed to link the clinical observation of multiple ovulations to the observation of multiple ovulations 

within the experimental design.  Data from a retrospective study and the prospective study were evaluated 

to determine the incidence and characteristics of multiple ovulations in female alpacas. 

The second, third, and fourth studies used reproductive tract samples collected from pregnant and 

non-pregnant alpacas during critical times of early pregnancy to further decipher factors associated with 

MRP signaling and the crosstalk between the embryo and the uterus during early pregnancy in camelids.   

In the second study: Histologic evaluation of uterine endometrium in the pregnant and non-

pregnant alpaca (Chapter 4) the objective was to determine if there are any significant structural differences 

between the left and right uterine horn. Histological comparison between the left and right uterine horns 

was made at 9 and 14 days post-mating or induction of ovulation in both pregnant and non-pregnant female 

alpacas.  

In the third study: Estrogen receptor alpha and progesterone receptor expression in the 

endometrium from pregnant and non-pregnant alpacas (Appendix A), the objective was to evaluate 

expression and localization of estrogen receptor alpha and progesterone receptor within the endometrium 

at 9 and 14 days post-mating or induction of ovulation in both pregnant and non-pregnant female alpacas.   

In the fourth study: RNA sequence mapping of endometrium from pregnant and non-pregnant 

alpacas, the objective was to identify specific genes that play a role in the conceptus-endometrium 

crosstalk during MRP, followed by proteomic analysis to identify potential conceptus signaling mechanisms 

involved in MRP in camelids.  While the alpaca genome has been sequenced in previous years, the quality 

of the genome is such that it was not possible to perform sequencing of the endometrial RNA samples.  
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Alternatives were considered, but the timeframe with which to complete the project was beyond the scope 

of the current thesis. 

 

1.5 Research design and methods to study maternal recognition of pregnancy in alpacas 

Twenty healthy, non-pregnant female alpacas (Table 1.1) were used for study.  Animals enrolled 

were assessed through an initial physical examination and breeding soundness examination.  The sample 

size was chosen to enable detectable differences in histological changes, regulation of steroid receptors, 

endometrial genetic expression, and proteomics associated with pregnancy.  Alpacas were maintained in 

stalls or outdoor paddocks and fed grass hay twice daily. Water was available ad libitum. All procedures 

were in accordance with Washington State University Animal Care and Use Committee guidelines. 

All females were examined by transrectal ultrasonography using an Aloka SSD500 ultrasound 

machine (Hitachi Aloka, Medical, Ltd, Wallingford, CT, USA) equipped with a 7.5 MHz linear array 

transducer mounted on a polyvinyl chloride (PVC) extension rod (Figure 1.1). All females were mated to a 

proven fertility male within 12 hours following visualization of at least one large follicle measuring between 7 

and 10 mm in diameter (Figure 1.2). All females received an injection of 50 µg of GnRH (Cystorelin®, 

Merial, Duluth, GA, USA) subcutaneously immediately after mating. Following mating, females were 

assigned randomly to 4 groups (Figure 1.3). Group I and II females (n=10) were scheduled for postmortem 

collection of the reproductive tract and embryos at either Day 9 (n=5) or Day 14 (n=5) post-mating 

respectively. Group III and IV females (n=10) were scheduled for pregnancy diagnosis on Day 14 post-

mating.  All females in group III and IV received an injection of 250 µg of cloprostenol (Estrumate®, Merck 

Animal Health, De Soto, KS, USA) intramuscularly after pregnancy diagnosis. Following luteolysis the 

follicular wave was monitored again and ovulation was induced with GnRH when the largest follicle reached 

at least 7 mm in diameter.  Ovulation was induced with administration of an injection of 50 µg of GnRH 
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subcutaneously.  Group III and IV females were scheduled for postmortem collection of the reproductive 

tract at either Day 9 (n=5) or Day 14 (n=5) post-administration of GnRH respectively.   

Females in all groups were examined 7 days after mating and GnRH treatment or GnRH treatment 

alone, to determine presence and number of CL (Figure 1.4).  Group II females collected at 14 days after 

mating were also examined for pregnancy diagnosis on Day 13 or Day 14 after mating (Figure 1.5).  Blood 

samples from all females were collected after mating and GnRH treatment or GnRH treatment alone and 

prior to euthanasia by jugular venipuncture.  Samples were centrifuged and serum was stored at -80°C for 

hormone assays to be performed.  All females were euthanized using an overdose of barbiturates on Day 9 

or Day 14.  The uteri were collected en bloc immediately after euthanasia and flushed as previously 

described (Figure 1.6).9   

The ovaries were evaluated for number and side of CL(s) (Figure 1.7).  Embryos (Figure 1.8) and 

collection fluid were frozen in liquid nitrogen.  Reproductive tract tissue samples collected included the 

ovaries, oviducts, uterotubal-junction (UTJ), endometrium, and myometrium.  The endometrium and 

myometrium were sampled in 2 locations (near the tip and at the base) of each uterine horn.  Samples 

were either flash frozen in liquid nitrogen and stored at -80°C or transferred to 10% buffered formalin for 48 

hours and stored in 70% ethanol prior to analysis.  

Uterine horn tissue samples stored in 70% ethanol following fixation were used for histological 

study.  In cassettes the tissue sections were rinsed in 70% ethanol, 80% ethanol, and 95% ethanol for an 

hour at each concentration.  The tissue sections were then rinsed in 100% ethanol for 3 hours, xylenes for 

2 hours, and embedded in paraffin.   

For histological evaluation the tissue sections were stained with haematoxylin and eosin (H&E).  

Sections were evaluated for differences in the ratio between endometrial and myometrial thickness, 

glandular density and tortuosity, vascularity, and infiltration of inflammatory cells between the left and right 

uterine horns in pregnant and non-pregnant animals.   
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An immunohistochemical technique previously described17 was used to visualize estrogen receptor 

α (ERα) and progesterone receptor (PR) immunostaining after minor modifications.  Please refer to the 

Appendix for complete details.  A general observation of receptor immunostaining for ERα and PR was 

performed.  Further analysis and evaluation to quantify estrogen and progesterone receptor expression, 

along with hormonal assays evaluating for estradiol-17β and progesterone serum concentrations, is 

warranted.  Our laboratory is currently engaged in a collaborative program to continue evaluation of 

estrogen and progesterone receptor expression in pregnant and non-pregnant alpacas.   

Endometrial tissue samples were processed and RNA was isolated, depleted of ribosomal RNA, 

and subjected to next-generation sequencing using the Illumina HiSeq 2000 platform (Figure 1.2).  The 

results were to be fed into the Trinity pipeline for de novo transcriptome assembly and differential 

expression analysis (Figure 1.2).  While the alpaca genome has been sequenced in previous years, the 

quality of the genome is such that it was not possible to perform sequencing of the endometrial RNA 

samples.  Alternatively an even-toed ungulate genome was considered for RNA sequence mapping, but the 

timeframe with which to complete the project was beyond the scope of the current thesis.  Our laboratory is 

currently engaged in a collaborative program to continue RNA sequence mapping of alpaca endometrium 

and proteomic analysis of gene regulation associated with MRP and pre-implantation embryonic 

development during early pregnancy.   
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Table 1.1 Signalment of 20 female alpacas enrolled for reproductive tract sampling and embryo collection 

Animal ID Age (Years) Collection Group 

1 7 9-day pregnant 

2 5 9-day pregnant 

3 6 9-day pregnant 

4 9 9-day pregnant 

5 4 9-day pregnant 

6 5 9-day control 

7 5 9-day control 

8 3 9-day control 

9 5 9-day control 

10 9 9-day control 

11 9 14-day pregnant 

12 8 14-day pregnant 

13 14 14-day pregnant 

14 6 14-day pregnant 

15 6 14-day pregnant 

16 3 14-day control 

17 13 14-day control 

18 11 14-day control 

19 7 14-day control 

20 9 14-day control 
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Figure 1.1 Transrectal ultrasonography was used to monitor follicular development, confirmation of 

ovulation, and pregnancy diagnosis   
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Figure 1.2 A female alpaca being mated to a proven, fertile male 
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Figure 1.3 Protocol for the experimental treatment groups 
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Figure 1.4 Transrectal ultrasonogram of an ovary demonstrating the presence of a corpus luteum (CL) 

(arrows) 
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Figure 1.5 Transrectal ultrasonogram of the uterus demonstrating the presence of a 14-day pregnancy 

(arrow)   
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Figure 1.6 The uterus collected en bloc for tissue sampling 
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Figure 1.7 An ovary with a corpus luteum (CL) and follicle observed grossly (Follicle: arrow; CL: 

arrowhead) 
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Figure 1.8 Alpaca embryos collected by ex vivo uterine flushing (A) 9-day embryo, (B) 14-day embryo 

(Images credited to Picha et. al, 2013; permission A. Tibary) 
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Figure 1.2 RNA sequence mapping: Transcriptome analysis of alpaca endometrium 
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Chapter 2 

Early embryo development and maternal recognition of pregnancy: A literature review 

 

2.1 Introduction 

Maternal recognition of pregnancy (MRP) is the biological process that allows a female to 

recognize the presence of a conceptus and remodel the endocrine, histological, and secretory function 

within the reproductive tract to allow attachment/implantation and further embryo and fetal development. 

This process, which can be summarized as a mechanism of prevention of luteolysis, involves signaling 

between the embryo and the uterus leading to successful implantation. In-depth studies on MRP have been 

sparked by the impact of early pregnancy loss on productivity in various species (cattle1, camelids2-4, 

horses5-8). Additionally, early embryonic loss (loss in the pre-implantation period) is a common problem with 

many advanced reproductive biotechnologies involving embryo/gamete manipulations. This increased early 

embryo loss is generally attributed to impaired communication between the developing blastocyst and the 

maternal endometrium.9 In the past three decades tremendous advances have been made in deciphering 

some of the MRP signaling particularly in ruminants10-12, swine13-15 and to a lesser extent in horses.16-18  

Camelids (llamas, alpacas, dromedaries, Bactrian camels) are important livestock in many areas of 

the world. They are the only production animal species that can survive under some of the harshest climatic 

conditions on the planet. Studies on early embryo development and MRP in these species are scarce. The 

objectives of this paper are to present an overview of our knowledge on MRP in domestic large animal 

species and discuss early embryo development in camelids and how it may relate to MRP. 

 

2.2 Maternal recognition or pregnancy in traditional domestic large animals 

2.2.1 Ruminants 
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In ruminants, the blastocyst hatches from the zona pellucida around Day 8 to 10 post-fertilization 

and starts rapidly elongating by Day 13.  In cattle, the conceptus doubles in length every day between Days 

9 and 16. This process is critical for successful implantation and placentation around Day 16 in sheep and 

Day 19 in cattle. MRP is hallmarked by the secretion of interferon tau (IFNt) by the trophoblast cells during 

this elongation phase.10 IFNt acts on the endometrium in a paracrine manner to prevent luteolysis. IFNt 

seems to be unique to ruminants and has potential antiviral, anti-proliferative, and immune-modulatory 

properties.19 It is secreted by the elongating blastocyst at concentrations proportional to its size.20 The 

mechanism of action of IFNt in prevention of luteolysis has been a subject of debate. It was first 

hypothesized that IFNt inhibits estrogen receptor (ER) expression in the luminal (LE) and glandular 

epithelia (GE), which in turn, blocks oxytocin receptor (OTR) expression. As a consequence, the episodic 

release of prostaglandinF2α (PGF2α) from the endometrium is blocked because its synthesis requires 

oxytocin coupling with its receptor.21 However, more recent studies have shown that inhibition of oxytocin-

induced PGF2α production does not require down regulation of ER.22 Recently, IFNt was shown to be 

embryotrophic and an essential regulator of conceptus elongation. This action is predominantly paracrine. It 

is important to note that elongation does not occur in vitro, which confirms the important role of the 

endometrial glands and the histotorph during this phase of embryo development.23, 24 

Another hypothesis is that IFNt increases prostaglandin E2 (PGE2), which is luteotrophic, in the 

endometrium. The antiluteolytic effects of IFNt inhibit transcription of the estrogen receptor alpha (ESR1) 

gene in sheep and the OTR gene in both sheep and cattle, specifically in the endometrial LE. In cattle, IFNt 

down regulates OTR and prostaglandins-generating enzyme prostaglandin-endoperoxide synthase 2 

(PTGS2; formerly cyclooxygenase 2 or COX2) expression, which results in a reduced expression of PGF 

synthase and consequently reduced PGF2α secretion.25 In sheep, the expression of PTGS2 and secretion 

of large amounts of prostaglandins (PGs) are present in both pregnant and non-pregnant females.26  In the 
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presence of pregnancy, luteolysis is prevented by inhibition of transport of endometrial prostaglandins by 

IFNt.27 

In addition to antiluteolytic effects, IFNt acts in a paracrine manner on the endometrium to induce 

or enhance expression of IFN-stimulated genes (ISG) that are hypothesized to regulate uterine receptivity 

and conceptus elongation and implantation.28-30 Conceptus-derived PGs, in coordination with IFNt or 

cortisol, have been found to increase expression of genes that are involved in conceptus elongation, 

migration, and attachment of trophectoderm cells. 31-34 PTGS2 is up-regulated by IFNt in early pregnancy.35 

Type I interferons (IFN) stimulate synthesis of PGE2 and PGF2α. PTGS2-derived PGs from the conceptus 

likely have a paracrine, autocrine, and perhaps intracrine effect on endometrial function and conceptus 

development in early pregnancy. Conceptus elongation is also regulated by cortisol from the endometrium 

and the conceptus.24, 33, 34 

In cattle, several type I IFN-stimulated genes (ISG) have been identified in the endometrium in 

response to IFNt, which demonstrate complex cell-specific biological effects of IFNt.36, 37 In sheep, it 

appears that interferon regulatory factor 2 (IRF2) in LE restricts IFNt induction of most classical ISGs to the 

uterine stroma and GE. IFNt has also been shown to exert systemic effects that may affect CL function.38-41 

IFNt also stimulated expression of non-classical ISG, which are initially induced by progesterone and loss 

of progesterone receptors (PGR) in the epithelia. These non-classical ISG are critical for proliferation, 

migration, attachment and or adhesion and nutrient transport. 

Another lipid mediator that has been shown to play a role in establishment of pregnancy is 

lysophosphatidic acid (LPA). LPA is produced by the endometrium and the conceptus and has been shown 

to stimulate PGE-synthase.42 

In cattle, the major changes required to drive conceptus elongation and establish uterine receptivity 

to implantation occur between Days 7 and 13 in response to ovarian progesterone (reviewed by 43). 

Progesterone induces the expression of many conceptus elongation and implantation-related genes 
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including those coding for attachment and migration factors, cell proliferation factors, adhesion protein 

insulin-like growth factors, prostaglandin G/H synthase, PTSG2, hdroxysteroid (11-beta) dehydrogenase, 

proteases, protease inhibitors, candidate cell proliferation factor, glucose transporters, and cationic amino 

acid transporter (reviewed by 24). This gene expression pattern occurs in association with loss of 

progesterone receptors between Day 10 and 12 in endometrial LE and between Days 12 and 16 in the GE 

after onset of estrus; however, PGR remain present in the stroma and myometrium throughout pregnancy.  

 

2.2.2 Swine 

Estrus lasts 24 to 72 hours and ovulation occurs 44 hours after the onset of estrus. Early embryo 

development occurs near the ampullary-isthmic junction of the oviduct. Embryos descend into the uterine 

cavity at the four-cell stage around 60 to 72 hours after mating. The blastocyst stage is reached by Day 5. 

Hatching from the zona pellucida occurs between Day 6 and 7 and is followed by a period of expansion and 

then rapid elongation. By Day 16, the embryo takes a filamentous form and starts its initial attachment 

between the trophectoderm and uterine luminal epithelium. The swine blastocyst possesses high 

aromatase activity and produces significant amounts of estrogen between Days 14 and 18 of pregnancy.44 

In addition to estrogen, the swine conceptus produces several proteins and PGs including PGF and PGE.13 

Maintenance of pregnancy in pigs relies on progesterone secretion from the corpora lutea. 

Estradiol plays an important role in prevention of luteolysis through inhibition of secretion of PGF2α from the 

endometrium into the uterine venous drainage.45 Administration of estradiol to gilts between Days 11 and 

15 can produce a state of pseudopregnancy. The same treatment increases the chances of maintenance of 

pregnancy following transfer of a single embryo.46 The exact mechanism by which estradiol prevents 

luteolysis is not known. It is possible that PGF2α is converted to an inactive metabolite by the endometrium 

or the conceptus or both. It is important to note that both PGF2α and PGE2 are required for conceptus 

development and implantation. 
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An important characteristic of pregnancy in swine is embryo spacing/distribution between the 2 

uterine horns. It has been hypothesized that estrogen produced by the embryo may redirect PGF2α 

synthesis towards the endometrial lumen where it would stimulate uterine contraction and help the even 

distribution of embryos within the uterus. The shift from endocrine diffusion of PGF2α to an exocrine one 

prevents it from reaching the ovaries and causing luteolysis. Histamine, released by the endometrium in 

response to conceptus-derived estrogen, has been suggested to be involved in the intrauterine migration of 

porcine embryos.47 

Attachment and development of the conceptus is supported by the histotroph and special cellular 

remodeling at the uterine luminal epithelium-trophectoderm interface. These events are facilitated by a 

number of signaling pathways involving interlukin-1 beta, interferon delta and gamma, transforming growth 

factor beta, and fibroblast growth factor 7, which regulate expression of genes in trophectoderm, uterine 

epithelial and stromal cells.13. Several transcriptome changes in the endometrium have been identified 

during the phase of MRP and implantation.48-50 Recently, it was shown that small noncoding RNAs may 

have a potential implication in the development of embryos and embryo-maternal cross-talk during early 

pregnancy.51 

 

2.2.3 Equine 

Embryonic development and early pregnancy development in the horse present some unique 

features including selective passage of embryos into the uterine cavity, transuterine migration, maintenance 

of a spherical shape of the embryo until post-fixation, presence of a capsule, and development of 

specialized invasive cells (endometrial cups) during implantation and initiation of placentation.52 

The equine embryo reaches the uterus at the late morula/early blastocyst stage around 5.5 days 

post-fertilization. Oviductal transport is selective in this species and only viable embryos are able to pass 
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into the uterine lumen through the utero-tubal junction (UTJ). Relaxation of the UTJ is mediated through 

PGE secreted by the embryo.53 

In the open cyclic mare, oxytocin from the hypothalamic-pituitary axis and probably from the 

endometrium triggers OTR to initiate the pulses of PGF2α secretion that lead to luteolysis.54-57 The ability of 

the endometrium to secret PGF2α in response to oxytocin is suppressed between Days 10 and 14 of 

pregnancy.57, 58 In addition, PGF2α production by the endometrium is significantly reduced between Days 13 

and 15 of pregnancy due to the absence of PTGS2.59, 60 These observations lead to the hypothesis that 

MRP in the mare is primarily antiluteolytic rather than luteotrophic. Contrary to ruminants, the primary 

transmembrane PGF2α transporter (solute carrier organic anion transporter family, member 2A1, SLCO2A1 

mRNA) gene is up-regulated in the first 2 weeks of pregnancy.61, 62 

Recent research on MRP in mares suggests that an initial suppression of the ability of the 

endometrium to secrete PGF2α is due to a combination of reduced PTGS2 gene expression accompanied 

by a suppression of OTR expression at the protein level. However, by Day 21 of pregnancy these 

mechanisms are removed and the endometrium is able to produce PGF2α in response to PGF2α.  Therefore 

the suppression of prostaglandin F receptors (PTGFR) at Days 14 and 21 of pregnancy plays a significant 

role in preventing PGF2α luteolytic pulses by disabling both oxytocin-PGF2α feedback and PGF2α-PGF2α 

feed-forward loops. The equine conceptus produces significant quantities of PGF2α until at least Day 32 of 

gestation, which may genomically down regulate PTGFR.63 Exposure of endometrial explants to conceptus-

conditioned medium decreases PTGS2 mRNA abundance.59 During early pregnancy, both the conceptus 

and the endometrium secrete PGE2, which may prevent luteolysis.60 In addition, it was demonstrated that 

the presence of a conceptus on Day 15 of pregnancy inhibits COX2 and reduces the expression of 

PGF2α.59, 60 

During the biosynthesis of PGs, cytosolic phospholipase A2 (PLA2) mobilizes arachidonic acid 

from membrane phospholipids, which in turn is converted to prostaglandin H2 (PGH2) through the 
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enzymatic action of either PTGS1 or PTGS2. In the mare, it appears that that PLA2 expression does not 

play a major role in reduction of prostaglandin release during early pregnancy.64 

In the mare there is no production of oxytocin from the ovary and therefore luteal derived oxytocin 

does not seem to play a role in luteolysis. However, the involvement of oxytocin in luteolysis in the mare is 

evidenced by in vitro and in vivo experiments. Exposure of endometrial tissues to oxytocin increases the 

release of PGF2α.59 In vivo, administration of oxytocin in the early luteal phase causes prolongation of luteal 

function.55, 65, 66 Uterine-derived PGF2α has been proposed to trigger the oxytocin secretion from the 

pituitary during initiation of luteolysis, which in turn establishes a positive feedback through binding to its 

endometrial receptor and further stimulation of endometrial prostaglandin secretion. In pregnant mares 

(Day 14), responsiveness to administration of oxytocin decreases due to decreased binding capacity of the 

endometrium and results in a decrease in PGF2α secretion.55, 57 

The nature of pregnancy recognition signaling in mares has been a subject of debate. It is 

postulated to be a prostaglandin inhibiting factor between 3 and 10 KDa proteinase K-resistant substance 

that may be adsorbed by dextran-coated charcoal.67, 68 

One of the characteristics of early pregnancy in the mare is the lack of elongation. The embryo 

remains spherical during all of the preimplantation period and is surrounded by an acellular glycoprotein 

capsule up until 21 days. The capsule, which is produced primarily by the trophoblast, has been shown to 

be required for embryo survival.69 It is important to note that formation of the capsule requires the uterine 

environment, as in vitro produced embryos secrete glycoproteins necessary for capsular formation but do 

not actually form a functional capsule.70 It has been hypothesized that one of the roles of the capsule is to 

prevent adhesion of the embryo. The biochemical proprieties of the capsule change as pregnancy 

progresses and its content in sialic acid is significantly reduced around the time of embryo fixation (Day 16). 

The capsule disappears progressively between Days 22.5 and 24.5.71, 72 
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Transuterine migration of the conceptus between Days 9 and 16 of pregnancy is required to 

maintain the antiluteolytic activity.73-75 Ultrasonographic studies on embryo motility and particularly the 

independent mobility of twin embryos has led to the hypothesis that the conceptus drives its own mobility 

through induction of uterine contractility.76, 77 Contractility of the uterus may be induced by secretion of PGs 

(PGE2, PGF2α and PGI) produced by the conceptus and the endometrium in contact with the conceptus. 

Production of PGF2α by the endometrium in the proximity of the conceptus may be the result of the effect of 

estrogen produced by the latter.78 The role of PGF2α in conceptus mobility is further demonstrated by the 

decrease in this phenomenon when mares are administered flunixin meglumine between Days 10 and 18 

of pregnancy.78 

Estrogen produced by the conceptus was believed to be the primary MRP signal as in pigs. 

However, administration of estradiol-17α during the pre-fixation period (Day 10 to 16), or until 32 days, did 

not result in prevention of luteolysis in open mares.79, 80 Also, intrauterine administration of estradiol in 

mineral oil did not prolong the lifespan of the CL.81 These studies suggest that conceptus-derived estradiol 

is not the primary MPR in the mare. However, other steroids synthesized by the equine conceptus 

(testosterone, androstendione, progesterone, 17α-hydroxyprogesterone, and 20α-hydroxyprogesterone) 

may also be involved.82 

The role of PGE2 in prevention of luteolysis has been demonstrated in ruminants and pigs. The 

equine conceptus produces significant amounts of PGE2. Intrauterine administration of PGE2 resulted in 

prolonged luteal function in one study.79 

The role of IFNs in equine MRP has been investigated. Interferon equine α1, omega 1 and omega 

2 are not expressed between Day 13 and 25 conceptuses.83. However, EqIFN-delta 1 and EqIFN-delta 2 

are expressed in conceptuses at high levels but only later in gestation (Day 16 and day 22 conceptuses).84, 

85 There are limited studies on expression of interferon-induced genes in the equine endometrium. Mx 

mRNA is low in both pregnant and non-pregnant mares between ovulation and Day 20.86 Expression of 
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ISG15 conjugated proteins does not differ between pregnant and non-pregnant mares at Day 14 and Day 

50 of pregnancy.87 

Prevention of luteolysis can be obtained by insertion of an intrauterine device (IUD) such as glass 

marbles or water-filled plastic balls.88, 89 Mares with extended luteal phase showed low prostaglandin F2α 

metabolites (PGFM) levels suggesting a prevention of release of PG from the endometrium by the IUD.90 

However, in this limited study, 3 out of 5 mares with IUDs still displayed moderate levels of PTGS2. 

Transcriptional profiling of equine endometria from pregnant and open mares has been reported 

recently. Micro-array analysis failed to demonstrate any differential gene expression between pregnant and 

open mares on Day 8. However, significant differences were found between pregnant and non-pregnant 

mares on Days 12 and 13.5, particularly for genes that are regulated by estrogens.62 Genes related to 

angiogenesis and vascular remodeling were significantly enriched on Day 12 pregnant endometria. In 

addition, genes related to steroid hormone and PG signaling and genes possibly related to the process of 

mechanostransuction were identified.62 Secreted proteins and genes involved in transport and cell-cell 

signaling, as well as genes involved in cholesterol transport, lipid biosynthesis are up regulated in pregnant 

endometria.16, 87 In addition, endometrial samples from pregnant mares showed a down regulation of 

proteinases (Cathepsin L and plasminogen), which is thought to prevent dissolution of the capsule and 

endometrial erosion.87 Sialidase 2 mRNA level increases from Day 8 to day 14 conceptuses and may be 

involved in capsular changes and successful embryo fixation. 

 

2.3 Pregnancy in camelids 

The physiology of pregnancy in camelids presents several peculiarities compared to that of other 

domestic species. Knowledge of embryonic development, fetal development and characteristics of 

placentation are fundamental not only for diagnosis of pregnancy and fetal evaluation but also for clinical 

and pathological evaluation in cases of pregnancy loss or abortion. In addition, the understanding of early 
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embryo development and mechanisms of maternal recognition pregnancy are important for development of 

embryo transfer technologies.2 

 

2.3.1 Ovulation and Fertilization 

All camelid species are induced ovulators. The induced nature of ovulation in these species has 

long been suspected based on clinical and hormonal studies.2 However, the major breakthroughs in 

defining the mechanisms of induction of ovulation came in two main groups of studies. The first 

demonstrated the hypothalamic response to mating in camels91, 92 and South American camelids (SAC).93 

Luteinizing hormone was shown to increase sharply within minutes following mating when a mature follicle 

was present. The second group of studies led to the hypothesis of the presence of an ovulation-inducing 

factor (OIF) within the seminal plasma.94-97 Recent studies in llamas and alpacas identified the OIF as β 

nerve growth factor (βNGF).98, 99 Both βNGF and endometrial inflammation are required to maximize the 

ovulation rate (see review98). βNGF was also identified in dromedary camel seminal plasma.100 It is 

important to note that βNGF may have a luteotrophic effect on the CL.101 

 Oocyte maturation is completed immediately following copulation and LH release and shortly after 

ovulation, which occurs around 30 hours after copulation. The LH surge triggers resumption of meiosis in the 

oocyte, disruption of cumulus cell cohesiveness and rupture of the follicular wall.102 Cumulus dispersion is 

observed in cumulus-oocyte complexes (COC) recovered by aspiration from follicles 18 to 24 hours after 

human chorionic gonadotropin (hCG) injection.2, 103 

Both ovaries are equally active and alternance of ovulation between ovaries occurs occasionally.2, 

104 Double ovulations are not uncommon in most domestic camelids in good health and nutritional status.104 

Triple and quadruple ovulations have also been documented in the dromedary camel.105 

  Semen is deposited deep into the uterine horns throughout the mating period and slowly forms a 

sperm reservoir in the uterine tube as it liquefies.2, 106, 107 The molecular and ultrastructural aspects of 
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sperm oviductal attachment and reservoir formation have been investigated in llamas. These studies 

demonstrated the role played by the bulbourethral gland secretion in this phenomenon.108-111 Sperm may 

be stored in the isthmus region for up to 5 days.2, 112, 113 

  Fertilization rates are very high (>80%) in alpacas.104 Some authors have observed higher 

fertilization rates in alpacas for ovulation from the left ovary than from the right ovary.3 However, this 

difference has not been observed in our laboratory in camels and alpacas.104, 105, 114 Conception rates per 

mating are generally lower (50 to 75%) when females are mated based on receptivity than when mating is 

based on presence of a mature follicle.2, 104, 115 However, in well-managed herd conception rates are 

generally higher than 90%.104 

 

2.3.2 Early embryo development (oviductal stages) 

  Studies conducted in our laboratory on camels and alpacas show that the development of the 

embryo from fertilization to the hatched blastocyst stage takes about 6.5 days. Early stages of embryo 

segmentation take place in the uterine tube.2, 114 Collection of camelid embryos from the uterus yields only 

hatched embryos and rarely embryos in the process of hatching.2, 114, 116-119 There does not seem to be a 

selective transport through the UTJ as seen in the horse.  Unfertilized ova degenerate or are eliminated in 

the uterine cavity soon after ovulation.114 

 

2.3.3 Embryo hatching and elongation 

  The camelid embryo reaches the uterine cavity at the hatched blastocyst stage around Day 6.5 

post-ovulation (7.5 days after mating).114 The hatched blastocyst expands promptly and starts to elongate 

on Day 9 growing rapidly to occupy the entire uterine cavity by Day 12. By Day 15 post-ovulation, the 

trophoblast is in contact with the entire endometrial surface although not yet attached.2, 114 During the 

process of elongation, the embryo migrates from the right uterine horn to the left uterine horn for females 
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that had a right-sided ovulation. In alpacas, 83.3% of the embryos resulting from right ovary ovulation were 

found in the left uterine horn on Day 9.114 This suggests that embryo migration to the left horn is an 

important mechanism in prevention of luteolysis in camelids. These observations are supported by embryo 

transfer experiments. In llamas, transfer of embryos to the uterine horn ipsilateral to the ovulation side 

resulted in higher pregnancy rates for left ovulation (50%) than right ovulation (30%) recipients, while 

transfer of the embryo to the left uterine horn when the CL was on the right ovary resulted in only 20% 

pregnancy rate.120, 121 In alpacas, transfer of embryos collected at 7 days and 4 hours into the left horn 

regardless of the side of ovulation in the recipient resulted in higher pregnancy rate (20.3%) when the CL 

was on the left ovary than when the CL was on the right (12.4%).122 In the dromedary, deposition of the 

embryo in the right uterine horn when the CL is on the right ovary resulted in higher pregnancy rates 

compared to left horn transfer.123 

 

2.3.4 Maternal recognition of pregnancy 

  In absence of pregnancy, the luteal phase in camelids is very short. The CL develops after 

ovulation and reaches its maximal size and function (progesterone production) by Day 8 to 9 post-mating. 

Luteolysis occurs in response to increased pulsatile PGF2α secretion and is complete by Day 10 or 11 post-

ovulation. Ovulating non-pregnant female camelids return to receptivity and develop a dominant follicle 14 

days after mating.2, 124, 125 

  In the presence of pregnancy, luteolysis is prevented and the CL is maintained as the sole source 

of progesterone throughout pregnancy.2, 126, 127 The size of the CL varies between 11 and 20 mm in SAC 

and 15 to 25 mm in camels.  A cavitary CL is normal.2 Recent studies have shown that a CL resulting from 

ovulation induced by seminal plasma (i.e. mating to vasectomized male) are larger and produce more 

progesterone that those emanating from induction of ovulation with GnRH.101 
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  The mechanism of MRP responsible for maintenance of CL function remains poorly studied in 

camelids. Clinical and endocrine studies suggest that MRP in camelids has to take place relatively early after 

mating (between Day 8 to Day 10) in order to prevent luteolysis. Despite the presence of a conceptus, a 

pulsatile release of PGF2α is observed between Day 7 and 15 post-mating. This release of PGF2α results in a 

transient decrease in progesterone concentrations by Day 9 post-mating.128, 129 During the same period, 

endometrial expression of COX-2 in the luminal epithelium decreases, reaching one-third the level observed 

during luteolysis in non-pregnant animals by Day 12.130 It is important to note that MRP occurs at a time when 

the embryo undergoes a rapid elongation as observed in ruminants. However, attempts to identify in camelids 

a substance such IFNτ in ruminants were not successful.131 Similarly to the equine embryo, camelid embryos 

have a high aromatizing ability between Days 10 and 15 of pregnancy.131, 132 There is a temporal relationship 

between an increase in estradiol synthesis by the embryo and MRP. Additionally, administration of estradiol 

benzoate (10 mg, IM) to llamas from Day 7 to Day 15 after induction of ovulation with hCG, resulted in an 

extension of the CL lifespan and progesterone production.132 In alpacas, administration of estradiol on Days 8 

and 9 post-ovulation improved embryo survival by 30 to 50%.133, 134 However, a similar protocol in llamas 

resulted in a decrease in pregnancy rate.120 The involvement of estrogens in MRP in camelids is further 

supported by the increase in estrogen receptor α (ERα) between Days 8 to 12 post-mating in pregnant 

animals and a reduction in the expression of PGR by Day 12 post-mating.130 

  The time of embryo attachment is not well defined in camelids. Although early studies have 

suggested that the embryo remains free within the uterus for the first 30 days135, recent studies suggest 

that attachment may start as early as 14 days.  One of the major peculiarities of embryo fixation and 

pregnancy in camelids is that nearly all fetuses are located in the left horn.136-139 This situation 

predominates (98 to 100%) in all camelids although the location of the CL is equally distributed between the 

left and right ovary (Table 2.1).  A higher incidence of right horn pregnancies (40%) was reported in one 

study in the dromedary.140 These authors reported an incidence of right horn pregnancies of 30 to 60% 
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even for stages of pregnancy beyond 95 days.  The discrepancy between the results of this particular study 

and those of all other published studies on this topic raises some doubt as to their validity. In one study on 

alpacas, only one fetus out of 48 (2%) was located in the right uterine horn at 120 days of pregnancy.136 In 

our clinic, only 4 out of 640 pregnancies were diagnosed in the right uterine horn between 25 and 40 days 

of pregnancy and all resulted in an early loss of pregnancy before 60 days. The side of ovulation does not 

influence pregnancy rate.105, 141 

  The preponderance of left-horn pregnancies in camelids is attributed to a difference in PGF2α 

release between the two uterine horns. PGF2α release from the right uterine horn is local whereas its 

release from the left horn is systemic.2 The migration of the embryo originating from an ovulation in the right 

ovary to the left horn is therefore required to prevent PGF2α release into the general circulation and may 

even exert a luteotrophic effect making possible the survival of the embryo.2, 114, 139 

  The exact mechanism of embryo migration is not known. It has been suggested that embryo 

migration is facilitated by the shortness of the uterine body, the smallness of the right horn, and the 

increased number of mucosal folds in the endometrium of the right horn.142 Mobility of the embryo as 

observed in the horse is less likely to happen in camelids, because of the elongation of the blastocyst, the 

decrease in tone and contraction of the uterus during pregnancy. Estrogen receptor β (ERβ) expression 

was found to be greater in pregnant than in sterile-mated llamas particularly on Day 13. The authors 

suggested that the presence of an embryo may be influencing this expression.143 Endometrial expression of 

ERα and ERβ was not affected by uterine side or days post-mating. However, the presence of a CL seems 

to up regulate ERβ expression in the uterus mostly in non-endometrial tissue. While endometrial ERβ are 

not affected by pregnancy status, the uterine ERβ is significantly increased. This led the authors to 

conclude that the embryo exerts a direct effect on non-endometrial tissue (myometrium and perimetrium). 

These effects may operate through estradiol secretion. Because all embryos migrate to the left horn, a 

greater expression of ER in the right horn to promote its contraction was expected but could not be 



 34 

demonstrated. This suggests that a more complex mechanism with differential expression of ER subtypes 

may be involved in embryo migration from the right to the left horn.143 

 

2.3.5 Placentation 

  Placentation in camelids is epitheliochorial, microcotyledonary, and diffuse.144-149 Attachment starts 

around Day 14 or 15 of pregnancy and progresses slowly to form more intimate contact with the uterus.150, 

151 A pre-contact phase, where the mononuclear trophoblast cells are separated from the endometrium by a 

gap containing inter-areolar histotroph was identified. This phase is followed by the development of 

multinuclear giant cells and formation of uterine ectoplasmic pads. Finally comes the adhesion phase 

where the apical cell membrane of the trophoblast and the endometrium adhere closely to each other with 

various degrees of microvilli formation. A well-formed microvillus junction between the fetal and maternal 

tissues is established in the inter-areolar regions by Day 45 in alpacas151 and Day 56 to 70 of pregnancy in 

the dromedary.150, 152 Trophoblastic cells in camelids present morphological variability suggesting 

specialization in uptake and metabolism of important molecules.149, 152-155 Mono and binucleated 

trophoblastic cells exhibit PAS-reactivity.149, 151, 154 Acid phosphatase reactivity was found in trophoblastic 

cells related to the areolae in alpacas151 and at the top of the chorionic projections in llamas.149 A difference 

in intensity of this reactivity between llamas and dromedaries has been attributed to adaptation to high 

altitude of the former.149 Giant multinucleated trophoblastic cells have been identified in all camelid 

species.149, 151, 154 They are believed to result from the fusion of contiguous mononucleated cells.150 

Camelid trophoblastic giant cells are much more complex than those of the bovine and are the result of 

mitotic polyploidization.156, 157 Morphological and histochemical characteristics of camelid areolae are 

similar to those of swine and serve as a reservoir of substances to support the fetus.149, 151, 152 Uteroferrin 

was immunolocalized in llama glandular lumen and cytoplasm of the glandular cells. Uteroferrin acts as a 

transport protein for iron.149 Although camelids present several similarities in placentation, differences do 
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exist in many aspects including uteroplacental glycosylation which can explain the failure of interspecies 

pregnancies between camels and new world camelids.158 Failure of glycan-glycan complementation 

between maternal and fetal tissue during implantation may explain in part the early pregnancy loss seen in 

camelid interspecies pregnancies.158, 159 

  There is an adhesion between the allantoamnion and the allantochorion along the entire dorsal 

surface of the fetal horn.  The amniotic membranes do not extend to the non-fetal horn.142, 160 An extra-fetal 

membrane of epidermal origin, known as the epidermal membrane, epithelion, or 4th membrane, is found in 

all species of camelidae.149, 161-163 This membrane is made up of a layer of epithelial cells that cover the 

entire fetus. It is connected to the mucocutaneous junction of the lips, nose, eyes, prepuce, vulva and 

coronary bands.  It is not exactly known when this membrane first appears but in the dromedary it can be 

easily identified at 3 months of gestation.140 Due to the presence of this membrane, the fetus is never in 

contact with the amniotic fluid, unlike in other domestic animals. The epidermal membrane is thought to 

play an important role as a lubricant during parturition because of its slippery nature, as well as protection 

from dehydration for the newborn.  

  The size and diameter of the umbilical cord increases with advancing gestation. At full term, the 

cord measures 20 to 30 cm in alpacas and llamas and 45 to 50 cm in camels.140 The umbilical cord 

presents about 5 to 6 clockwise twists. 

 

2.3.6 Fetal development 

  The development of the provisional organs - the amnion, yolk sac, and allantois - shows some 

peculiarities compared to other species. The amnion is laid down when the embryo has more than 10 

somites, which is later than cattle and sheep. The yolk sac has no central swelling.  Organogenesis 

presents the same features observed in the other ungulates.  At the stages of formation of the visceral 

fissures and arches, the embryo has a small liver and mesonephros.  Heart beats are present by Day 22 of 
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pregnancy. Differentiation of the major organs is completed between 45 and 60 days of pregnancy.142, 160, 

164 In alpacas and llamas, morphogenesis is completed by 60 days of pregnancy. Macroscopic fetal sex 

determination is not possible at 30 days but is easy at 60 days.136  

  Fetal development throughout pregnancy was described in the dromedary137, 165, alpaca136, 166 and 

llama.167, 168 These studies led to the development of a prediction equation for pregnancy stage based on 

fetal biometrics. Accuracy of these formulas is variable most likely due to the great variability in pregnancy 

duration and other factors such as breed and nutrition. The same studies also give detailed accounts of the 

morphological changes of the conceptus throughout pregnancy. In all species of camelids, fetal growth is 

very slow during the first 6 months of pregnancy. Most of the fetal growth and weight gain (65%) occurs in 

the last trimester.135-137, 166 During the last four months (from 270 to 390 days) the fetus is the major 

contributor to the total mass of the gravid uterus.136, 137 In the dromedary, fetal weight doubles during the 

last 45 days of pregnancy.137 Fetal weight of alpacas at 8 months, 9 months and 10 months of gestation is 

respectively 30%, 51% and 65% of birth weight. At 11 months, fetal weight (8.6 kg) is not significantly 

different from birth weight (8.8 kg).136  

 

2.3.7 Endocrinology of pregnancy 

  Camelids depend on ovarian progesterone for maintenance of pregnancy. Progesterone levels 

remain above 2 ng/ml until shortly before parturition.124, 125, 129, 169-171  In the dromedary, progesterone levels 

during the first 90 to 100 days were relatively constant (3 to 5 ng/ml), then decreased significantly to 

stabilize for the rest of the pregnancy at 2 to 4 ng/ml.172 The decrease in plasma progesterone is observed 

after 3 months and may be due to a dilution effect due to an increase of total blood volume and body 

weight.  In llamas and alpacas, serum progesterone concentrations increase 5 days after mating and 

remain above 2.0 ng/ml (3 to 4.5 ng/ml) throughout pregnancy.129, 171, 173-175 A transient decrease in 
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progesterone was described between Days 8 and 10 in pregnant llamas124, 129, 175 and at Day 13 in 

alpacas.176  

  Progesterone starts to decline about 2 weeks before parturition, drops markedly during 24 to 72 h 

before parturition, and is <0.5 ng/ml on the day of parturition.173, 174 A similar decline is observed in the 

urinary metabolite of progesterone (pregnediol glucoronide) during the last 5 days of pregnancy.145, 177 The 

regulatory mechanism(s) associated with the gradual decline in progesterone concentrations during the 2 

weeks before parturition is unknown and could be due to the conversion of progesterone to estrogen by 

17α-hydroxylase, synthesized in response to fetal cortisol secretion. This change in the estrogen-to-

progesterone ratio could be important for myometrial activity, which is potentiated via increased synthesis 

of gap junctions and contractile proteins. Plasma progesterone profiles following mating and during 

pregnancy in the guanaco and vicuna follow closely the same trends reported in llamas and alpacas. 

Serum and particularly fecal progestogens may be used for pregnancy diagnosis in non-domesticated 

camelids.178-180 

  Estrogen levels increase by Day 18 to 20 after mating and show a great variation during the first 2 

trimesters of pregnancy.150, 172 The main source of estrogen and especially estradiol-17ß in early pregnancy 

is the embryonic vesicle and the placenta.131 Conjugated estrogens are found in high levels in maternal 

blood in the form of estrone sulfate.  The feto-placental origin of estrogen in the pregnant dromedary is also 

demonstrated by the sharp fall of the concentration of this hormone after expulsion of the fetus and 

placenta following abortion or parturition.170, 181 Estrogen levels are also very high  (2411 ± 390 pg/ml) in 

the allantoic fluid at parturition.182, 183 The increase in estrogen in the maternal blood and allantoic fluid 

found during the last month of pregnancy could be due to an increased conversion of 17α-

hydroxyprogesterone to estrogen through a 17α-hydroxylase system.150 
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  Estrogen profiles during pregnancy in llamas and alpacas are similar to that of the dromedary.173  

Estrone sulfate concentration increases rapidly between Days 21 and 25. Another increase is seen in the 

last 60 to 80 days of pregnancy peaking at delivery.171, 184 In pregnant llamas, estradiol-17ß is at basal 

concentration (10-46 pg/ml) during the majority of pregnancy and does not peak (196 ± 10 pg/ml) until the 

final third of pregnancy.173 Urinary estrone sulfate levels follow closely serum estrogen variation.177 Steroid 

synthesis, estrogens in particular, occurs in the trophoblast/placenta. This steroidogenesis seems to be 

mostly a function of the mononucleate trophoblast cell between Day 14 and day 30 of pregnancy, followed 

by the trophoblastic giant cell until term.155 

  In the Bactrian camel, detailed studies on the endocrinology of pregnancy are scarce. In one study 

limited to the last month before parturition, estradiol-17ß was high (30 ng/ml).  A further increase was 

observed 3 days before parturition, peaking at 55 ng/ml on the day of delivery and declining within the first 

4 days postpartum.91 

  Thyroid hormones are at their highest levels between 2 and 5 months and lowest between 8 and 

10 months of gestation. 185 In the llama, plasma triiodothyronine concentration varies between 0.5 and 4.5 

ng/ml (1.9 ± 0.1) throughout pregnancy and the peri-parturient period.173, 186 Plasma thyroxine 

concentration varies between 21.3 and 91.5 ng/ml (56.5 ± 0.8) from mating until about 39 weeks of 

pregnancy when it begins to decline in the last 15 days of gestation. This decline in thyroxine could be the 

result of nutrient redistribution to the mammary gland in preparation for lactation.173 

  Secretion of PGF2α is inhibited during pregnancy. In the dromedary, an increase in PGFM that 

parallels the increase in estrogen is observed starting 50 days prepartum.172, 181 A sharp peak of this 

hormone occurs on the day of parturition.172, 181 Similarly, in llamas and alpacas, PGFM increase steadily 

during the last 100 days of pregnancy and surges just before parturition.171 

  Contrarily to domestic ruminants (i.e. cattle, sheep and goat), camelids have been shown to 

produce relaxin during pregnancy.184, 187 In the alpaca, relaxin increases significantly at 3.5 months of 
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pregnancy. A decrease is observed between 5.5 and 7 months followed by a steady increase until 

parturition.184  In the dromedary, sources of relaxin include the ovary (CL) and placental tissue.187, 188 The 

biological function of relaxin in camelids is not clear. It is suggested that it may be involved in expression of 

vascular endothelial growth factor (VEGF), which is essential for CL development. Relaxin is expressed in 

the uteroplacental tissue around 85 days in llamas and alpacas184 and 93 days in the dromedary.187 There 

are no studies on the profile of prolactin in camelids. 

 

2.3.8 Pregnancy associated glycoproteins in camelids 

  Studies on camelid placental proteins thus far have failed to detect any pregnancy associated 

protein (PAG) that can be used for pregnancy diagnosis or feto-placental evaluation. Drew et al. failed to 

detect Pregnancy Specific Protein B (PSPB) in sera from llamas between 2 and 244 days of pregnancy.189 

More recently, alpaca and dromedary placental extracts showed complete absence of immunoreactivity 

with antiserum against molecules of the PAG-1 family to which PSPB belongs, but expressed marked 

immunoreactivity against anti-boPAG-II serum.190 

  Placental expression of PAGs was detected within trophectoderm cells in C. dromedarius and C. 

bactrianus, named CdPAGs and CbPAGs, with high structural similarities to PAG-like epitopes in pigs.191-

193 Chorionic PAGs family were identified in alpaca and named LpPAGs.192 

 

2.4 Conclusion 

Pregnancy loss is the second most common complaint in camelid theriogenology.2, 4, 194, 195 

Epidemiological data on the incidence of pregnancy loss in camelids is scarce.106, 119, 196 Early embryonic 

death can reach up to 50% in naturally mated females and between 20 and 60% in embryo transfer 

recipients.123 There are several contributing factors to early embryo loss. Season of mating was shown to 

be an important factor in alpacas. Pregnancy loss prior to 81 days of gestation are higher in autumn-bred 
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females (17.3%) that in spring-bred females (2.8%).196 In camels, pregnancy loss can reach alarming levels 

particularly when nutrition in not adequate or during outbreaks of diseases such as trypanosomiasis.105, 197 

As in other species, oocyte quality, male factors, and environmental factors may be involved in occurrence 

of pregnancy loss. Our knowledge of MRP in camelid lags behind compared to other domestic species, 

particularly ruminants. Deciphering the mechanism of prevention of luteolysis in camelids is fundamental for 

furthering our knowledge on causes of early embryo loss and its prevention. Our laboratory is engaged in 

an ambitious collaborative program to answer specific questions regarding ovulation and early embryo 

development and embryo/uterus crosstalk. The ultimate goal of these studies is to determine the pathways 

of MRP in camelids. 
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Table 2.1 Distribution of ovulation between left and right ovary and incidence of left horn pregnancies in 
camelids 
 

Species Left ovary 
(%) 

Right ovary 
(%) 

 Pregnancies in 
the left horn (%) 

Reference 

C. dromedarius   52.7 47.3 100 198 
  53.1 46.9 100 199 
  50.2 49.8 99. 142, 200 
  56.5 43.5 99.24 201 
  47.3 52.7 100 202 
  54.7 45.3 98.2 203 
V. pacos   50 50 98 136 
L. glama  50 50 98.4 204 
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Chapter 3 
 

Double ovulation and occurrence of twinning in alpacas (V. pacos) 
 
 
 

Abstract 
 

Twin births are rare in alpacas despite the high incidence of double ovulation and are undesirable 

because they contribute to early and late pregnancy loss, abortion, and birth of non-viable neonates. The 

objective of the present study was to determine the incidence and outcome of twin pregnancy in double 

ovulating alpacas by retrospective and prospective analysis. Data from double ovulating females (n=41) 

presented for pregnancy diagnosis were analyzed to determine pregnancy status at 3 stages post-mating 

(14 to 16, 25 to 30, and 45 to 53 days). In a prospective study, adult reproductively sound alpacas (n=21) 

were examined by ultrasonography to determine the incidence of multiple ovulations. A subset of those 

alpacas (n=10) were euthanized either at 9 days (n=5) or 14 days (n=5) following a single mating and 

administration of GnRH to determine presence and number of embryos. A total of 31 cycles were included 

in the study to determine the incidence of multiple ovulations. 

In the retrospective study, twin pregnancies were identified between 25 and 30 days in 47.1% of 

double-ovulating females. There were more twins from bilateral ovulations (62.5%) than from unilateral 

ovulations (37.5%). Twin pregnancies were either reduced to a singleton (62.5%) or lost completely 

(37.5%). One set of twins remained viable until Day 52.  

In the prospective study, double ovulation occurred in 18.8% of the cycles. Two embryos were 

collected from 2 of the 4 double-ovulating females.  

In conclusion, twin conception is not rare in alpacas. A high rate of spontaneous reduction of twin 

pregnancies occurs before Day 45. However, a significant proportion of twin pregnancy may result in loss 

of both embryos. Determination of the number of ovulations (CL) at the time of early pregnancy diagnosis 

(14 to 16 days) should be an integral part of any pregnancy evaluation. 
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3.1 Introduction 
 

Reproductive physiology in the female camelid presents striking differences compared to other 

domestic species. It is well established that all camelids are induced ovulators.1  Ovulation is induced by 

the combined inflammatory response to mating and the intrauterine deposition of ß-nerve growth factor 

present in seminal plasma.2, 3  Follicular dynamics are therefore variable depending on whether the female 

has been induced to ovulate or not. Follicular wave patterns have been studied in all species of camelids.1  

The incidence of follicular co-dominance and incidence of multiple ovulations are relatively common and 

have been reported to be 6% to 10% in alpacas4, 5, 12% in guanacos6, 25% in vicunas7 and up to 45% in 

dromedaries8, 9. Double, triple and even quadruple ovulations have been reported8, 10-12. In Sudan, 

incidence of double and triple ovulations in camels was 13.7% and 1.2%, respectively, in 416 cases12.  

Camelid embryos enter the uterus at the hatched blastocyst stage approximately 7 days post-

mating (dpm) and start elongating at 9 dpm. By Day 14, the elongated trophoblast covers the entire 

uterus.13  Although the embryonic vesicle can be detected by transrectal ultrasonography as early as 9 

dpm14, a high accuracy of diagnosis is only achieved between 14 dpm (82.5%) and 16 dpm (100%).15  In 

practice, it is highly recommended that the first pregnancy diagnosis be performed between 14 and 16 days 

of pregnancy to distinguish between failure of fertilization and early embryo loss. In addition, non-pregnant 

females will be at the peak of receptivity at this time and can be rebred. 

Despite reports of the high incidence of follicular co-dominance and multiple ovulations, little is 

known about the incidence of twin pregnancies in camelids. In dromedaries, data from slaughterhouse 

studies showed an incidence of twins between 0.13% and 13% in the first 3 months of pregnancy.12, 16-18  In 

alpacas, a study of 40 females reported 5 sets of twin pregnancies (12.5%) between Days 21 and 33 of 

pregnancy.15  Reports from embryo transfer programs show that incidence of multiple ovulations and 
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fertilization is high in bred females. Collection of 2 or 3 embryos from non-stimulated females (n=667) 

occurred in 14.1% and 1%, respectively, of uterine flushes performed on Day 7 or 8 after mating.11  

Knowledge of the fate of twin pregnancies during the course of gestation is important to the 

clinician. Twinning may be an important cause of early pregnancy loss. In one study, all twin conceptuses 

diagnosed between 21 and 33 days reduced to a singleton pregnancy with the conceptus in the right 

uterine horn non-detectable between Days 28 and 33 of pregnancy.15  Midterm to late-term twin pregnancy 

often results in abortion or stillbirth. In one study on 85 abortion submissions from llamas and alpacas, 

twinning was the cause of 4 cases (4.7%). Abortion is likely due to placental insufficiency. Common 

placental lesions associated with twin abortion in that study included increased avillous areas and 

mineralization.19  Although twin births are extremely rare in camelids, the outcome for the dam and 

neonates is often poor due to increased rate of dystocia, prematurity, and poor viability of the neonates.20 21  

Additionally, females that are born or were conceived with a co-twin male are prone to XX/XY chimerism 

and freemartinism.22  

The aims of this research were to (1) to evaluate the outcome of twinning in double-ovulating 

alpacas and the outcome of twin pregnancy in the first 50 days through a retrospective study and (2) 

determine the incidence of double ovulation and twinning in alpacas in a prospective experiment. 

 
 
3.2 Material and methods 
 
3.2.1 Retrospective study 

Pregnancy diagnosis records between September 1999 and September 2012 from clients of the 

Veterinary Teaching Hospital at Washington State University were reviewed. Records on animals that had 

been diagnosed with 2 corpora lutea (CL) at the time of the first pregnancy diagnosis (14 to 16 dpm) and 

underwent further pregnancy evaluations between 25 and 30 dpm and 45 to 52 dpm were included. A total 

of 41 cases met the inclusion criteria. Females that were still carrying twins at 52 dpm received an 
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intramuscular injection of 250 µg of cloprostenol (Estrumate, Merck Animal Health, De Soto, KS, USA) to 

terminate the pregnancy. 

 

3.2.2 Prospective study 

Adult reproductively sound female alpacas (n=21) that were scheduled for uterine and ovarian 

sampling as part of a larger experiment on maternal recognition of pregnancy were included in the study. 

All females were examined by transrectal ultrasonography using an Aloka SSD500 ultrasound machine 

(Hitachi Aloka, Medical, Ltd, Wallingford, CT, USA) equipped with a 7.5 MHz linear-array transducer 

mounted on a polyvinyl chloride (PVC) extension rod. All females were mated to a proven fertility male 

within 12 hours following visualization of at least one large follicle measuring between 7 and 10 mm in 

diameter. All females received an injection of 50 µg of GnRH (Cystorelin®, Merial, Duluth, GA, USA) 

subcutaneously immediately after mating. After mating, females were assigned randomly to 2 groups. 

Group I females (n=10) were scheduled for postmortem collection of embryos from the uterus at either day 

9 (n=5) or day 14 (n=5) after mating. Group II females (n=11) were scheduled for pregnancy diagnosis on 

Day 14 after mating. All females in group II received an injection of 250 µg of cloprostenol (Etrumate®, 

Merck Animal Health, De Soto, KS, USA) intramuscularly after pregnancy diagnosis. After luteolysis, the 

follicular wave was monitored again and ovulation was induced with GnRH when the largest follicle reached 

at least 7 mm in diameter. One female in group II was observed for only one cycle. Females in both groups 

were examined 7 days after mating and GnRH treatment or GnRH treatment alone, to determine presence 

and number of CL. Group I females were euthanized using an overdose of barbiturates on either Day 9 or 

Day 14 after mating. The uteri were collected en bloc immediately after euthanasia and flushed as 

described previously.13 
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3.2.3. Statistical analysis 

Descriptive statistics were derived using commercial analytical software (Statistix 10, Tallahasee, 

FL, USA). For the retrospective data set, pregnancy rates and frequency of twin pregnancies were 

determined for each period of evaluation. Pregnancy loss rates were compared at each stage of pregnancy 

using chi-square analysis. For the prospective study, ovulation rate, incidence of single and multiple 

ovulations as well as side of ovulation were determined. Significance was set at p <0.05. 

 

3.3 Results 

Results from the retrospective study on 41 pregnant alpacas with 2 CL are summarized in Table 

3.1. Only 9 females (21.9%) were suspected to be carrying twins at the first pregnancy diagnosis between 

14 and 16 dpm. The number of twin pregnancies diagnosed on the second examination (25 to 30 dpm) was 

significantly higher (p<0.05). Pregnancy attrition from the initial diagnosis was 17.1%. On the third 

examination, between 45 and 52 days, the pregnancy rate further declined to 68.3% and only 2 of the 

pregnant females (7.1%) were still carrying twins.  The overall pregnancy attrition was 31.7% by the third 

pregnancy examination.  

The CL were located on both ovaries in 60.9% (n=25) of the cases and on the same ovary in 

39.1% (n=16) of the cases. All suspected twin pregnancies at 16 dpm were from bilateral ovulations. At the 

second evaluation, twins were diagnosed in 62.5% of bilateral ovulations (n=10) and in 37.5% of unilateral 

ovulations (n=6). Only two females remained pregnant with twins by 45 to 52 days of pregnancy, and both 

were from bilaterally occurring ovulations. Pregnancy was reduced to a singleton fetus in 6 out of 8 

bilaterally ovulating females and in 2 out of 6 unilaterally ovulating females between the second and third 

pregnancy diagnosis.  

In the second study, there was a 100% response to mating and GnRH treatment or GnRH 

treatment alone in terms of induction of ovulation. Of a total of 31 cycles, single ovulation occurred in 80.6 
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% (n=25), double ovulations in 16.2% (n=5) and triple ovulations in 3.2% (n=1). In cases of multiple 

ovulations, 83.3% (5 out of 6 cases) of the females had bilateral ovulation. Double ovulations were found 

on the same ovary (right) in only one case. In the case of triple ovulation, 2 ovulations occurred on the left 

ovary and one on the right ovary.  

All females (100%) mated under the conditions of this study conceived at least one embryo as 

determined by embryo flushing at 9 or 14 dpm or by transrectal ultrasonography at 14 dpm. Two embryos 

were recovered from 2 of the 4 double-ovulating females in group I while the other 2 females each 

produced one embryo.  Transrectal ultrasonography findings were consistent with the postmortem findings 

in 95% (19 of 20) of the cases as far as the number and side of ovulation. All multiple ovulations diagnosed 

by ultrasonography were confirmed by visualization of 2 or 3 CL on postmortem examination.  The case of 

triple ovulation was diagnosed by ultrasonography and confirmed on postmortem examination. However, 

one out of the 5 double ovulations was missed on ultrasonography.  No twin pregnancies were suspected 

in double-ovulating females when transrectal ultrasonography was performed at 14 days.     

 

3.4 Discussion 

The data from the retrospective study clearly show that twin conception is not rare in double-

ovulating female alpacas. This corroborates findings in a large commercial alpaca embryo transfer program 

where 2 and 3 embryos were collected from 14.7% and 1%, respectively, of 667 females without hormonal 

ovarian stimulation.11  It is interesting to note that the number of suspected twin pregnancies at the first 

examination (14 to 16 dpm) is low compared to confirmed twin pregnancies at the second examination (25 

to 30 dpm). Camelid embryos undergo a rapid elongation after 9 dpm and migrate to the left uterine horn. It 

has been shown that pregnancy diagnosis based on visualization of intrauterine fluid is highly accurate 

starting on Day 16 of pregnancy.15  However, this is not sufficient to establish a diagnosis of twin pregnancy 

with high accuracy. After 25 days of pregnancy, twins are more accurately identified on the basis of 
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visualization of 2 embryos and identification of 2 distinct heartbeats. The embryo proper becomes clearly 

visible by ultrasonography at 22 days, and a heartbeat is initially detected at 24 days.15 

The discrepancy between the incidence of multiple ovulations and conception and the incidence of 

twin births in camelids suggests the presence of a very efficient mechanism for embryonic reduction of twin 

pregnancies. In alpacas, pregnancy loss during the first 35 days varies between 45.5% and 58%.4  Another 

study demonstrated a pregnancy loss of 35% in the first 45 dpm.23  Embryonic mortality rate was found to 

be 29.6%, 29.0% and 47.7% in maiden, lactating, and barren females, respectively. The majority of losses 

occurred between 12 and 27 dpm. 23, 24  Risk factors for pregnancy loss include body condition, lactation 

status, and weight at breeding for maiden alpacas.4, 24  The role of twinning in pregnancy loss has not been 

determined. In one study, twins were identified in 5 out of 40 (12.5%) pregnancies between 21 and 33 

days. In all cases, the embryos were bilateral, with one located in each uterine horn. All cases reduced to 

single left horn pregnancy between Days 28 and 33.15  In the present study, twins identified between Days 

25 and 30 of pregnancy were predominantly from bilateral ovulations (62.5%). Reduction to a singleton by 

Day 45 of pregnancy was observed in 75% of females with bilateral ovulations and in 33.3% of the 

unilateral ovulations. Complete pregnancy loss was observed in 2 out of 8 females with bilateral ovulation 

and in 4 out of 6 females with unilateral ovulations. This suggests that spontaneous twin reduction occurs 

early in pregnancy and can result in either reduction to a singleton or complete loss of pregnancy. Although 

the number of observations in the present study is small, it appears that unilaterally ovulating females 

carrying twins may be at higher risk of losing both embryos.  

Pregnancy was terminated by administration of cloprostenol in the only set of twins that was 

carried up to 52 days. Factors involved in the maintenance of twin pregnancy to later stages of gestation 

remain speculative but establishment of the pregnancies in different horns and the role of uterine size or 

capacity are plausible. As suggested by the pathological studies on twin abortions, the starvation theory 

(placental insufficiency) is most likely the cause of reduction.19 
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In the second experiment, we attempted to determine the incidence of double ovulations and twins 

in early pregnancy. Ovulation and conception rates obtained (100%) are higher than those reported by 

others. In one study, the ovulation rate and the pregnancy rate following a single mating were 96.5% and 

60.2% respectively, for right-ovary ovulations and 96.3% and 56.7% respectively, for left-ovary ovulations.24  

The high pregnancy rate observed in our study may be due to the fact that only reproductively sound 

females and a proven high-fertility male were used. Also, the fact that all females received GnRH after 

mating may have played a role. However, the incidence of multiple ovulations in our study (22.3%) is 

comparable to that reported by others.11, 25  Two embryos were collected from only 2 of the 4 double-

ovulating females (one at 9 dpm and one at 14 dpm). Collection of embryos was performed at 9 dpm and 

14 dpm, because our earlier research found that embryo migration and elongation starts at 9 days and that 

the embryo occupies the entire uterine cavity by 14 days of pregnancy.13  The sample size in the present 

study is too small to draw conclusions about the role of elongation in embryo reduction but this is 

something worth considering in future research. 

Another important aspect of twinning that warrants further examination is the repeatability of 

multiple ovulations within the same female. In the present study, only one female double ovulated on two 

consecutive cycles. It has been observed in one alpaca that twin conception occurred on 3 consecutive 

cycles (D. Volkmann,BVSc, MMed Vet, Diplomate ACT, University of Missouri, personal communication, 

2015). 

In conclusion, the present study showed that multiple ovulations and conception of twins is a 

common phenomenon in alpacas.  Factors involved in the incidence of multiple ovulations merit further 

research. Presence of multiple of ovulations may be missed by ultrasonography if the examination is 

performed rapidly or if the examiner lacks experience.  Double ovulations may be difficult to visualize by 

ultrasonography if the CL are on the same ovary.  Although the majority of twin pregnancies are reduced to 

a singleton pregnancy, a significant proportion of females lose both embryos. Therefore, early pregnancy 
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diagnosis should include examination of the ovaries for presence of multiple ovulations (multiple CL). 

Females with multiple CL on the first pregnancy diagnosis (14 to 15 dpm) should be monitored at least until 

Day 45 or 50 of pregnancy for evidence of twin pregnancy, reduction to a singleton, or complete loss of the 

pregnancy. Elimination of both twins after this stage, by administration of a luteolytic dose of cloprostenol, 

may be the best course of action to avoid later abortion or complications. 
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Table 3.1 Proportion of twins diagnosed in 41 double-ovulating alpaca females 

Pregnancy diagnosis 
stage (days from 
mating) 

14 to 16 days 25 to 30 days 45 to 52 days 

Overall number of 
pregnant females (%) 

41 (100)a 34 (82.9)b 28 (68.3)b 

Number of twin 
pregnancies (%) 

9 (21.95) 16 (47.1) 2 (7.1) 

Number of singleton 
pregnancies (%) 

- 18 (52.9) 26 (92.8) 

Number of open females 
(%) 

0 7 (17.1) 13 (31.7) 

a,b Significance was set at P < 0.05 
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Chapter 4 

Histologic evaluation of uterine endometrium in the pregnant and non-pregnant alpaca 

 

4.1 Introduction 

Development and maintenance of pregnancy requires a uterine environment that is healthy and 

adaptive to the needs of the growing conceptus.  In domestic large animal species, the conceptus must 

provide a timely biochemical signal, as part of the biological process of maternal recognition of pregnancy 

(MRP), to prevent luteolysis of the corpus luteum (CL) and maintenance of pregnancy.  This is important 

because the pre-implantation period of the embryo within the uterus is long in domestic large animal 

species.1  Following MRP, the endometrium must change histologically in order to allow for remodeling of 

the endocrine and secretory functions necessary for pregnancy maintenance.  The presence of a healthy, 

functional endometrium is vital throughout gestation, especially prior to attachment/implantation when the 

conceptus acquires its sustenance entirely from the histotroph produced by the endometrial glands.1, 2 

The reproductive anatomy and physiology of the female camelid is dramatically different compared 

to other large animal domestic species.3  All camelids are induced ovulators, with ovulation occurring 

equally from both the right and left ovary.3, 4  Fertilization rates are high in alpacas, often exceeding 80% in 

well managed breeding programs.5  While fertilization can occurs on either side, embryos that descend into 

the right uterine horn will migrate to the left uterine horn for attachment.6  In alpacas, 83.3% of the embryos 

resulting from right ovarian ovulation were found in the left uterine horn on Day 9.6   

Camelids are unique in the fact that greater than 98% of pregnancies are carried in the left uterine 

horn, suggesting that embryo migration to the left uterine horn is important to prevent luteolysis.4, 7, 8  This is 

attributed to a difference in PGF2α release between the two uterine horns. PGF2α release from the right 

uterine horn is local, whereas its release from the left horn is systemic.4  While the exact mechanism of 

embryo migration is not known, it is postulated that embryo migration is facilitated by the shortness of the 
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uterine body, the smallness of the right horn, and the increased number of mucosal folds in the 

endometrium of the right horn.9  Gross examination of the uterus from fetal, pre-pubertal, and non-pregnant 

female camelids has demonstrated that the left uterine horn is consistently larger when compared to the 

right uterine horn (Figure 4.1). 3, 10-12  

Attachment of the embryo begins around Day 14 of pregnancy.13  A well-formed microvillus 

junction between the fetal and maternal tissues is established by Day 45 in alpacas.14  Placentation in 

camelids is epitheliochorial, microcotyledonary, and diffuse.15 

While numerous histological studies evaluating the endometrium during pregnancy have been 

performed in other species16-18 2, 19, information regarding histological changes associated with early 

pregnancy in alpacas is lacking.  To further investigate the mechanisms associated with MRP in camelids a 

sound understanding and thorough evaluation of the histology of the reproductive tract during early 

pregnancy in camelids is necessary.  Evaluating for potential histological changes between the left and 

right uterine horn during early pregnancy is an initial step in deciphering the mechanisms associated with 

MRP and embryo migration in camelids.   

The objective of the present study was to compare uterine histology in non-pregnant and early 

pregnant alpacas.  Another aim was to determine any histological differences that may be present between 

the left and right uterine horn.   

 

4.2 Materials and methods 

4.2.1 Experimental design 

Adult reproductively sound female alpacas (n=20) that were scheduled for uterine and ovarian 

sampling as part of a larger experiment on MRP were included in the study.  

All females were examined by transrectal ultrasonography using an Aloka SSD500 ultrasound 

machine (Hitachi Aloka, Medical, Ltd, Wallingford, CT, USA) equipped with a 7.5 MHz linear array 
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transducer mounted on a polyvinyl chloride (PVC) extension rod. All females were mated to a proven 

fertility male within 12 hours following visualization of at least one large follicle measuring between 7 and 10 

mm in diameter. All females received an injection of 50 µg of GnRH (Cystorelin®, Merial, Duluth, GA, USA) 

subcutaneously immediately after mating. Following mating, females were assigned randomly to 4 groups. 

Group I and II females (n=10) were scheduled for postmortem collection of the reproductive tract and 

embryos at either Day 9 (n=5) or Day 14 (n=5) post-mating respectively. Group III and IV females (n=10) 

were scheduled for pregnancy diagnosis on Day 14 post-mating.  All females in group III and IV received 

an injection of 250 µg of cloprostenol (Estrumate®, Merck Animal Health, De Soto, KS, USA) 

intramuscularly after pregnancy diagnosis. Following luteolysis the follicular wave was monitored again and 

ovulation was induced with GnRH when the largest follicle reached at least 7 mm in diameter.  Ovulation 

was induced with administration of an injection of 50 µg of GnRH subcutaneously.  Group III and IV 

females were scheduled for postmortem collection of the reproductive tract at either Day 9 (n=5) or Day 14 

(n=5) post-administration of GnRH respectively.   

Females in all groups were examined 7 days after mating and GnRH treatment or GnRH treatment 

alone, to determine presence and number of CL (Figure 1.4).  Group II females collected at 14 days after 

mating were also examined for pregnancy diagnosis on Day 13 or Day 14 after mating (Figure 1.5).  Blood 

samples from all females were collected after mating and GnRH treatment or GnRH treatment alone and 

prior to euthanasia by jugular venipuncture.  Samples were centrifuged and serum was stored at -80°C for 

hormone assays to be performed.  All females were euthanized using an overdose of barbiturates on Day 9 

or Day 14.  The uteri were collected en bloc immediately after euthanasia and flushed as previously 

described (Figure 1.6).9   

The ovaries were evaluated for number and side of CL(s) (Figure 1.7).  Embryos (Figure 1.8) and 

collection fluid were frozen in liquid nitrogen.  Reproductive tract tissue samples collected included the 

ovaries, oviducts, uterotubal-junction (UTJ), endometrium, and myometrium.  The endometrium and 
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myometrium were sampled in 2 locations (near the tip and at the base) of each uterine horn.  Samples 

were either flash frozen in liquid nitrogen and stored at -80°C or transferred to 10% buffered formalin for 48 

hours and stored in 70% ethanol prior to analysis.  

Uterine horn tissue samples stored in 70% ethanol following fixation were used for histological 

study and immunohistochemistry.  In cassettes the tissue sections were rinsed in 70% ethanol, 80% 

ethanol, and 95% ethanol for an hour at each concentration.  The tissue sections were then rinsed in 100% 

ethanol for 3 hours, xylenes for 2 hours, and embedded in paraffin.   

 

4.2.2 Histological analysis 

Sections were stained with haematoxylin and eosin (H&E).  Sections were subjectively assessed 

by a pathologist for differences in glandular density and tortuosity, vascularity, and infiltration of 

inflammatory cells between the left and right uterine horns in pregnant and non-pregnant animals.  The 

endometrium and myometrium were measured for the left and right uterine horn of each animal.  Two 

measurements were acquired and averaged to provide adequate representation of each section.  

Measurements were representative at the widest and narrowest areas of the endometrium and 

myometrium in an attempt to compensate for any obliqueness in the sections.  Measurements were taken 

at 25x magnification using a Leica microscope connected to a Leica Application Suite (LAS) version B4.6 

camera and image software (Leica Microsystems Ltd., Buffalo Grove, IL, USA).        

 

4.2.3 Statistical analysis 

 Differences in measurements of endometrium and myometrium were evaluated by ANOVA using a 

general linear model with day of sampling and pregnancy status as main factors.  In addition, these 

measurements were compared between the left and right uterine horn for each sampling day and 

pregnancy status using a paired t test.  
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4.3 Results 

 Subjective evaluation did not show any difference in glandular density and tortuosity, vascularity, or 

infiltration of inflammatory cells between the left and right uterine horn for females in each experimental 

group.  There were differences in glandular tortuosity and infiltration of inflammatory cells between 14-day 

pregnant sections (group II) and 14-day open sections (group IV).  The endometrial glands were more 

tortuous for 14-day pregnant sections (group II) when compared to 14-day open sections (group IV).  There 

was a marked infiltration of inflammatory cells for 14-day open sections (group IV) compared to 14-day 

pregnant sections (group II).     

The luminal and glandular epithelium was primarily simple columnar.  Large numbers of uterine 

glands were scattered in the lamina propria, which connected with the luminal epithelium.  The myometrium 

had both a thick inner circular and thinner outer longitudinal section of smooth muscle.  Endometrial and 

myometrial vasculature appeared larger and more extensive than what is represented in other large animal 

domestic species.  Areas of hyperemia were observed within the lamina propria along the luminal 

epithelium.     

The epithelium was similar in the 9-day open (group III) and 9-day pregnant sections (group II), but 

was noticeably proliferated in the 14-day pregnant sections (group IV).  The luminal epithelium in the 14-

day pregnant sections (group IV) exhibited development of microvilli (Figure 4.2).  Evaluation of the 14-day 

open sections (group IV) revealed a reduction in size of the glandular epithelial cells and sloughing of some 

areas of luminal epithelial cells.  While there did not appear to be a difference in glandular numbers or 

glandular content between any of the groups, increased tortuosity with greater numbers of longitudinal 

sections and increased luminal diameter was visualized in the 14-day pregnant sections (group IV) (Figure 

4.3). Vascularity within the endometrium and myometrium appeared similar within and between groups. 

 Mean thickness of the endometrium and myometrium in the uterine horns is presented in Table 

4.1.  The ratio of endometrium to myometrium was calculated for each section (Table 4.2).  Day 14 open 
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females (group IV) had significantly (P<0.05) thinner endometrium and myometrium than the other groups 

(Day 9 pregnant, Day 9 open, and Day 14 pregnant females).   

There were numerous lymphocytes and neutrophilic granulocytes among the luminal and glandular 

epithelial cells within the 14-day open sections (group IV).   Lymphocytes, neutrophilic granulocytes, and 

macrophages were observed in the lamina propria.  This was consistent among all females within this 

group.  Fewer lymphocytes and neutrophilic granulocytes were seen scattered among the luminal epithelial 

cells and lamina propria for females in group I, II, and III.          

 No differences in histological evaluation were observed between the left and right uterine horn in all 

experimental groups.   

 

4.4 Discussion 

Although the vast majority of camelid pregnancies attach within the left uterine horn, histologic 

structure of the uterus in bilateral horns was similar.  These results agree with previously reported 

observations in camels.20    Additionally, histologic structure of the uterus was similar in the two uterine 

locations that were sampled (near the tip and at the base of the uterine horn).  This is suggestive that there 

is uniformity in endometrial and myometrial structure throughout the uterus in alpacas.  There is evidence 

of uniformity in endometrial structure throughout the uterus of the non-pregnant21, 22 and pregnant mare in 

early gestation2.  On subjective evaluation, there are no glandular differences associated with embryo 

migration to the left uterine horn in alpacas.  Glandular tortuosity and increased luminal diameter was 

observed occurring between Day 9 and Day 14 of pregnancy, and is likely attributed to the continuing 

influence of luteal progesterone and increased histotroph production.  These changes are consistent with 

the development of an agreeable environment for embryo survival during early pregnancy.   

Further objective evaluation of these aspects is in progress using image analysis (ImageJ, National 

Institute of Health, USA) of surface density to quantify endometrial glandular density and further clarify 
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potential endometrial and myometrial differences between the left and right uterine horn.  Evaluation of 

endometrial gland surface density of the endometrium during the estrous cycle and early pregnancy in the 

horse has been performed using computer-assisted morphometric analysis.2, 22  Similar studies are 

warranted in the alpaca to quantify surface glandular density of the endometrial glands as a means for 

further comparison between the left and right uterine horn during different stages of early pregnancy.  

The endometrium and myometrium were significantly thinner at 14 days post-induction of ovulation.  

This can be attributed to luteolysis having occurred by 14 days post-induction of ovulation and the uterus 

being under an estrogen influence.  At 9 days post-induction of ovulation (luteal phase), 9 days of 

pregnancy, and 14 days of pregnancy the CL is active and the uterus is under a progesterone influence.   

Findings of increased inflammation at 14-days open were consistent with previous findings in the 

camel20, and suggest that the mucosal immunity of the female reproductive tract in alpacas is very active.  

It has been demonstrated that ovulating non-pregnant female camelids return to receptivity and develop a 

dominant follicle 14 days after mating.4, 23  Semen is deposited deep into the uterine horns throughout the 

mating period, which lasts up to 30 minutes, and mechanical irritation to the endometrium is an important 

component for induction of ovulation.4, 24  The large influx of inflammatory cells observed in the sections 

from the 14-day control females (group IV) could be initiated in preparation for the process of mating.    

Pregnancy loss is most common during early pregnancy.  This can especially be true in females 

with age-related or pathologic changes to the endometrium.  Histological evaluation of endometrial biopsies 

has long been recognized as an important method for evaluation of infertility and breeding soundness in 

mares.21, 25-28  Although a grading system for histological evaluation has been proposed in camelids,29 it is 

not widely used in a clinical setting.  Further evaluation and understanding of normal histological changes 

associated with the development of early pregnancy will improve our understanding of pathologic 

conditions of the reproductive tract that may lead to infertility or early embryonic loss.   



! 75 

Although no histological differences were observed between the left and right uterine horns in the 

present study, it is possible that significant changes may be occurring at the molecular level.  Genomic and 

proteomic studies are necessary for further understanding the mechanism of MRP in this species.   
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Figure 4.1 The gross anatomy of the uterus from an adult alpaca: right horn (RH), left horn (LH), body (B), 

cervix (C), uterine tube (UT), O (ovary), and broad ligament (BL) 
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Figure 4.2 Day 14 pregnant alpaca endometrium exhibiting proliferation of luminal epithelium and 

development of microvilli (arrows).  L= lumen (H&E; 400x)  
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Figure 4.3 Differences in endometrial glandular tortuosity and luminal diameter A) Day 14 pregnant alpaca, 

B) Day 14 open alpaca. M=myometrium (H&E; 400x) 
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Table 4.1 Mean (Mean±SE) of the endometrial and myometrial diameter of the left (LH) and right (RH) 

uterine horn in 10 pregnant and 10 non-pregnant alpacas 

Diameter((mm)( Pregnant(Day(9( Open(Day(9( Pregnant(Day(14( Open(Day(14(

RH!Endometrium! 2.91±0.20a! 2.91±0.25a! 3.06±0.17a! 2.17±0.19b!

LH!Endometrium! 3.46±0.38a! 3.27±0.37a! 3.13±0.44a! 2.53±0.13b!
RH!Myometrium!! 3.36±0.41a! 2.58±0.37a! 3.76±0.44a! 2.75±0.19b!

LH!Myometrium!! 3.44±0.34a! 2.78±0.17a! 4.11±0.46a! 2.58±0.40b!
a,b Significance was set at P < 0.05 
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Table 4.2 Mean (Mean±SE) of the endometrial to myometrial (E:M) ratio of the left and right uterine horn in 

10 pregnant and 10 non-pregnant alpacas 

E:M(Ratio((( Pregnant(Day(9( Open(Day(9( Pregnant(Day(14( Open(Day(14(

Left!Uterine!Horn!! 0.50±0.10! 0.54±0.44! 0.43±0.03! 0.51±0.04!
Right!Uterine!Horn!! 0.47±0.10! 0.52±0.05! 0.45±0.04! 0.44±0.13!
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Chapter 5 
 

Conclusions 
 
 

Research on maternal recognition of pregnancy (MRP) is driven by the impact of early pregnancy 

loss on productivity in various species.  Pregnancy loss is a common complaint in camelid theriogenology.  

The majority of these losses occur prior to 60 days gestation.  A thorough understanding of the MRP 

signaling and the physiology of early pregnancy is an important step in deciphering factors affecting 

pregnancy loss.  Our knowledge of MRP and early physiology of pregnancy in camelids lags behind the 

current situation in other domestic species.   

The research herein aimed to expand the knowledge regarding the physiology of early pregnancy 

and embryonic loss in camelids.  A link between the clinical observation of multiple ovulations and the 

observation of multiple ovulations in an experimental design was established.  Data analysis from a 

retrospective study and prospective study demonstrated that multiple ovulations are relatively common 

resulting in twin conception followed by reduction to a singleton or complete loss of pregnancy.  Bilateral 

double ovulations were more common than unilateral double ovulations.  Factors involved in the incidence 

of multiple ovulations merit further research.  Although the majority of twin pregnancies are reduced to a 

singleton pregnancy, a significant proportion of females lose both embryos. Therefore, early pregnancy 

diagnosis should include examination of the ovaries for presence of multiple ovulations (multiple corpora 

lutea or CL’s). Females with multiple CL’s at the first pregnancy diagnosis (14 to 15 days post mating) 

should be monitored at least until Day 45 or 50 of pregnancy for evidence of twin pregnancy, reduction to a 

singleton, or complete loss of the pregnancy. Elimination of both twins after this stage, by administration of 

a luteolytic dose of cloprostenol, may be the best course of action to avoid later abortion or complications. 

In a second study, histological differences between the left and right uterine horn in pregnant and 

non-pregnant alpacas were investigated. Numerous histological studies evaluating the endometrium during 
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pregnancy have been performed in other species. Similar studies are lacking in alpacas. Evaluating for 

potential histological changes between the left and right uterine horn during early pregnancy is an initial 

step in deciphering the mechanisms associated with MRP and embryo migration in camelids.  This study is 

important because nearly all pregnancies in camelids are established in the left uterine horn. In addition, 

studies in our laboratory have shown that the early embryo migrates to the left uterine horn around Day 9 of 

pregnancy.  Our study did not show any difference histologically (glandular density and tortuosity, 

vascularity, inflammatory cells infiltration) between the two uterine horns.  There were no glandular 

differences associated with embryo migration to the left uterine horn in alpacas.  A more objective 

evaluation of these aspects is in progress using image analysis (ImageJ, National Institute of Health, USA) 

of surface density to quantify endometrial glandular density and further clarify potential endometrial and 

myometrial differences between the left and right uterine horn.   

The endometrium and myometrium thickness was similar in both uterine horns for each alpaca 

whether open or pregnant.  However, the endometrium and myometrium were significantly thinner at 14 

days post-induction of ovulation in non-pregnant females.  This can be attributed to lack of progesterone 

and an influence from estrogen as these female should have experienced luteolysis.  Endometrial and 

myometrial measurements were similar in all groups that had a CL (high progesterone) (9 days post-

induction of ovulation, 9 days of pregnancy, and 14 days of pregnancy). 

Despite lack of evidence of histologic differences, it is possible that significant changes may be 

occurring at the molecular level.  Immunohistochemistry was performed on uterine tissue sections and 

expression of estrogen receptor alpha and progesterone receptor within the endometrium was localized, 

but has not yet been quantified.  We hypothesized that embryo migration and elongation triggers gene 

expression changes and maintenance of pregnancy in camelids as seen in other species.  We expect to 

see a difference in the genetic expression and mRNA production in the pregnant and non-pregnant 

endometrium.  An experiment is under way to continue RNA sequence mapping of alpaca endometrium 
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and proteomic analysis of gene regulation associated with MRP and pre-implantation embryonic 

development during early pregnancy.  
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Appendix A 
 

Estrogen receptor alpha and progesterone receptor expression in the endometrium of pregnant and 
non-pregnant alpacas  

 
 
 
A.1 Introduction 

 Ovarian steroid hormones, estrogen and progesterone, have important roles in controlling uterine 

function in both cyclic and pregnant animals.  The effects of both hormones on target cells are regulated 

through their respective nuclear receptors.  Two subtypes of estrogen receptors (ER) have been described: 

estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ).  ERα is the pre-dominant subtype in the 

uterus of most species because it mainly mediates the classical estrogen actions on the uterus.1  

Progesterone receptor (PR) has 2 major isoforms: A and B.  Expression for ERα, ERβ, PRA, and PRB has 

been demonstrated in the epithelial and stromal cells of the endometrium in llamas.2 3, 4  

ER and PR populations are thought to be critical in determining cell responsiveness to steroids.4  

The regulation of steroid hormone receptor expression in the endometrium has been described to be cell 

type specific in sheep5, cows6, mares7, sows8, and llamas3.  Therefore, various cell types within the 

endometrium can display differential sensitivities to estrogens and progestogens and the overall response 

of the uterus to steroid stimulation is the product of combined responses of the various cell types. 9 

The distribution of receptors in different uterine compartments varies during the estrous cycle in 

relation to plasma steroid hormone concentrations.9  Estradiol has a stimulatory effect on the expression of 

ERα and PR, whereas progesterone down regulates both receptors. 10, 11  In ruminants, the content of ERα 

and PR in the uterus are greater at estrus and less during the luteal phase. 5, 6, 9, 11, 12  Recently, a study on 

llamas showed that ERα and PR populations in the endometrium are high during the follicular phase when 

peripheral plasma concentrations of estrogens are elevated and decreased during the luteal phase (Day 9 

post-induction of ovulation) when plasma progesterone concentrations are still high. 3  Uterine ERβ was 
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found to be greater in pregnant than in sterile-mated llamas particularly on Day 13.  The authors suggested 

that the presence of an embryo might influence this expression.2  Endometrial expression of ERα and ERβ 

in this study was not affected by uterine side or days post-mating.  This suggests that a more complex 

mechanism with differential expression of ER subtypes may be involved in embryo migration from the right 

to the left uterine horn.!2    

The aim of the current study was to characterize ERα and PR in different endometrial cells types 

and evaluate the changes in ERα and PR populations in the endometrium of the left and right uterine horn 

from alpacas at Day 9 of pregnancy, Day 14 of pregnancy, Day 9 post-induction of ovulation, and Day 14 

post-induction of ovulation.   

  

A.2 Materials and methods 

A.2.1 Experimental design 

Adult reproductively sound female alpacas (n=20) that were scheduled for uterine and ovarian 

sampling as part of a larger experiment on MRP were included in the study.  

All females were examined by transrectal ultrasonography using an Aloka SSD500 ultrasound 

machine (Hitachi Aloka, Medical, Ltd, Wallingford, CT, USA) equipped with a 7.5 MHz linear array 

transducer mounted on a polyvinyl chloride (PVC) extension rod. All females were mated to a proven 

fertility male within 12 hours following visualization of at least one large follicle measuring between 7 and 10 

mm in diameter. All females received an injection of 50 µg of GnRH (Cystorelin®, Merial, Duluth, GA, USA) 

subcutaneously immediately after mating. Following mating, females were assigned randomly to 4 groups. 

Group I and II females (n=10) were scheduled for postmortem collection of the reproductive tract and 

embryos at either Day 9 (n=5) or Day 14 (n=5) post-mating respectively. Group III and IV females (n=10) 

were scheduled for pregnancy diagnosis on Day 14 post-mating.  All females in group III and IV received 

an injection of 250 µg of cloprostenol (Estrumate®, Merck Animal Health, De Soto, KS, USA) 
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intramuscularly after pregnancy diagnosis. Following luteolysis the follicular wave was monitored again and 

ovulation was induced with GnRH when the largest follicle reached at least 7 mm in diameter.  Ovulation 

was induced with administration of an injection of 50 µg of GnRH subcutaneously.  Group III and IV 

females were scheduled for postmortem collection of the reproductive tract at Day 9 (n=5) or Day 14 (n=5) 

post-administration of GnRH respectively.  Females in all groups were examined 7 days after mating and 

GnRH treatment or GnRH treatment alone, to determine presence and number of CL.  Group II females 

collected at 14 days post-mating were also examined for pregnancy diagnosis on Day 13 or Day 14 after 

mating.  Blood samples from all females were collected after mating and GnRH treatment or GnRH 

treatment alone and prior to euthanasia by jugular venipuncture.  Samples were centrifuged and serum was 

stored at -80°C for hormone assays to be performed.    

All females were euthanized using an overdose of barbiturates on Day 9 or Day 14.  The uteri were 

collected en bloc (Figure 4.1) immediately after euthanasia and flushed as previously described.13  The 

endometrium and myometrium were sampled in 2 locations (near the tip and at the base) of each uterine 

horn.  Samples were transferred to 10% buffered formalin and fixed for 48 hours.  Samples were then 

transferred to 70% ethanol for storage prior to histological analysis.  In cassettes the tissue sections were 

rinsed in 70% ethanol, 80% ethanol, and 95% ethanol for an hour at each concentration.  The tissue 

sections were then rinsed in 100% ethanol for 3 hours, xylenes for 2 hours, and embedded in paraffin.   

 

A.2.2 Immunohistochemistry  

An immunohistochemical technique previously described3 was used to visualize ERα and PR 

immunostaining after minor modifications.  After the paraffin tissue sections (8 µm) were dewaxed and 

rehydrated, an antigen retrieval procedure was performed.  Non-specific endogenous peroxidase activity 

was blocked by treatment with 3% hydrogen peroxide in methanol for 10 minutes at room temperature 

(RT).  Additional rehydration was performed in a graded ethanol series.  Sections were pre-treated in a 
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microwave oven at 700 watts power, in 0.01 M sodium citrate buffer (pH 6.0) until boiling, allowed to stand 

in the hot water for 10 minutes, and then allowed to cool for 20 minutes.  After a 5-minute wash in buffer 

sections were exposed to a 45-minute non-immunoblock using diluted Normal Horse Serum (Vectastain®; 

Vector Laboratories, Burlingame, CA, USA) in buffer in a humidified chamber at RT.  Details of the 

antibodies used for detection of each receptor and conditions are specified in Table A.1.  Negative controls 

for each receptor were obtained by replacing the primary antibody with normal mouse IgG (Cat N° sc-2025, 

Santa Cruz, CA, USA) at equivalent concentrations.  After primary antibody binding with overnight 

incubation at 4°C, the sections were incubated for 30 minutes at RT with a biotinylated IgG (Vectastain®, 

Vector Laboratories, Burlingame, CA, USA) diluted in Normal Horse Serum.  Thereafter, the tissue sections 

were incubated for 30 minutes with a horseradish peroxidase-avidin-biotin complex (Cat N° PK-6100, 

Vectastain®, Elite ABC-kit, Vector Laboratories).  The site of the bound enzyme was visualized by the 

application of 3,3’-diaminobenzidine (Cat N° SK-4100, DAB kit, Vector Laboratories), a chromogen that 

produces brown, insoluble precipitate when incubated with the enzyme.  The sections were counterstained 

with methyl green and dehydrated before they were cover slipped with mounting medium.  Test dilutions of 

primary antibody were performed prior to assay. 

 

A.2.3 Image analysis  

A general observation of receptor immunostaining for ERα and PR was performed.  Further 

analysis and evaluation to quantify estrogen and progesterone receptor expression, along with hormonal 

assays evaluating for estradiol-17β and progesterone serum concentrations, is warranted.   

After a general inspection of each slide, a subjective image analysis will be performed to estimate 

the expression of ERα and PR in different cell types as previously reported.4  The evaluation will be 

performed by two independent observes who will not be aware of assignment to groups of animals.  Ten 

fields will be analyzed for each cell type (luminal and glandular epithelia) at a magnification of 1000x in all 
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sections.  The staining of the nuclei will be scored as negative (-), faint (+), moderate (++), or intense (+++) 

and the staining of each cell type will be in proportion on a scale of 0-10.  If staining is adequate color 

discrimination software could be used to measure the area of positively stained cell nuclei (brown reaction 

product) per field and be expressed as a ratio of the total area of cell nuclei (brown reaction product + 

methyl green). 

 

A.3 Results 

A.3.1 General observations of ERα and PR immunostaining  

 Estrogen receptor alpha (ERα) and progesterone receptor (PR) immunoreactivity were observed 

almost exclusively in the nuclei (not cytoplasm) (Figure A.1) of the luminal and glandular epithelium (Figure 

A.2A-B, Figure A.3A-B, Figure A.4A-B, Figure A.5A-B, Figure A.6A-B, Figure A.7A-B, Figure A.8A-B, and 

Figure A.9A-B).  When monoclonal specific antibodies were substituted by a nonimmune mouse IgG, the 

reduction of staining demonstrated the specificity of both receptors immunostaining (Figure A.2C, Figure 

A.3C, Figure A.4C, Figure A.5C, Figure A.6C, Figure A.7C, Figure A.8C, and Figure A.9C).  There was 

variation between alpacas in intensity of staining and uniformity of staining across cut sections within 

groups.  When non-uniformly stained slides were performed in duplicate, similar results were observed.   

 

A.4 Directions and procedures of immunohistochemistry 

One finding in the present study was that immunostaining of PR was inconsistent across tissue 

sections, even when performed in replicate.  Inconsistent staining and significant background noise may be 

due to specificity of the primary antibody binding.  Variable dilutions of both the primary and secondary 

antibodies were attempted with limited improvement.  A different progesterone receptor antibody may be 

considered to achieve improved results.  Other reasons for variability across samples may be due to 

individual animal variability, amount of tissue sample fixation, or immunohistochemistry processing error.   
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Subjective analysis to estimate the expression of ERα and PR in different cell types has been 

previously reported. 3 Evaluation is performed by independent observers who are not aware of assignment 

to group of animals.  Ten fields are analyzed for each cell type (luminal and glandular epithelia and stroma) 

at a magnification of 1000x in all samples.  The staining of the nuclei are scored as being negative (-), faint 

(+), moderate (++), or intense (+++) and the staining of each cell type is in proportion on a scale of 0-10.  

This grading system has been previously described.!3, 14  If staining is adequate color discrimination 

software could be used to measure the area of positively stained cell nuclei (brown reaction product) per 

field and be expressed as a ratio of the total area of cell nuclei (brown reaction product + methyl green).  

Alternatively western blot or real time polymerase chain reaction analytical techniques could be employed 

for quantitative analysis.   

  



! 93 

A.5 References  
 
1. Meikle A, Tasende C, Sosa C, et al. The role of sex steroid receptors in sheep female reproductive 
physiology. Reprod Fertil Dev. 2004;16:385-94. 
 
2. Powell SA, Smith BB, Timm KI, et al. Expression of estrogen receptors α and β in the corpus 
luteum and uterus from non-pregnant and pregnant llamas. Molecular Reproduction and Development. 
2007;74:1043-52. 
 
3. Bianchi CP, Meikle A, Sartore I, et al. Uterine estrogen receptor alpha and progesterone receptor 
during the follicular and luteal phase in llamas. Anim Reprod Sci. 2007;99:117-26. 
 
4. Bianchi CP, Sahlin L, Meikle A, et al. Endometrial population of oestrogen receptors alpha and 
beta and progesterone receptors A and B during the different phases of the follicular wave of llamas (Lama 
glama). Reprod Domestic Anim. 2010;45:872-80. 
 
5. Spencer TE, Bazer FW. Temporal and spatial alterations in uterine estrogen receptor and 
progesterone receptor gene expression during the estrous cycle and early pregnancy in the ewe. Biology of 
Reproduction. 1995;53:1527-43. 
 
6. Boos A, Meyer W, Schwarz R, et al. Immunohistochemical assessment of oestrogen receptor and 
progesterone receptor distribution in biopsy samples of the bovine endometrium collected throughout the 
oestrous cycle. Anim Reprod Sci. 1996;44:11-21. 
 
7. Watson ED, Skolnik SB, Zanecosky HG. Progesterone and estrogen receptor distribution in the 
endometrium of the mare. Theriogenology. 1992;38:575-80. 
 
8. Sukjumlong S, Dalin AM, Sahlin L, et al. Immunohistochemical studies on the progesterone 
receptor (PR) in the sow uterus during the oestrous cycle and in inseminated sows at oestrus and early 
pregnancy. Reproduction (Cambridge). 2005;129:349-59. 
 
9. Cherny RA, Salamonsen LA, Findlay JK. Immunocytochemical localization of oestrogen receptors 
in the endometrium of the ewe. Reprod Fertil Dev. 1991;3:321-31. 
 
10. Ing NH, Tornesi MB. Estradiol up-regulates estrogen receptor and progesterone receptor gene 
expression in specific ovine uterine cells. Biology of Reproduction. 1997;56:1205-15. 
 
11. Wathes DC, Hamon M. Localization of oestradiol, progesterone and oxytocin receptors in the 
uterus during the oestrous cycle and early pregnancy of the ewe. Journal of Endocrinology. 1993;138:479-
91. 
 
12. Meyer HHD, Mittermeier T, Schams D. Dynamics of oxytocin, estrogen and progestin receptors in 
the bovine endometrium during the estrous cycle. Acta Endocrinologica. 1988;118:96-104. 
 
13. Picha Y, Tibary A, Memon M, et al. Chronology of early embryonic development and embryo 
uterine migration in alpacas. Theriogenology. 2013;79:702-8. 
 



! 94 

14. Thatcher WW, Guzeloglu A, Meikle A, et al. Regulation of embryo survival in cattle.  Reproduction 
Supplement Series Supplement 61. Cambridge: Society for Reproduction and Fertility; 2003. p. 253-66. 
  



! 95 

Table A.1 List of antibodies used for the determination of endometrial ERα and PR expression by 

immunohistochemistry 

Receptor Laboratory Antibody Dilutions with 
PBS 

ERα Santa Cruz Laboratories (C-311). Cat # sc-787, 
CA, USA 

Monoclonal Mouse 1:50 

PR Zymed Laboratories Inc. Cat # ZS18-0172, San 
Francisco, USA 

Monoclonal Mouse 1:200 

 
  



! 96 

 
 
Figure A.1 Representative microphotograph of immunohistochemical localization of ERα almost 

exclusively in the nuclei.  GE = glandular epithelium; Str = Stroma (200x) 
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Figure A.2 Immunohistochemical localization of ERα in the endometrium of Day 9 pregnant alpacas: A) left 

horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; GE = glandular epithelium; Str 

= Stroma (40x)  
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Figure A.3 Immunohistochemical localization of ERα in the endometrium of alpacas on Day 9 post-

induction of ovulation: A) left horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; 

GE = glandular epithelium; Str = Stroma (40x)  
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Figure A.4 Immunohistochemical localization of ERα in the endometrium of Day 14 pregnant alpacas: A) 

left horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; GE = glandular epithelium; 

Str = Stroma (40x) 
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Figure A.5 Immunohistochemical localization of ERα in the endometrium of alpacas on Day 14 post-

induction of ovulation: A) left horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; 

GE = glandular epithelium; Str = Stroma (40x) 
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Figure A.6 Immunohistochemical localization of PR in the endometrium of Day 9 pregnant alpacas: A) left 

horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; GE = glandular epithelium; Str 

= Stroma (40x)   
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Figure A.7 Immunohistochemical localization of PR in the endometrium of alpacas on Day 9 post-induction 

of ovulation: A) left horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; GE = 

glandular epithelium; Str = Stroma (40x) 
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Figure A.8 Immunohistochemical localization of PR in the endometrium of Day 14 pregnant alpacas: A) left 

horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; GE = glandular epithelium; Str 

= Stroma (40x) 
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Figure A.9 Immunohistochemical localization of PR in the endometrium of alpacas on Day 14 post-

induction of ovulation: A) left horn, B) right horn, C) negative control.  L = lumen; LE = luminal epithelium; 

GE = glandular epithelium; Str = Stroma (40x) 


