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ABSTRACT 

Initial studies in this work explored the role of interleukin-6 (IL6) and leukemia inhibitory 

factor (LIF) in preimplantation bovine embryos. Neither cytokine affected the total percentage of 

embryos which developed to the blastocyst stage in vitro. However, supplementation of IL6 

increased blastocyst inner cell mass (ICM) cell number without affecting trophectoderm (TE) 

cell number. Additionally, we found that IL6 activated signal transducer and activator of 

transcription 3 (STAT3) specifically within ICM cells. LIF, however, did not affect ICM cell 

number or activate STAT3 in ICM cells, and was not pursued further. This increase in ICM cell 

number by IL6 was largely comprised of hypoblast (GATA6+:NANOG-) cells, and most IL6-

responsive cells in day 9 blastocysts were hypoblast cells (as measured by STAT3 activation). 

However, some epiblast (NANOG+) cells were also IL6-responsive, and IL6 appeared to initially 

slow epiblast differentiation. Finally, IL6-treated blastocysts also had increased transcripts of 

hypoblast/primitive endoderm (PE) markers. These results indicate that IL6 may improve 

pregnancy retention of IVP embryos by improving yolk sac development, but further work is 

needed to confirm this theory. 

Activation of STAT3 by IL6 could be blocked with a chemical Janus kinase 2 (JAK2) 

inhibitor (AZD1480). JAK2 inhibition from day 5 to 8 resulted in blastocyst ICMs with fewer 

than 10% the normal cell number, regardless of IL6 supplementation. This indicates that STAT3 

is critical for bovine ICM development. Further analysis revealed that inhibition of JAK2/STAT 

did not prevent ICM formation but disrupted its maintenance. 

Additionally, we assessed the suitability of zinc sulfate and a bovine embryonic stem cell 

culture media (TeSR) for improving bovine embryo development in vitro. Zinc sulfate increased 

day 8 blastocyst total and ICM cell number. Therefore, zinc sulfate appears to improve blastocyst 

quality. The TeSR medium improved embryo development beyond day 8. In normal synthetic 

oviduct fluid, blastocysts degenerated after day 8, while blastocysts moved to TeSR had greatly 

increased cell numbers, and even exhibited PE migration out from the ICM, a phenomenon that 

has not been reported in vitro. This indicates that extended blastocyst culture is possible with 

TeSR media. 
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GENERAL AUDIENCE ABSTRACT 

Bovine embryos have been produced in vitro for the purpose of being transferred to recipient 

cattle to produce a calf since the 1980s. This practice allows cattle breeders to increase the 

number of offspring from their best females each year, and also allows for more rapid progress in 

generational genetic improvement. However, only approximately 10% of bovine oocytes survive 

and produce a calf. This poor efficiency of bovine in vitro embryo production negatively impacts 

the procedure’s widespread use. A significant portion of these embryo losses are likely a result of 

inadequate in vitro culture conditions, particularly of the embryo culture media, the fluid in 

which embryos are grown. This media is often called “synthetic oviduct fluid,” or SOF, because 

it is designed to mimic the fluid present in the cow’s oviduct, where the embryo would normally 

reside. However, SOF is much simpler in nature than actual cow oviduct fluid, and this leads to 

reduced embryonic survival of in vitro produced embryos. 

Unfortunately, we know very little of what molecules control and promote bovine embryo 

development. Therefore, one major goal of bovine embryo research is to identify these factors 

and add them to SOF. The goal of this work was to examine the ability of three molecules, 

interleukin-6 (IL6), leukemia inhibitory factor (LIF), and zinc sulfate, to increase the number and 

quality of blastocysts produced through in vitro culture techniques. Additionally, I tested the 

replacement of SOF with a complex cell culture media, known as TeSR. This medium is more 

complex than SOF, and therefore should better promote embryo development. 

This work revealed that IL6, but not LIF, improves in vitro produced (IVP) bovine blastocyst 

quality. Unfortunately, neither IL6 nor LIF affected the percentage of embryos which survived to 

the blastocyst stage. However, IL6, but not LIF, increased the number of cells in the inner cell 

mass (ICM) of the blastocysts. ICM cells are the portion of the embryo which will produce the 

future calf. IVP bovine embryos are known to have fewer cells than normal, in vivo derived, 

blastocysts, and this issue is believed to cause some embryonic death after embryo transfer. 

Therefore, treatment with IL6 may increase the percentage of embryos which will survive after 

transfer and produce a calf. 

We also found the addition of zinc sulfate to SOF to benefit embryo quality. None of the 

concentrations of zinc significantly improved the percentage of embryos which survived to the 

blastocyst stage, but 2 µM zinc did increase ICM cell number. Like IL6, this may improve 

embryo survival after transfer. 

The use of the TeSR media as a replacement for SOF had some benefits. Unfortunately, this 

media is unusable for producing embryos for transfer to recipients, as we discovered early 

embryos could not survive in the media. However, blastocyst-stage embryos thrived in it, and 

could be cultured in vitro for a longer period of time as a result. Therefore, this media will be a 

useful tool for studying bovine embryo development in vitro, however it is unlikely to benefit 

calf production. 

In summary, this work provides evidence that zinc sulfate and IL6 are beneficial additions to 

SOF. However, future work is needed to determine if embryos produced with these factors are 

more able to produce a calf. Additionally, we discovered that TeSR is a superior extended 

blastocyst culture medium. 
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Chapter 1: Literature Review 

Introduction 

The first calf produced by in vitro fertilization (IVF) was born in 1981, almost 40 years ago 

[1], and now more than 700,000 in vitro produced (IVP) bovine embryos are transferred to 

recipients worldwide each year [2]. Utilization of ovum-pick up (OPU) and IVF techniques 

allows producers to increase the number of offspring produced by donor cows yearly, even to a 

greater extent than is possible with superovulation and subsequent embryo transfer [3]. Oocytes 

can be collected by OPU as frequently as once a week in cycling and pregnant cows, and even 

prepubertal heifers can be collected, allowing producers to shorten the generation interval and 

speed up genetic progress in cattle [3,4]. Calves have even been produced from post-mortem, 

abattoir-derived ovaries [2]. This practice can be economically advantageous for some 

producers, and can be utilized to impregnate dairy cattle whose offspring are not to be retained 

[5]. 

Despite these obvious benefits of IVF technology, embryo and calf production from in vitro 

techniques still suffer from low efficiency. Approximately 20-40% of oocytes will develop to the 

blastocyst stage in vitro [6–10], and then only 30-40% of those blastocysts will produce a calf 

[11–13]. A number of factors affect the success of IVP embryos, some maternal (fertility of 

recipient), some embryonic (aneuploidies/mixoploidies, genetics of embryo, donor health 

history), and some are specifically derived from in vitro culture conditions (exposure to light, 

culture medium composition, fluctuating temperatures, etc.). Maternal and embryonic factors 

affecting fertility will always exist in reproduction, however the negative effects of in vitro 

culture conditions can and should be improved in order to better utilize IVF technology. 
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One focal point in bovine IVP embryo research has been to increase the complexity of 

embryo culture media to better mimic the uterine histotrophe (fluid in the uterine lumen 

containing various secretions). In general, most embryo-based media formations contain only 

salts, energy sources (lactate, pyruvate, phosphate, glucose, amino acids), and a macromolecule 

source (usually bovine serum albumin). Also, the media is often static (the embryos remain in 

the same droplet of media from zygote to blastocyst stage). True oviduct and uterine fluid 

contain a variety of enzymes, growth factors, extracellular vesicles, micronutrients, and many 

other components which ebb and flow with position in the tract, embryo-maternal crosstalk, and 

maternal stage in the estrous cycle. Most embryo culture media are completely devoid of such 

factors, except possibly culture media containing serum, which contains an unknown mix of 

proteins and other nutrients. However, many embryo culture media do not contain serum because 

it has been linked to an increased risk for producing calves with large offspring syndrome 

[14,15].  

One proposed method to improve IVP blastocyst production and competency is to supplement 

in vitro culture media with biologically active growth factors or proteins secreted by the uterus, 

termed “embryokines” by Dr. Peter J. Hansen [16], or to add other biologically active molecules. 

This idea sparked the study of more than forty bioactive factors in in vitro bovine embryo culture 

systems over the last three decades, many of which have yielded positive results. However, the 

majority of these studies have not previously been reviewed, thus their information has not been 

compared collectively. This lack of connectivity has no doubt impeded the mass adoption of 

many of these bioactive factors in bovine embryo culture media. 

I created this review to bring all these studies together in hopes that this will help advance the 

industry. More specifically, I collected information on receptor-binding proteins, hormones and 
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bioactive molecules which have been supplemented to bovine IVP embryos after fertilization 

(i.e. the culture period of in vitro embryo production). Concerning outcomes, I will focus 

primarily on blastocyst formation and pregnancy or calving outcomes, as these directly affect the 

efficiency and associated costs of calf production from IVP bovine embryos, and blastocyst cell 

number, as this is a commonly used indicator of blastocyst quality. I attempted to locate every 

manuscript meeting these criteria to the current date, but it is possible I missed some. However, 

some studies were purposefully excluded if they contained improper study design or analyses, or 

if they contained extremely low numbers (replicate or number of embryos or blastocysts).  

I separated this review into three major bioactive factor groupings: proteins, steroids and other 

molecules. The protein group was split further into families, where possible. These families are 

Insulin and Insulin-like Growth Factors, WNT family members and inhibitors, Transforming 

Growth Factor-ß superfamily and antagonists, Cytokines, and Growth Factors. Additionally, I 

will briefly discuss manuscripts which used “cocktails” (i.e. 2+ bioactive factors) in bovine 

embryo culture. 

 

Proteins 

Insulin and Insulin-like Growth Factors 

Insulin is a hormone secreted by pancreatic ß cells which regulates glucose uptake by cells 

and other processes [17]. The insulin-like growth factors, IGF1 and IGF2, on the other hand, are 

growth factors crucial for organismal growth and development and are secreted by a variety of 

cell types, although mainly the liver in the case of IGF1 [18]. Mice with null mutations of IGF1 

or IGF2 are smaller than their wild type littermates, and exhibit organ hypoplasia, delays in bone 

ossification, and central nervous system abnormalities [19,20]. Conversely, IGF1 or IGF2 
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overexpression, which sometimes occurs from a loss of imprinting in IVP embryos, increases 

body weight and can result in Beckwith-Wiedmann syndrome in humans, or large offspring 

syndrome in cattle (both are overgrowth syndromes characterized by macrosomia) [21,22]. 

Both IGF1 and IGF2 predominantly signal through IGF1R, a member of the receptor tyrosine 

kinase (RTK) family, but can also signal via the insulin receptor (IR) [18]. The opposite is true 

for insulin, which has high affinity for IR, and some affinity for IGF1R. A third IGF receptor 

exists, named the IGF2R, but this receptor contains no intracellular signaling components and 

exists only to bind IGF1 or IGF2 to be internalized for degradation [18]. Transcripts for IGF1 

and IGF2 are produced by the bovine oviduct and uterus [23–27]. Additionally, both IGF 

proteins are present in uterine luminal fluid [23]. Preimplantation bovine embryos also express 

transcripts for both IGFs, IGF1R, and IR, indicating a propensity for bovine embryos to respond 

to maternally-derived IGFs and insulin [28–31]. 

 

Insulin 

Insulin has been supplemented to IVP bovine embryos at a large range of concentrations 

(from 1 pg/ml to 100 µg/ml). In most cases, insulin did not influence blastocyst formation or cell 

number (Table 1-1) [32–35]. However, a few studies detected an increase in blastocyst 

production after insulin treatment in the presence of glucose [36,37], although another group 

found that this combination did not increase blastocyst formation (Table 1-1) [38]. The 

requirement of glucose for an effect of insulin is plausible, as insulin’s primary function is to 

stimulate glucose uptake by cells [17]. Additionally, glucose and insulin may both need to be 

present at the blastocyst stage, as blastocysts utilize more glucose than prior developmental 

stages [39,40]. However, one group showed that insulin in the presence of glucose did not 
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improve blastocyst cell number [32], while another group found this combination increases 

blastocyst cell number [36], and yet another group observed an increase without glucose [35]. A 

few groups have also found that insulin supplementation decreases apoptosis [32,34]. Ultimately, 

the benefits of insulin in embryo culture media, and whether glucose is co-required, are unclear 

at this time.  

 

Insulin-like Growth Factor-I 

The effects of IGF1 on bovine IVP embryo production has been studied extensively over the 

past three decades. Outcomes measured include blastocyst formation, blastocyst cell number, 

number and percent of cells showing signs of apoptosis, and post-vitrification survival. However, 

despite more the more than 20 papers published on IGF1’s effects on bovine preimplantation 

embryos, the exact benefits of IGF1 supplementation are uncertain. 

I found 23 published studies in which the effects of IGF1 on blastocyst development were 

assessed. Of the 23 publications examined, only 48% detected increases in blastocyst formation 

following IGF1 supplementation (see Table 1-1 for citations). Intriguingly, the majority of 

studies which utilized at least 250 embryos per treatment demonstrated an increase in blastocyst 

production, and the majority which used low numbers of embryos didn’t see a difference (see 

Table 1-1 for citations), indicating a low n may be responsible for many of these discrepancies. 

Additionally, knockdown of the IGF1 receptor, IGF1R, resulted in a decrease in blastocyst 

formation and cell number in comparison to siRNA injected controls [41]. In the end, whether 

IGF1 may increase blastocyst formation, however it appears that a relatively large number of 

embryos are needed to detect this effect. 
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Supplementation of IGF1 does appear to benefit day 8 blastocyst cell number. Approximately 

two-thirds of the studies that examined inner cell mass (ICM) and trophectoderm (TE) numbers 

showed a benefit of IGF1 on total cell number (Table 1-1). Age of the blastocysts analyzed in 

these studies varied (day 6 to 8). When outcomes were separated by age of the blastocysts, 100% 

of the studies that examined day 8 blastocysts showed an increase in total cell number with 50-

100 ng/ml IGF1 treatment [42–46], but inconsistent effects were detected in day 6 or 7 

blastocysts [32,35,44,47–50]. This likely indicates that IGF1 does increase total cell number, but 

the increase is not observable or is less likely to be observed in younger blastocysts. Jousan and 

Hansen [49] also showed that the ability of IGF1 to increase blastocyst cell number is dependent 

on the Mitogen-activated protein kinase (MAPK) pathway, but not the Phosphoinositide 3-kinase 

(PI3K) pathway. However, it is unclear which cell type from the blastocyst is increased by IGF1 

in day 8 blastocysts. Sirisathien and colleagues found it only increased ICM cell number [44], 

while Xie and colleagues [46] found it only increased TE cell number, and Sakagami and 

colleagues [45] found that it increased both ICM and TE cell numbers.  

IGF1 was previously identified as an anti-apoptotic factor in mouse, rabbit and human 

embryos [51–53], which prompted several experiments analyzing its effects on apoptosis in 

bovine IVP embryos. A few groups reported that 100 ng/ml IGF1 decreased the number of 

apoptotic cells in day 6-7 blastocysts [32,48], but another group reported that the same 

concentration had no effect on apoptosis in day 7 blastocysts [54]. A fourth group utilized a 

lower concentration of IGF1, 50 ng/ml, and detected no effect on apoptotic cell number in day 7 

blastocysts, but a decrease was observed in day 8 blastocysts [44]. Due to these conflicting 

reports, the effects of IGF1 on apoptosis in bovine blastocysts are unclear. 
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The ability of IGF1 to protect IVP embryos from a variety of stressors has also been tested. 

Treatment with IGF1 increased blastocyst formation and decreased the percentage of apoptotic 

cells in blastocysts when embryos were exposed to 1 and 2.5, but not 5 uM menadione (a source 

of reactive oxygen species (ROS)) [50]. However, IGF1 did not decrease ROS production by 

menadione, showing that it had some protective effect on the embryo. The ability of IGF1 to 

protect embryos against brief heat shock has also been analyzed. Day 5 embryos exposed to heat 

shock (41°C) without IGF1 had reduced total cell number and an increase in the percentage of 

cells that were TUNEL positive [55,56]. These effects were mitigated when IGF1 was 

supplemented during heat shock. Additionally, inhibition of the PI3K pathway blocked this 

protective effect of IGF1 on heat-shock induced apoptosis [49,56]. The ability of IGF1 to protect 

the embryo from heat shock appears to depend on stage of development though. IGF1 was 

unable to protect 2-cell embryos from the effects of heat shock (as measured by blastocyst 

formation), but was able to partially rescue blastocyst formation when day 5 embryos were heat 

shocked [57]. Finally, IGF1 does not appear to affect blastocyst re-expansion when 

supplemented prior to vitrification [58]. 

A few studies have examined the outcomes of transferred IGF1-treated embryos. In one study, 

supplementation of 100 ng/ml IGF1 from days 1 to 7 in vitro had no effect on conceptus 

recovery, length or Interferon tau (IFNT) secretion on day 14 when embryos were transferred in 

groups of 7-12 [59]. However, when single embryos were transferred to recipients, IGF1 treated 

embryos tended to be recovered at a higher rate, suggesting IGF1 may reduce pregnancy losses 

between day 7 and 14. In another study, 100 ng/ml IGF1 of IVP embryos prior to transfer was 

found to benefit pregnancy rate in heat-stressed, lactating Holsteins (Table 1-1) [60]. Treatment 
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with IGF1 increased day 53 pregnancy rate, but only tended to increase calving rate in this study. 

In conclusion, IGF1 appears to benefit calf production, at least during the hot months. 

 

Insulin-like Growth Factor-II 

Few studies have examined the effects of IGF2 supplementation on IVP bovine embryos, and, 

like IGF1, the effects of IGF2 on blastocyst development are unclear. Byrne and colleagues 

found that 1 and 100 ng/ml IGF2 increased day 7 blastocyst development, but strangely 10 ng/ml 

did not (Table 1-1) [32]. Another group corroborated that 10 ng/ml IGF2 did not increase 

blastocyst development [61], and another found that 50 ng/ml did not improve total blastocyst 

formation [62]. In addition, one study showed that 100 ng/ml IGF2 increased day 7 blastocyst 

total cell number, as well as decreased the percent of apoptotic cells (Table 1-1) [32]. More 

studies are needed to determine if 1 or 100 ng/ml IGF2 truly affects blastocyst development.  

 

WNT Family and Inhibitors 

The Wingless-related integration site (WNT) family is an evolutionary conserved group of 

glycolipoprotein ligands which are involved in many crucial and fundamental developmental 

processes, including stem cell proliferation and differentiation and body axis determination [63]. 

WNT signaling is complex, involving many different receptors and coreceptors and many 

regulatory steps with the potential for crosstalk. The most well-known receptor is the Frizzled 

receptor, but many others exist [64]. The WNT signaling pathways are categorized as canonical 

(ß-catenin dependent) or non-canonical (ß-catenin independent), but several sub-branches exist 

within these groupings, and some receptors can activate both types of pathways [64]. These 
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pathways are controlled both intracellularly by protein phosphorylation and extracellularly by 

antagonists such as DKK1, SFRP, WIF, Sclerostin, R-spondin and Norrin [64]. Certain WNTs 

utilize canonical or non-canonical pathways more frequently than the other [64].  

Bovine embryos produce several WNTs and their receptors. One microarray analysis of 

bovine preimplantation embryos revealed the presence of transcripts for 16 different WNT 

ligands [65]. However, a RNA-seq analysis of morulae and blastocysts showed the expression of 

only 7 WNT ligands [66]. Various receptors, coreceptors, pathway regulators and signaling 

components have also been detected in bovine embryos [65,66]. Additionally, WNT7A is 

produced by the bovine endometrium, but not the preimplantation embryo [27,65,66]. However, 

despite being functional in preimplantation embryos, murine, porcine and bovine embryos do not 

need canonical WNT signaling to become blastocysts [65,67–70].  

 

WNT Family Member 7A and 11 

To date, a few WNT ligands, WNT7A and WNT11, have been supplemented to bovine 

embryos. Both WNT7A and WNT11  increased blastocyst formation on day 7, but neither had an 

effect on day 7 blastocyst cell number (Table 1-2) [66,71,72]. Future studies are needed to 

determine if WNT7A and/or WNT11 also affect the calving rate of IVP embryos. 

 

Dickkopf WNT Signaling Pathway Inhibitor 1 

One WNT canonical pathway inhibitor, Dickkopf WNT Signaling Pathway Inhibitor 1 

(DKK1), has been tested on IVP bovine embryos. While DKK1 has not been shown to affect 

blastocyst formation [65,71,73,74], it decreased ICM, TE and total cell numbers of blastocysts in 



10 

 

one report [73], but not another [71] (Table 1-2). Interestingly, in one study DKK1 has been 

shown to skew the population of ICM cells toward hypoblast (GATA6+ NANOG-) [73]. As for 

its effects on transferred embryos, DKK1 treatment in vitro from day 5 to 7.5 produced longer 

day 15 conceptuses [74], but only transiently improved pregnancy rate on day 32 and not on days 

64-76 or on calving (Table 1-2) [73]. 

 

TGF-ß Superfamily & Antagonists 

Several members of the Transforming Growth Factor beta (TGFB1) family, as well as a few 

antagonists, have been supplemented to bovine IVP embryos. Members of the TGFB1 family 

utilize a hetero-tetrameric receptor, comprised of 2 type I and 2 type II receptors, both of which 

are Ser/Thr kinases [75–78]. The downstream effects of TGFB1 family members binding to their 

receptor complexes varies widely depending on the cell involved, however, they are perhaps 

most well-known for activating the Small Mothers Against Decapentaplegic (SMAD) family of 

proteins [75–79]. Both TGFB1 family receptors are expressed by bovine preimplantation 

embryos [80,81]. 

 

Transforming Growth Factor-ß 

Transcripts for TGFB1 have been detected in the bovine endometrium [27,82]. To date, most 

studies have shown TGFB1 has no effect on blastocyst formation (Table 1-3) [61,80,83,84]. 

However, two groups did detect increases in blastocyst formation with 5 or 50 ng/ml TGFB1 

[62,85]. Additionally, only two studies examined blastocyst cell number, and both found  that 
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TGFB1 had no effect [83,85]. I could not find any studies which examined the effect of TGFB1 

on pregnancy outcomes. 

 

Activin A 

Activins are also members of the TGFB1 family, and are involved in regulation of the 

hypothalamic-pituitary-gonadal axis, early embryonic development, and a number of other 

biological processes [77,78]. The name ‘activin’ comes from their ability to stimulate, or 

activate, the release of Follicle stimulating hormone (FSH) from the pituitary, which is opposite 

the function of an earlier identified group of FSH-release inhibitors, named inhibins. Transcripts 

for activin A were detected in preimplantation bovine embryos from the oocyte to blastocyst 

stages [86], and activin A is known to be produced by the bovine oviduct [87], suggesting a 

potential role for activin A in bovine preimplantation development. 

The effects of activin A on blastocyst development, cell number, and apoptosis, have been 

tested by several groups. All groups found that activin A increased blastocyst formation (Table 

1-3) [72,88–92]. However, one group found that only supplementation during early stages 

(beginning at day 1) increased blastocyst production [89], while others determined it didn’t need 

to be supplemented until later stages [72,88,90,91]. Regardless, supplementation of activin A 

from day 1 to 8 was always found to be beneficial on blastocyst production [86,91]. No studies 

on the effects of activin A on IVP embryo pregnancy retention have been performed as of yet. 

The effect of activin A on blastocyst cell number, however, is less certain. Most groups have 

found no effect [88,90,92], but Trigal and colleagues observed a decreased in TE cell number 

after activin A treatment, as well as an increase in apoptosis, despite an improvement in 
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blastocyst yield (Table 1-3) [91]. Because the majority of studies showed no effect of activin A 

on cell number, it seems unlikely that activin A truly decreases TE cell numbers. However, 

future studies involving activin A should be careful to confirm that activin A does not negatively 

impact blastocyst cell number. 

 

Bone Morphogenetic Proteins 

Bone morphogenetic proteins (BMPs) are also members of the TGFB1 superfamily. More 

than a dozen BMPs have been identified, and various BMPs are involved in bone formation as 

well as the development of many other organs and tissues, including, but not limited to, heart, 

limb and gastrointestinal tract development [76,79]. Transcripts for several BMPs have been 

detected in preimplantation bovine embryos [28,93,94], as well as the oviduct [95]. 

The effects of BMPs 2, 4 and 5 have been tested on bovine preimplantation embryos to date. 

Lee and colleagues found BMP2 had no effect on blastocyst formation [93], however the protein 

was only supplemented from day 1 to 3 (Table 1-3). Rosa and colleagues found that BMP4 

supplemented from day 1 to 9 decreased blastocyst formation but didn’t impact blastocyst cell 

number (Table 1-3) [96]. As for BMP5, Garcia and colleagues found that it increased blastocyst 

formation, and they only supplemented the protein from day 1 to 2 (Table 1-3) [97]. To 

summarize, BMP5 holds the most promise for benefiting IVP bovine embryos, but the effects of 

it being supplied throughout the culture period are currently unknown. 
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Follistatin 

Follistatin is a secreted protein which antagonizes members of the TGFB1 superfamily, and is 

important for regulation of these proteins [98,99]. Follistatin null mice have defects of the 

skeleton and muscle tissue, and die soon after birth due to failure to breathe [100]. Follistatin 

transcripts have been detected in the bovine endometrium [101]. 

The laboratory of Dr. George W. Smith has found that supplementation of 1-10 ng/ml of 

follistatin to bovine embryos improves blastocyst formation, and increases blastocyst TE and 

total cell number (Table 1-3) [89,102]. This effect was apparent if follistatin was supplemented 

from day 1-3 or 4-7 post-fertilization; however the greatest improvement was observed when 

follistatin was present in the culture media from day 1 to 7 [102]. Future studies are needed to 

determine if these follistatin-treated embryos are more competent to maintain a pregnancy. 

 

Noggin 

Noggin is a secreted protein which binds to and sequesters members of the TGFB1 family, 

namely BMPs, to prevent them from binding their receptors [103,104]. Functionally, Noggin 

plays a role in many developmental processes, including somite patterning and neural tube 

closure [105], forebrain development [106], cartilage morphogenesis, and joint formation [107]. 

Mutations of and the absence of functional Noggin cause neural tube defects [105] and a number 

of joint abnormalities [107,108]. Noggin expression has not been detected in bovine 

endometrium [109] or preimplantation embryos [94] to the best of our knowledge.  
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To date, the effect of Noggin on IVP bovine embryos has only been tested once, and it was 

found to decrease blastocyst formation without affecting cell number (Table 1-3) [96]. However, 

only one concentration, 100 ng/ml, was tested.  

 

Cytokines 

Interleukin-1ß 

Interleukin-1ß (IL1B) is a pro-inflammatory cytokine important for innate immunity [110], 

but is also known to have a role in ovulation [111]. To initiate signaling cascades, IL1B first 

binds its receptor, IL1R1, which then binds its coreceptor IL1R3/ILR1AP [110]. Transcripts for 

IL1B and IL1R1 are produced by the bovine endometrium and blastocyst [112]. 

The effects of IL1B on IVP bovine embryo development have been tested by Paula-Lopes and 

colleagues. The group supplemented 0.01 to 10 ng/ml IL1B under a variety of conditions, and 

found that IL1B does have some positive effects on blastocyst development, however only under 

very specific conditions (Table 1-4) [113]. Doses of 0.1 to 10 ng/ml increased blastocyst 

development, but only when treatment began at the start of the culture period versus 5 days after, 

and only if the embryos were cultured in larger groups (25-30 zygotes versus 10 in 50 µl drops 

of culture media). Because the same doses of IL1B did not benefit smaller group culture, the 

authors speculated that this indicates that IL1B likely indirectly increases blastocyst development 

by stimulating embryonic secretion of another factor. The authors determined this effect was not 

caused by persistent cumulus cells.  
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Colony-stimulating factor 2 

Colony-stimulating factor 2 (CSF2), which is also known as granulocyte-macrophage colony-

stimulating factor, was originally identified as a hematopoietic growth factor involved in 

myelopoiesis, but this function appears to be dispensable [114]. Instead, CSF2’s more important 

role appears to be in inflammation [114]. CSF2 signals through a heterodimeric complex 

composed of CSF2RA and CSF2RB, which lack intrinsic kinase activity, but can stimulate the 

SRC family kinases, as well as the Janus-activated Kinase 2 and Signal Transducer and Activator 

of Transcription 5 (JAK2/STAT5), PI3K and MAPK pathways [114]. CSF2 is produced by the 

oviduct and uterus [27,114,115], but not the preimplantation bovine embryo [94]. Curiously, 

bovine preimplantation embryos lack transcripts for CSF2RB, but, as detailed below, several 

effects of CSF2 on bovine embryo development have been detected. 

Initial studies with CSF2 (1997-2010) showed that supplementation of 1-50 ng/ml during 

embryo culture increased blastocyst development, and oxygen tension had no effect on this 

(Table 1-4) [62,115,116]. However, more recent studies show no detectable effect of 10 ng/ml 

CSF2 on blastocyst development (Table 1-4) [16,117–119]. Curiously, the latter studies utilized 

different sources of CSF2 than the initial studies, which utilized CSF2 from CIBA-GEIGY, a 

former Swiss company. Perhaps a difference in quality of the protein exists between the latter 

and former. The effects of CSF2 on blastocyst cell number have also been tested, but no 

difference was detected, other than a statistical tendency to increase ICM cell number (Table 1-

4) [116,118]. Additionally, several studies have shown no effect of CSF2 on apoptosis in 

blastocysts, blastocyst grade, blastocyst diameter, blastocyst IFNT secretion, DNA methylation 

in the ICM or TE, or TE outgrowth formation [116–118,120]. However, CSF2 treatment does 

increase the survival of ICM-derived cell colonies [117].  
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After transfer to cattle, the effect of CSF2 is unclear. One study found CSF2 treatment 

increased calving rate in the cool season, and decreased pregnancy loss between day 30 and 35 in 

the hot season (Table 1-4) [116]. A second study found an increase in day 32 pregnancy rate and 

an improvement in survival curve, but no effect on calving rate (Table 1-4) [73]. Finally, a third 

study showed no difference in pregnancy rate or embryonic losses on day 30 or 60, although the 

number of pregnancies (6-10 per treatment) is low (Table 1-4) [119]. 

 

Leukemia inhibitory factor 

Leukemia inhibitory factor (LIF) is a cytokine with known roles in a number of organs and 

diseases [121], but more relevant to embryo development and reproduction, LIF is utilized to 

maintain mouse embryonic stem cells (ESCs; derived from the blastocyst ICM) and is necessary 

for embryo implantation in mice [121–124]. LIF signals through a heterodimer complex of LIFR 

and gp130/IL6ST, and can activate JAK/STAT, MAPK, and PI3K signaling [121]. However, 

whether bovine preimplantation embryos express LIFR is unclear; Eckert and Niemann [125] 

reported only IVP embryos, and not in vivo produced, expressed transcripts for LIFR. 

Nevertheless, LIF has been a point of interest for bovine blastocysts because of its ability to 

activate STAT3 in mouse ESCs. 

Numerous laboratories have tested the effect of LIF on blastocyst development, cell number 

and cryosurvival, but the results leave no clear answers. Several groups have reported no benefit 

of various doses of human LIF on blastocyst development (Table 1-4) [126–129]. In a few 

instances, LIF decreased day 8 blastocyst formation and quality [127,128], and decreased the 

percentage of hatched blastocysts in one case (Table 1-4) [129]. However, in some instances LIF 

increased blastocyst development and hatching (Table 1-4) [58,62,126,127,130,131]. As for its 
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effect on cryosurvival, some reported that LIF improves re-expansion and hatching post-thaw 

[58,127], but those same groups report no benefit in other instances [127,131]. The pattern is the 

same with blastocyst cell number, some groups have reported increases with LIF treatment 

[127,130,131], in other instances it had no effect [128,131], and in some cases it decreased 

blastocyst cell number (Table 1-4) [58,128,129]. Because of all these contrasting results, no 

conclusion on the effects of LIF can be made. Some of this disparity may be resultant of the wide 

range of doses utilized in these studies (500-6,000 IU or 2-100 ng/ml) or because of other 

protocol disparities. 

 

Tumor Necrosis Factor-α 

Tumor Necrosis Factor-α (TNF) is a cytokine that is mainly produced by macrophages and is 

known for its potent ability to induce tumor necrosis [132]. TNF is initially a transmembrane 

protein, but a metalloprotease, TNFα-converting enzyme, cleaves it to produce a soluble ligand. 

Both forms can bind and activate their receptors, TNFR1 (a.k.a. TNFRSF1A) or TNFR2 (a.k.a. 

TNFRSF1B) [132]. TNFRSF1A transcripts are present in bovine embryos at least to the morula 

stage [94]. TNF is largely known for its roles in inflammation and the immune system [132], and 

is present at elevated levels in the serum of cows with mastitis [133].  

 Unlike the other molecules I am reviewing, supplementation of TNF to bovine IVP embryos 

was expected to produce negative outcomes, as it may play a role in the reduced fertility of 

mastitic cows [134]. Indeed, Jackson and colleagues found that it decreased blastocyst 

development (Table 1-4) [134]. Therefore, I do not recommend supplementing this protein to 

embryo culture media, but thought it was pertinent to include.  
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Stem Cell Factor 

Stem Cell Factor (SCF), or Kit ligand, is a cytokine that is produced by many cell types 

throughout the body. SCF’s receptor is c-Kit (a.k.a. KIT), and SCF is involved in development of 

hematopoietic, germ and melanoblast cells, as well as other cell types [135]. Binding of SCF to 

c-Kit results in receptor dimerization and activates one or many pathways, including PI3K, Src 

family kinases, and Phospholipases C and D [135]. KIT transcripts are expressed by the 

preimplantation bovine embryo [94] and SCF is produced by bovine endometrial cells in vitro 

[136]. 

To date, SCF has been tested by Dhali and colleagues. Supplementation of 50 ng/ml SCF had 

no effect on blastocyst formation (Table 1-4) [137]. Further work is needed to determine if SCF 

affects blastocyst cell number and/or pregnancy retention. 

 

Growth Factors 

Fibroblast Growth Factors 

The Fibroblast Growth Factor (FGF) family is comprised of 18 different secreted signaling 

proteins and 4 intracellular signaling proteins [138]. These FGFs are involved in a number of 

developmental processes, perhaps most notable for this review is FGF control of hypoblast 

development in mice and cattle [138–143]. 

The secreted FGFs bind to members of the FGFR family with the help of either heparin 

(FGFs 1-10, 16-18, 20, 22) or members of the Klotho family (FGFs 15/19, 21 or 23) as a 

cofactor [138]. Four members of the FGFR family exist (FGFRs 1-4), and two (FGFR1 and 
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FGFR3) also exist in two major splice variants [138]. Activated FGF-HS/Klotho-FGFR 

complexes control multiple intracellular signaling pathways, including the MAPK, PI3K, 

Phosphoinositide phospholipase C-γ (PLCγ), and STAT pathways [138]. Additionally, FGFs and 

their ligands have been localized to cell nuclei, where they can carry out other functions through 

currently unknown mechanisms [138]. On top of that, four members of the FGF family are not 

secreted (FGF11-14), and do not interact with RTKs [138]. Instead, these intracellular FGFs 

interact with voltage gated sodium channels and microtubules, but little is known about their 

exact functions [138].  

The FGF ligands are expressed by nearly all adult tissues, and several are produced by bovine 

embryos [28,138]. Additionally, bovine preimplantation embryos produce transcripts for all 

members of the FGFR family [144,145]. Intriguingly, in bovine blastocysts, FGFR2 and 4 were 

localized exclusively to the TE, but FGFR1 and 3 were located in both the ICM and TE [144].  

Various FGFs (1, 2, 4 and 10) have been supplemented to IVP bovine embryos. A few studies 

have shown that doses of  0.05-50 ng/ml FGF2 have no effect on blastocyst development 

[46,61,62,84], but a high dose (500 ng on day 0 and 500 again on day 4 for a total of 1 ug/ml) 

increased day 7 blastocyst formation (Table 1-5) [146]. In direct contrast though, one study 

found positive effects with a low dose (50 pg/ml) [147]. FGF2 also does not appear to protect 

day 5 embryos from the negative effects of heat shock [146]. Most studies have shown that 

FGF2 does not affect blastocyst cell number [46,145,146], but one study showed a positive effect 

(Table 1-5) [84]. Additionally, FGFs 1 and 10 had no effect on blastocyst cell number (Table 1-

5) [145]. However, FGFs 1, 2 and 10 have been shown to stimulate trophoblast proliferation in a 

bovine trophoblast cell line [46]. Also, FGF4 can skew the ICM toward the hypoblast fate [142], 

and FGF2 promotes bovine primitive endoderm outgrowth culture [143]. No studies have yet 
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been conducted to examine the effect of in vitro FGF supplementation on pregnancy retention 

and calving rate. 

 

Connective Tissue Growth Factor 

Connective tissue growth factor (CTGF) is a member of the Cellular Communication 

Network family of extracellular matrix proteins (ECM). CTGF is mostly known for being a 

regulatory protein, capable of mediating some ligand-receptor binding, including that of 

integrins, heparin sulfate proteoglycans, lipoprotein receptor related proteins, and RTKs [148]. 

Additionally, CTGF is also involved in cell adhesion, migration, proliferation, and ECM 

remodeling [148]. Concerning bovine reproduction, CTGF is one of the most prominently 

expressed ligands by the bovine endometrium [27]. 

A single study examining CTGF supplementation has been conducted to date. Kannampuzha-

Francis and colleagues found that supplementation of CTGF had no effect on IVP bovine 

blastocyst formation, but doses of 0.1 and 1 nM increased ICM cell number in day 7 blastocysts 

(Table 1-5) [88]. To date, no studies have examined the effect of CTGF on IVP embryo 

pregnancy retention. 

 

Hepatoma-derived growth factor 

Hepatoma-derived growth factor (HDGF) is involved in ribosome biogenesis, RNA 

processing, DNA damage repair, transcriptional regulation, cell proliferation and migration, and 

organ development [149–153]. The signaling mechanisms of HDGF are largely unknown, but 

nucleolin (NCL) was recently identified as a receptor [154]. HDGF transcripts and protein are 
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produced by the bovine endometrium [155,156], and transcripts for HDGF and NCL have been 

detected in the bovine preimplantation embryo [28]. 

The effects of HDGF on bovine IVP embryos appear to be limited. Gómez and colleagues 

reported that 100 ng/ml HDGF increased day 7 blastocyst formation in some but not all 

instances, and this effect was lost on day 8, or if BSA was present in the culture medium (Table 

1-5) [155,157]. Increasing day 7 but not day 8 blastocyst formation may indicate that HDGF 

increases the speed of embryo development to the blastocyst stage, rather than embryo 

survivability. Paradoxically though, the same manuscript also showed that 0.1 and 1 ng/ml 

HDGF decreased day 7 blastocyst formation (Table 1-5). Additionally, the authors found that 

100 ng/ml HDGF increased TE and total cell number in group-cultured blastocysts, but when the 

embryos were cultured individually, HDGF also increased ICM in addition to TE and total cell 

numbers (Table 1-5) [155]. In another study by the same authors, HDGF had no effect on 

pregnancy rate, calving rate, or birth weight of calves produced from IVP embryos (Table 1-5) 

[157].  

 

Hepatocyte growth factor 

Hepatocyte growth factor (HGF) is a pleiotropic cytokine known to have epithelial 

regenerative effects in a number of organs, as well as other functions [158,159]. The receptor for 

HGF is a RTK called Met/c-Met, and HGF-Met binding can induce a number of cell signaling 

pathways, including MAPK, PI3K and STAT3 [158–160]. The ligand HGF is produced by the 

uterus [27], and Met transcripts are expressed by bovine morulae and blastocysts [28].  
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Kannampuzha-Francis and colleagues are the only group to have tested HGF thus far, and 

they found that 0.01 nM HGF decreased blastocyst development, but 0.1 and 1 nM HGF had no 

effect (Table 1-5) [88]. No dose affected day 7 blastocyst cell number (Table 1-5).  

 

Epidermal Growth Factor 

Epidermal growth factor (EGF) belongs to the family of EGFR ligands, which includes EGF, 

transforming growth factor α, amphiregulin, and others [161]. EGF is involved in a number of 

different cancers, as well as the development of the skin, lungs, mammary glands, prostate, 

pancreas, gastrointestinal tract, and central nervous system [162]. To initiate intracellular 

signaling, EGF binds to its receptor, EGFR, an RTK, and has been shown to stimulate multiple 

signaling pathways, including the MAPK and PI3K pathways [161,163]. Transcripts for EGF are 

produced by the oviduct and uterus in cattle [27], and by oocytes and up to the 4 cell stage in 

bovine embryos [94]. Unlike EGF, however, EGFR is expressed by bovine oocytes and embryos 

to the blastocyst stage, suggesting the potential for maternal-embryonic cross talk [94]. 

Several groups have examined the effects of EGF on bovine blastocyst formation. 

Approximately half have shown that 5-10 ng/ml EGF increases blastocyst formation (Table 1-5) 

[43,44,46,85,164], but several groups have found no effect of EGF on blastocyst development 

(Table 1-5) [61,83,84,165,166]. Additionally, most studies have shown that 25-100 ng/ml of 

EGF does not affect blastocyst development (Table 1-5) [43,164]. However, Yang and 

colleagues [85] observed an increase in blastocyst development with 100 ng/ml (Table 1-5). In 

most studies, EGF did not affect blastocyst cell number (Table 1-5) [43,44,46,83,85,166,167], 

but Sirisathien and colleagues [44] reported that it decreased the percentage of cells which were 

apoptotic. In contrast though, two studies showed that EGF increased blastocyst cell number 
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(Table 1-5) [45,84]. No studies looking at the effect of EGF individually on pregnancy retention 

of IVP embryos have been conducted thus far. 

 

Teratocarcinoma-derived growth factor 1 

Teratocarcinoma-derived growth factor 1 (TDGF1), also known as Cripto, is a member of the 

EGF-CFC family, and can be either secreted or membrane bound [168–170]. TDGF1 can 

function as both a coreceptor and a ligand, where it binds to the GRP78 receptor (a.k.a HSPA5) 

[169,171]. TDGF1 over-expression has been associated with several cancers, but TDGF1 also 

plays roles in development and embryonic stem cell differentiation [168]. In the mouse 

blastocyst, TDGF1 is expressed in all cells of the blastocyst, but later becomes restricted to the 

epiblast [172,173]. Additionally, TDGF1’s receptor, HSPA5, is expressed by bovine 

preimplantation embryos [94]. 

Thus far, only one study examining the effects of TDGF1 on bovine IVP embryos exists. The 

authors found that TDGF1 had no effect on blastocyst development when supplemented from 

day 5 to 7, however the authors did find that 0.01 nM increased blastocyst total cell number [88]. 

 

Transforming Growth Factor-α 

Transforming growth factor-α (TGFA) is a member of the EGFR ligand family, and, while it 

binds EGFR just like EGF, it is known to produce functionally distinct cellular responses [174]. 

TGFA is involved in many biological processes, including development of several organs and a 

number of diseases [175,176]. 
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The effect of TGFA on bovine blastocyst development is unclear. In one study, TGFA had no 

effect on blastocyst development [61], another study found that it increased blastocyst 

development [147], but, in one last study, a decrease in blastocyst development was observed 

(Table 1-5) [166]. I am not aware of any studies which examined blastocyst cell number after 

TGFA treatment. 

 

Platelet-Derived Growth Factor 

Platelet-derived Growth Factors (PDGF) are a family of growth factors that are comprised of 

two subunits (PDGF-A, B, C and/or D) and are involved in the growth of connective tissue and 

the formation of embryonic blood vessels and various organs [177,178]. The PDGFs utilize two 

receptors, PDGFRA and PDGFRB, which are class III RTKs [177,178]. Transcripts for these 

receptors have been detected in bovine preimplantation embryos [28,94]. PDGF-A transcripts 

have been detected in the bovine preimplantation embryo [94], and PDGF-B transcripts have 

been detected in the oviduct [179]. 

To date, three studies have examined the effect of PDGF on bovine blastocyst development. 

Two studies found that PDGF-AB and BB had no effect on blastocyst formation [61,180], but 

another showed PDGF-BB decreased blastocyst formation (Table 1-5) [147]. No studies have 

examined PDGF’s effects on blastocyst cell number. 

 

Nerve Growth Factor 

Nerve Growth Factor (NGF) is largely known as a neurotrophic factor involved in the 

survival and differentiation of peripheral nerve cells, but it is also involved in the development of 
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a variety of other structures and organs [181–184]. NGF can utilize two different receptors, 

p75NTR (a.k.a. NGFR) and the Trk receptors, TrkA, TrkB and TrkC (a.k.a. the NTRKs) [185]. 

The ligand NGF is produced by the female bovine reproductive tract [27] and NGFR transcripts 

appear to be produced at the blastocyst stage in bovine embryos [94]. Both NGF transcripts and 

protein have been detected in the bovine oviduct [186]. 

To date, only one study has examined the effects of NGF treatment on bovine blastocyst 

development. Flood and colleagues found that supplementation of 10 ng/ml NGF to bovine 

embryos had no effect on blastocyst formation (Table 1-5) [61]. No studies have examined 

NGF’s effects on blastocyst cell number or IVP embryo pregnancy retention. 

 

Vascular Endothelial Growth Factor 

Vascular Endothelial Growth Factor (VEGF/VEGFA) is a key angiogenic and pro-survival 

factor for vascular endothelial cells, but is also known to affect other cell types [187]. 

Additionally, VEGF is necessary for embryonic angiogenesis, and even heterozygous null VEGF 

embryos are embryonic lethal [187]. VEGF can utilize two different RTKs, VEGFR-1 (a.k.a 

FLT-1) or VEGFR-2 (a.k.a KDR or FLK1), and is perhaps most well-known for activating the 

PLCγ-PKC-MAPK pathway [188]. VEGFR-1 transcripts are expressed by the bovine 

preimplantation embryo, and VEGFR-2 transcripts appear to be present in early (1-16 cell) 

embryos [94]. VEGF is also one of the most highly expressed transcripts in the oviduct at day 5 

post-ovulation [27], suggesting a potential role for it in early embryo development. 

I located one manuscript which examined VEGF supplementation to IVP embryos. Lou and 

colleagues found that 5 ng/ml did not affect blastocyst formation (Table 1-5) [189]. Moving 
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forward, it might be interesting to see if in vitro treatment with VEGF has any effects on the 

trophoblast/placenta and yolk sac, since it is known to play an important role in angiogenesis of 

these structures [187] 

 

Growth Hormone 

Growth hormone (GH) is largely known for its ability to stimulate body growth both directly 

and indirectly through IGF1 stimulation, but it is also involved in metabolism, reproduction, and 

other physiological functions [190]. Growth hormone utilizes one receptor, known as Growth 

Hormone Receptor (GHR), a cytokine-type receptor, which it uses to activate many pathways, 

including the JAK-STAT ad PI3K pathways [190]. GHR is highly expressed in the liver, but also 

is expressed by other cells, including the bovine preimplantation embryo [191,192]. I could not 

find evidence that GH is produced by the uterus, or present in the uterine lumen fluid, however 

this does not mean it is not present in the histotrophe. 

Several groups have tested the effects of GH supplementation on bovine blastocyst production 

and cell number. In all instances, 100 ng/ml GH increased blastocyst formation and cell number 

(Table 1-5) [42,191,193,194]. However, Iwata and colleagues did not find a benefit on day 60 

pregnancy rate (Table 1-5) [194]. 

 

Steroids 

Unlike proteins, relatively little research has been performed on the effects of steroid 

hormones added to post-fertilization bovine embryo culture media. Steroid hormones are all 

derivatives of cholesterol and can be divided into two classes: corticosteroids (cortisol and 



27 

 

others) and sex steroids (progesterone, estradiol and others). These classes can then be divided 

further based on the receptor the steroid binds. Steroid hormones perform a variety of functions, 

depending on the specific steroid they are, and the tissue they are acting on. I located only two 

manuscripts which examined the effects of various steroids on bovine IVP embryo production. 

These steroid hormones are cortisol (a.k.a. hydrocortisone), 17ß-estradiol (E2) and progesterone 

(P4).  

 

Cortisol 

Cortisol is a glucocorticoid, which binds the glucocorticoid receptor, and is involved in many 

bodily functions, including the stress response and metabolism [195,196]. Glucocorticoid 

receptor transcripts have been detected in bovine preimplantation embryos [197], as well as 

cortisol in oviductal fluid [198]. However, Banliat and colleagues did not find any effects of 

cortisol on blastocyst formation or cell number, but they did find that it decreased blastocyst 

survival after freezing (Table 1-6) [199].  

 

17ß-Estradiol 

Estradiol, or E2, is a sex steroid largely known for its role in female reproduction, but it also 

has functions in metabolism and male reproduction [200]. Estradiol utilizes two nuclear 

receptors, ERα (ESR1) and ERß (ESR2), but membrane-bound receptors for E2 have also been 

found [200,201]. Transcripts for ESR2 have been detected in early stage bovine embryos (oocyte 

to 8-cell) [94], and E2 can be found in oviductal fluid [198]. However, Banliat and colleagues 

found that E2 supplementation had no effect on blastocyst production or cell number (Table 1-6) 
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[199]. Further work is likely needed to determine if blastocyst-stage embryos possess ESR1 or 

ESR2 protein, and thus the ability to respond to E2. 

 

Progesterone 

Progesterone, or P4, is another sex steroid like E2, and is crucial for pregnancy retention and 

proper embryo development in cattle [202,203]. Progesterone utilizes the progesterone receptor 

(PGR), of which transcripts are present in bovine preimplantation embryos [204]. Additionally, 

P4 can be detected in oviductal fluid [198]. It does not appear that P4 affects IVP blastocyst 

development though (Table 1-6) [199,205]. However, Larson and colleagues found that 1 or 100 

ng/ml decreased blastocyst cell number [205], but Banliat and colleagues found that 55 ng/ml did 

not affect cell number, and improved cryo-survival (Table 1-6) [199]. 

 

Other Molecules 

Melatonin 

Melatonin is a hormone secreted mainly by the pineal gland and gastrointestinal tract that 

regulates circadian rhythm but also has other functions [206,207]. Melatonin can utilize either 

MT1 (MTNR1A) or MT2 (MTNR1B) receptors, both of which are G-protein coupled receptors 

[206,207]. Both receptors have been detected on bovine preimplantation embryos [208,209], but 

because Melatonin can act as a free-radical scavenger, it does not necessarily require the 

presence of its receptors to benefit bovine embryo production.  

All reports thus far indicate that melatonin supplementation increases IVP bovine blastocyst 

production (Table 1-7) [209–212], but Papis and colleagues noted this effect only occurred in 
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high oxygen culture, whereas at low oxygen melatonin decreased blastocyst formation [212]. I 

could not determine the oxygen concentrations used in the other manuscripts. Additionally, 

melatonin appears to boost blastocyst cell number (Table 1-7) [209,211], can increase hatching 

after thawing [210], and improves blastocyst production in the presence of paraquat, a pesticide 

known to adversely affect reproduction [211]. Future studies are needed to determine if 

melatonin supplementation also benefits pregnancy retention of IVP embryos. 

 

Prostaglandin F2α 

Prostaglandin F2α (PGF2α) is a prostaglandin produced by the uterus which causes luteolysis 

[213]. To do this, PGF2α binds to its receptor, PTGFR, a G-protein coupled receptor [214], which 

has been detected in bovine preimplantation embryos [215]. However, Scenna and colleagues 

found that PGF2α supplementation to IVP embryos decreased blastocyst formation (Table 1-7) 

and this effect was not common to other prostaglandins, as Prostaglandin E2 had no effect [216]. 

Thus, it seems unlikely that PGF2α would benefit embryo production. 

 

Lysophosphatidic Acid 

Lysophosphatidic Acid (LPA) is a phospholipid which also functions as a signaling molecule. 

LPA can utilize different G protein-coupled receptors, LPARs 1-6, to alter cell proliferation, 

cytoskeletal properties and more [217]. Transcripts for LPARs 1-4 have been detected in bovine 

preimplantation embryos [94,218], and LPA is produced by the bovine uterus [219]. However, 

Torres and colleagues showed that LPA supplementation did not affect IVP bovine blastocyst 
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production (Table 1-7) [218]. To date, no studies have examined LPA’s effect on blastocyst cell 

number or IVP embryo pregnancy retention. 

 

Retinoids 

Retinoids are analogs of vitamin A which are vital for proper embryo development [220,221]. 

Retinoids bind to nuclear receptors, RARs (RARA, RARB, RARG) or RXRs (RXRA, RXRB, 

RXRG) [220,221], which are expressed in bovine preimplantation embryos [222–224]. I found 

three manuscripts which tested the effects of retinoids and their receptor agonists on bovine IVP 

embryos. In one case, all-trans retinoic acid (ATRA) increased blastocyst formation [225], but in 

two others it did not (Table 1-7) [226,227]. Similarly, in two cases ATRA increased blastocyst 

cell number [225,226], but in another it had no effect (Table 1-7) [227]. Additionally, in one 

manuscript 0.1 µM LG100268 (a RXR agonist) increased blastocyst formation [227], but in 

another it did not (Table 1-7) [225]. The receptor agonist LG100268 also appears to be 

detrimental for blastocyst cell number (Table 1-7) [227], and it has been observed to increase 

apoptosis [225]. In the end, it is unclear if retinoid or RXR agonist supplementation benefits 

blastocyst production. 

 

Hyaluronic Acid 

Hyaluronic acid (HA) is glycosaminoglycan and a major component of extracellular matrix, 

although it can also act as a signaling molecule by binding to CD44 [228]. Through signaling, 

HA is involved in inflammation and other processes [228]. The receptor, CD44, is expressed by 

bovine preimplantation embryos [229]. Furnus and colleagues found that supplementing 1 mg/ml 
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increased blastocyst formation [230], but Saeed-Zidane and colleagues found no benefit (Table 

1-7) [167]. Both groups found no effect on blastocyst cell number (Table 1-7) [167,230]. 

However, Furnus and colleagues found that HA did not affect post-thaw survival, but Saeed-

Zidane and colleagues found it increased post-thaw re-expansion [167,230]. Thus, whether HA 

supplementation benefits blastocyst production or post-thaw development is unclear.  

 

Thyroid Hormone 

The thyroid hormones, T3 and T4, are involved in various aspects of development, growth and 

metabolism [231]. These thyroid hormones travel through the body to bind one of their receptors, 

THRA or THRB, to elicit a response [231]. Thyroid hormones have been detected in bovine 

uterine homogenate and preimplantation embryos express both receptors [232]. I located one 

manuscript examining the effects of their supplementation on bovine IVP embryos. Ashkar and 

colleagues found that a mix of T3 and T4 increased blastocyst formation (Table 1-7) [233]. No 

studies have examined cell number or pregnancy retention after their supplementation. 

 

Cocktails 

We also collected manuscripts which examined the effects of ‘cocktails’ (i.e. 2+ factors 

present in the culture media) on IVP bovine embryo development post-fertilization. The idea 

behind using multiple factors is that this even further increases the complexity of the embryo 

culture media and should hopefully better mimic the uterine environment and produce positive 

effects. Additionally, some factors may have synergistic effects. Indeed, many of the papers 

showed positive effects on either blastocyst formation or cell number (See Table 1-8 for more 
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detail) [43,45,46,58,62,84,85,234,235]. The combination of EGF and FGF2 appears promising 

for benefiting blastocyst production, for example. Several groups have found improvements to 

both the percentage of blastocysts formed and their cell number with this combination, with or 

without IGF1 [46,84,234]. Unfortunately though, Vailes and colleagues found this combination 

plus IGF1 did not improve pregnancy rate up to day 56, but no studies have examined calving as 

of yet [234]. 

 

Conclusions & Moving Forward 

In summary, I collected information of the effects of 40 bioactive factors on bovine IVP 

blastocyst and calf production. I summarized the results in Figure 1-1. In many cases, a 

beneficial effect was found on either bovine blastocyst production, or on blastocyst cell number. 

Both outcomes are important, as an increased number of blastocysts could mean more calves can 

be produced, and increased cell number could indicate embryo quality was improved [236,237]. 

However, scarcely few studies have examined calving outcomes after supplementation of 

bioactive factors to culture media (Fig. 1-1). This represents a large gap in our knowledge of 

whether these factors are truly beneficial to vitro embryo production efficiency, and this is likely 

why the use of these factors has not been widely adopted.  

Of course, calving studies are costly and attaining the number of pregnancies needed to detect 

differences can be difficult or impossible for some research groups. Thus, understandably, the 

embryokine to be studied for calving effects needs to be very promising, and, as I have shown 

here, a considerable number of bioactive factors (11/40) are in a “gray area” (i.e., <75% of 

studies agree on the effect of said bioactive factor on blastocyst formation; See Fig. 1-1). I tried 

to highlight a few possible reasons for these differences in the “Notes” section of Tables 1-1-7. 
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Even further, 18 of the 40 factors only had one study behind them. Repeatability would certainly 

make these factors more appealing for calving studies. 

I chose to highlight two things in the “notes” sections of the tables. First, I noted if the 

blastocyst formation study had a “low n” (i.e. <250 embryos cultured per treatment). This is 

important, because IVP embryos exhibit a large amount of variation (see Appendix A), and this 

easily can lead to Type I and Type II errors. Of the 115 observations herein (115 is the number of 

rows in Tables 1-1-7 where blastocyst formation was a measured outcome), 76, or 66% had a 

low n. In the case of IGF1’s effect on blastocyst formation, this problem may explain why 

different studies came to different conclusions. Secondly, I also noted the use of undefined 

culture media (i.e. serum-containing or co-culture), which could confound results in comparison 

to more defined media.  

Moving forward, it is clear there is great need for more calving studies if the use of bioactive 

factors is to be widely adopted, but improvements can be made elsewhere as well. The use of 

sufficient experimental units and statistics to analyze blastocyst production is a must. Bovine 

embryos exhibit a large amount of variation, week to week and droplet to droplet (see Appendix 

A). It is important to account for this natural variation and hopefully this might reduce 

discrepancies between studies in the future. Additionally, the inclusion of blastocyst cell 

counting in all manuscripts would be useful, as these techniques are relatively easy to do.  

In the end, the most promising factors for improving blastocyst production are WNT7A, 

WNT11, activin A, follistatin, BMP5, GH, Melatonin and Thyroid Hormone, as 75+% of studies 

conducted on them thus far have shown a benefit to blastocyst production. For improving quality 

by increasing blastocyst cell number, IGF1, IGF2, Follistatin, CTGF, HDGF, TDGF1, GH, 
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Melatonin and ATRA are likely the best choices. As for improving calving, IGF1 and CSF2 

appear hopeful. 

 

Dissertation Hypothesis & Objectives 

For my dissertation, the overarching objective was to improve IVP bovine blastocyst quality 

by supplementing molecules that are absent in traditional synthetic oviduct fluid (SOF). The first 

and largest objective was to determine the function of Interleukin-6 (IL6) in preimplantation 

development and to determine if its supplementation was beneficial to IVP embryos. The second 

objective was to determine if zinc addition to SOF improved blastocyst production and cell 

number. 

The cytokine IL6 is most commonly known for its functions in the innate immune response, 

however bovine preimplantation embryos express not only IL6, but also both its receptor 

subunits, IL6R and IL6ST, indicating that preimplantation bovine embryos have the propensity 

to respond to IL6 [94,238–242]. IL6 is the flagship member of the IL6 family of cytokines which 

are well known for their ability to activate STAT3, a transcription factor crucial for the 

maintenance of the ICM and embryonic stem cells in mice [122–124,243]. This is interesting 

because bovine IVP embryos are known to have poor quality ICMs [237,244–246], and STAT3 

might be an important factor in the bovine ICM. At the start of this work, IL6 had not been 

previously supplemented to bovine IVP embryos, but LIF, another family member, had been. 

LIF is the cytokine most commonly used to maintain STAT3 signaling in murine ESCs. This 

prompted several studies on LIF between 1994 and 2017, but, unfortunately, the effects of LIF 

on blastocyst production and cell number were discordant (See Table 1-4) [58,126–129,131]. 

However, work in the pig found that IL6 increased blastocyst formation and ICM cell number 
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[247], and in the mouse, IL6, and not LIF, controls blastocyst STAT3 activity in the ICM [248]. 

This led us to the hypothesis that IL6 is the predominant STAT3 controller in bovine embryos, 

and its supplementation would promote blastocyst formation and ICM development in bovine 

IVP embryos.  

Under this hypothesis, our objectives were five-fold. First, I sought to determine if IL6 

affected blastocyst formation or ICM cell number. Second, I investigated whether IL6 could 

activate STAT3 in bovine IVP embryos, especially within ICM cells. Third, I examined whether 

IL6 had any effect on the different populations of the ICM, the epiblast or hypoblast. Fourth, I 

investigated whether a recombinant bovine LIF could mimic IL6’s effects. And fifth, I studied 

whether STAT3 is required for bovine ICM formation or maintenance. 

Concerning zinc, zinc is an essential trace element that is absent in most embryo culture 

media which do not include serum. Zinc is a component of many proteins and transcription 

factors, including those important for cell proliferation and DNA repair [249–251], and zinc 

supplementation had previously been shown to benefit bovine in vitro maturation [252–254]. 

Therefore, I hypothesized that the addition of zinc to serum-free SOF would improve blastocyst 

production and cell number. 
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Table 1-1: Table of Insulin and Insulin-Like Growth Factors 

Table 1  

 
Outcomes Notes 

Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 
Low 

n 
Undefined 

Medium 
Ref 

Insulin 

Increased; 75 ng/ml N/A N/A x x [37] 

Increased; 1.7 µM Increased; 1.7 µM N/A   [36] 

No effect; 10 µg/ml  Increased; 10 µg/ml N/A x  [35] 

No effect; 170 µM No effect; 170 µM N/A x  [33] 

No effect; 1.8 pM, 1.8 nM No effect; 1.8 pM, 1.8 nM N/A x  [32] 

No effect; 5 µg/ml No effect; 5 µg/ml N/A x  [34] 

IGF1 

Increased; 50 ng/ml N/A N/A  x [255] 

Increased; 100 ng/ml No effect; 100 ng/ml N/A   [47] 

Increased; 100 ng/ml Increased; 100 ng/ml N/A x  [42] 

Increased; 13 nM Increased; 13 nM N/A ?  [32] 

Increased; 50 ng/ml Increased; 50 ng/ml N/A x  [256] 

Increased; 50 ng/ml Increased; 50 ng/ml N/A  x [43] 

Increased; 100 ng/ml N/A N/A   [55] 

Increased; 10, 100, 200 ng/ml N/A N/A   [257] 

Increased; 50, 100 ng/ml Increased; 50, 100 ng/ml N/A   [45] 

Increased; 50 ng/ml Increased; 50 ng/ml N/A x  [46] 

Increased; 100 ng/ml N/A N/A ?  [72] 

Increased; 50 ng/ml N/A N/A x  [62] 

No effect; 50 ng/ml N/A N/A x x [258] 

No effect; 20 ng/ml N/A N/A x  [147] 

No effect; 10 ng/ml N/A N/A x  [61] 

No effect; 100 ng/ml N/A N/A x  [84] 

No effect; 20 ng/ml Increased; 20 ng/ml N/A x  [35] 

No effect; 100 ng/ml No effect; 100 ng/ml N/A x x [48] 

No effect; 100 ng/ml Increased; 100 ng/ml N/A x  [49] 

No effect; 100 ng/ml No effect; 100 ng/ml N/A ?  [54] 

No effect; 100 ng/ml N/A N/A x  [137] 

No effect; 100 ng/ml No effect; 100 ng/ml N/A x  [50] 

No effect; 10 ng/ml N/A N/A x  [166] 

No effect; 100 ng/ml N/A N/A   [58] 

N/A N/A Increased; 100 ng/ml   [60] 

IGF2 

Increased; 0.013 nM Increased; 0.13 nM, 13 nM N/A ?  [32] 

No effect; 50 ng/ml N/A N/A x  [62] 

No effect; 10 ng/ml N/A N/A x  [61] 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 
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Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Table 1-2. Table of WNT Family and Inhibitors 

Table 2 

 
Outcomes Notes 

Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 
Low 

n 
Undefined 
Medium 

Ref 

WNT7A 
Increased; 66 ng/ml No effect; 66 ng/ml N/A   [71] 

Increased; 66 ng/ml N/A N/A ?  [72] 

WNT11 Increased; 2.5 µg/ml No effect; 2.5 µg/ml N/A x  [66] 

DKK1 

No effect; 50, 100, 200, 400 ng/ml N/A N/A   [65] 

No effect; 100 ng/ml Decreased; 100 ng/ml 
Day 32 Increased;  
Calving no effect 

  [73] 

No effect; 100 ng/ml No effect; 100 ng/ml N/A   [71] 

No effect; 100 ng/ml N/A N/A ?  [74] 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 

Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Table 1-3. Table of TGF-ß Superfamily & Antagonists 

Table 3 

 
Outcomes Notes 

Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 
Low n 

Undefined 
Medium 

Ref 

TGFB1 

Increased; 5 ng/ml No effect; 5, 10 ng/ml N/A x  [85] 

Increased; 50 ng/ml N/A N/A x  [62] 

No effect; 10 ng/ml N/A N/A x  [61] 

No effect; 2 ng/ml No effect; 2 ng/ml N/A x  [83] 

No effect; 1 ng/ml N/A N/A x  [84] 

No effect; 50, 100 ng/ml N/A N/A x  [80] 

Activin A 

Increased; 1, 10, 100 ng/ml No effect; 10 ng/ml N/A x  [92] 

Increased; 10 ng/ml N/A N/A x x [89] 

Increased; 10, 100 ng/ml No effect; 10, 100 ng/ml N/A x  [90] 

Increased; 10 ng/ml Decreased; 10 ng/ml N/A x  [91] 

Increased; 1 nM No effect; 0,01, 0.1, 1 nM N/A   [88] 

Increased; 1 nM N/A N/A ?  [72] 

BMP2 No effect; 1, 10, 100 ng/ml N/A N/A x x [93] 

BMP4 Decreased; 100 ng/ml No effect; 100 ng/ml N/A x  [96] 

BMP5 Increased; 100 ng/ml N/A N/A x x [97] 

Follistatin 
Increased; 1, 10 ng/ml Increased; 10 ng/ml N/A x  [89] 

Increased; 10 ng/ml Increased; 10 ng/ml N/A  x [102] 

Noggin Decreased; 100 ng/ml No effect; 100 ng/ml N/A x  [96] 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 

Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Table 1-4. Table of Cytokines 

Table 4 

 
Outcomes Notes 

Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 
Low 

n 
Undefined 
Medium 

Ref 

IL1B Mixed; Various doses N/A N/A x  [113] 

CSF2 

Increased; 1, 10 ng/ml N/A N/A x  [115] 

Increased; 10 ng/ml No effect; 10 ng/ml Increased; 10 ng/ml   [116] 

Increased; 50 ng/ml N/A N/A x  [62] 

No effect; 2, 5, 10, 50 ng/ml No effect; 2, 5, 10, 50 ng/ml N/A x  [118] 

No effect; 10 ng/ml N/A N/A   [117] 

No effect; 10 ng/ml N/A No effect; 10 ng/ml ?  [119] 

N/A N/A 
Increased day 32;  

No effect on calving 
  [73] 

LIF 

Increased; 100 ng/ml Increased; 100 ng/ml N/A x  [131] 

Increased; 100 ng/ml Decreased; 100 ng/ml N/A   [58] 

Increased; 50 ng/ml N/A N/A x  [62] 

No effect; 0.5, 1, 2, 4, 5, 6k IU N/A N/A x x [126] 

No effect; 1000 IU Decreased; 1000 IU N/A x x [129] 

Decreased; 100 ng/ml Increased; 100 ng/ml N/A x  [127] 

Decreased; 100 ng/ml Decreased; 100 ng/ml N/A x  [128] 

TNF Decreased; 25 ng/ml N/A N/A x x [134] 

SCF No effect; 50 ng/ml N/A N/A x  [137] 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 

Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Table 1-5. Table of Growth Factors 

Table 5 

 
Outcomes Notes 

Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 
Low 

n 
Undefined 
Medium 

Ref 

FGF2 

Increased; 50 pg/ml N/A N/A x  [147] 

Increased; 1 µg/ml 
No effect; 5, 100, 500 ng/ml or 1 

µg/ml 
N/A x  [146] 

No effect; 10 ng/ml N/A N/A x  [61] 

No effect; 0.05, 1, 10 ng/ml Increased; 1 ng/ml N/A x  [84] 

No effect; 10 ng/ml No effect; 10 ng/ml N/A x  [46] 

No effect; 50 ng/ml N/A N/A x  [62] 

N/A No effect; 50 ng/ml N/A   [145] 

FGF1 N/A No effect; 50 ng/ml N/A   [145] 

FGF10 N/A No effect; 50, 500 ng/ml N/A   [145] 

CTGF No effect; 0.01, 0.1, 1 nM Increased; 0.1, 1 nM N/A   [88] 

HDGF 
Increased; 100 ng/ml N/A No effect; 100 ng/ml x  [157] 

Mixed; various doses Increased; 100 ng/ml N/A x  [155] 

HGF Decreased; 0.01 nM No effect; 0.01, 0.1, 1 nM N/A   [88] 

EGF 

Increased; 10, 100 ng/ml No effect; 10 ng/ml N/A x x [85] 

Increased; 5 ng/ml No effect; 5 ng/ml N/A x x [43] 

Increased; 5 ng/ml No effect; 5 ng/ml N/A  x [256] 

Increased; 10 ng/ml N/A N/A x  [164] 

Increased; 100, 200 ng/ml Increased; 100, 200 ng/ml N/A   [45] 

Increased; 10 ng/ml No effect; 10 ng/ml N/A   [46] 

No effect; 10 ng/ml N/A N/A x  [61] 

No effect; 10 ng/ml No effect; 10 ng/ml N/A x  [83] 

No effect; 10 ng/ml Increased; 10 ng/ml N/A x  [84] 

No effect; 10 ng/ml N/A N/A x  [165] 

No effect; 10 ng/ml No effect; 10 ng/ml N/A   [166] 

No effect; 10 ng/ml No effect; 10 ng/ml N/A   [167] 

TDGF1 No effect; 0.01, 0.1, 1 nM Increased; 0.01 nM N/A   [88] 

TGFA 

Increased; 1 ng/ml N/A N/A x  [147] 

No effect; 10 ng/ml N/A N/A x  [61] 

Decreased; 10 ng/ml N/A N/A x  [166] 

PDGF 

No effect; 10 ng/ml N/A N/A x  [61] 

No effect; 1, 10, 100 ng/ml N/A N/A x  [180] 

Decreased; 1 ng/ml N/A N/A x  [147] 

NGF No effect; 10 ng/ml N/A N/A x  [61] 

VEGF No effect; 5 ng/ml N/A N/A x x [189] 

GH 

Increased; 100 ng/ml Increased; 100 ng/ml N/A x  [42] 

Increased; 100 ng/ml N/A N/A  ? [191] 

Increased; 100 ng/ml Increased; 100 ng/ml No effect; 100 ng/ml x x [194] 

N/A Increased; 100 ng/ml N/A   [193] 

 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 
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Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Table 1-6. Table of Steroids 

Table 6 

Steroid 
Outcomes Notes 

Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 
Low 

n 
Undefined 
Medium 

Ref 

Cortisol No effect; 40 ng/ml No effect; 40 ng/ml N/A  x [199] 

E2 No effect; 120 pg/ml No effect; 120 pg/ml N/A  x [199] 

P4 
No effect; 1, 100 ng/ml Decreased; 1, 100 ng/ml N/A x  [205] 

No effect; 55 ng/ml No effect; 55 ng/ml N/A  x [199] 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 

Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

. An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Table 1-7. Table of Other Molecules 

Table 7  

 
Outcomes Notes 

Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 
Low 

n 
Undefined 
Medium 

Ref 

Melatonin 

Increased; 1 µM N/A N/A x  [210] 

Increased; 1 µM, 10 nM Increased; 1 µM N/A x x [209] 

Increased; 1 µM Increased; 1 µM N/A ? x [211] 

Increased; 1 µM No effect; 1 µM N/A x  [212] 

PGF2α Decreased; 0.1, 1, 10, 100 ng/ml N/A N/A x  [216] 

LPA No effect; 1 mM N/A N/A  x [218] 

Retinoids & 
RXR 

Agonists 

LG Increased; 0.1 µM LG Decreased; 10 µM N/A  x [227] 

ATRA Increased; 0.7 µM ATRA Increased; 0.7 µM N/A   [225] 

ATRA No effect; 0.7 µM ATRA Increased; 0.7 µM N/A  x [226] 

Thyroid 
Hormones 

Increased;50 ng/ml N/A N/A x x [233] 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 

Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Table 1-8. Table of Cocktails 

Table 8 

Molecules 
Outcomes 

Ref Blastocyst  
Formation 

Cell Number 
Pregnancy/ 

Calving 

EGF, TGFB1 
Increased No effect N/A [85] 

No effect No effect N/A [83] 

EGF, FGF2 Increased Increased N/A [84] 

EGF, IGF1 

Increased N/A N/A [43] 

Increased Increased No effect [45] 

No effect No effect N/A [165] 

IGF1, IGF2, FGF2, LIF, CSF2, TGFB1, PDGF, Hyaluranon Increased No effect N/A [235] 

IGF1, IGF2, FGF2, TGFB1, CSF2, LIF Increased Increased N/A [62] 

LIF, IGF1 Increased No effect N/A [58] 

EGF, FGF2, IGF1 
Increased Increased N/A [46] 

Increased N/A No effect [234] 

EGF, HA No effect No effect N/A [167] 

Cortisol, E2, P4 No effect No effect N/A [199] 

White cells with black text indicate this outcome was examined, but the embryokine was found 

to have no effect. White cells with grey text and “N/A” indicate this outcome was not measured. 

Green cells indicate a positive effect was detected. A blue cell indicates that a positive effect was 

detected but that this effect was inconsistent in the same manuscript. Red cells indicate a 

negative effect was detected. Pink cells indicate a negative effect was detected, but inconsistently 

in the same manuscript. Yellow cells indicate that both positive and negative results were 

reported. In each cell is the dose, or doses, of the embryokine which produced this effect. 

An “x” in a cell indicates the study meets this criterion. A “?” indicates we could not determine 

this information from the manuscript. The “Low n” column highlights studies which had <250 

zygotes/embryos per treatment for blastocyst formation analyses only. This column does not 

apply to the “Cell Number” or “Pregnancy/Calving” columns. The “Undefined Medium” column 

indicates that the culture media either contained serum and/or co-culture with other cells.  
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Figure 1-1. Summary of the receptor-binding bioactive factors which have been supplemented to 

in vitro produced bovine embryos. The arrow indicates those factors improve emrbyo survival to 

the indicated day of development. The barred line indicates those factors decrease embryo 

survival to the indicated day of development. The dashed line indicates those factors have no 

effect on embryo survival to the indicated day of development. The line with a “?” indicates less 

then 75% of studies report the same effect for those factors. 
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Chapter 2: Interleukin-6 increases inner cell mass numbers in 

bovine embryos 

Introduction 

The first lineage specification event during mammalian embryogenesis is the 

differentiation of the trophectoderm (TE) and the inner cell mass (ICM). The TE will from the 

outermost layer of the fetal portion of the placenta and the ICM develops into hypoblast and 

epiblast lineages. The hypoblast will contribute to the extraembryonic endoderm, which forms 

the yolk sac, while the epiblast gives rise to the three embryonic germ layers and additional 

extraembryonic lineages. Proper ICM specification and development is crucial to embryo 

survival. Loss of either ICM lineage is embryonic lethal in mice [259,260]. 

In humans, a prominent ICM, as assessed microscopically, is associated with reduced 

early embryonic loss and increased implantation and live birth rates [261–263]. A similar 

scenario also exists in cattle, where the current consensus is that bovine embryo culture 

conditions fail to adequately promote proper ICM development, and this contributes to at least 

some of the pregnancy losses that occur after transfer of in vitro-produced (IVP) bovine embryos 

[244,264]. Bovine IVP blastocysts have fewer ICM cells, elevated apoptosis in the ICM, and 

produce smaller embryonic disks than their in vivo-produced counterparts [237,265]. In some 

cases, embryonic disks could not be detected in IVP conceptuses [244–246,266]. Also, fewer 

pregnancies are maintained by IVP conceptuses that lack visible embryonic disks when 

compared with IVP conceptuses containing prominent embryonic disks [244]. Unfortunately, the 

embryonic and uterine-derived factors controlling ICM specification and development remain 

largely unknown in cattle, humans and other mammals.  
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 Two members of the interleukin-6 (IL6) family of cytokines, IL6 and leukemia inhibitory 

factor (LIF), have been identified as important mediators of embryonic cell development and 

maintenance. Outside of embryonic development, these two cytokines are best known for their 

roles in inflammation, cancer, metabolism, and placental development and implantation 

[238,267]. Both IL6 and LIF are also known for their abilities to maintain murine embryonic 

stem cells, which are derived from the ICM of murine blastocysts, by initiating the signal 

transducer and activator of transcription 3 (STAT3) signaling cascade [122–124]. Both IL6 and 

LIF can activate STAT3 signaling in various cell types, however, each ligand utilizes a ligand-

specific receptor subunit (IL6R or LIFR) and a common subunit that contains the signal 

transducing regions (IL6ST, GP130). Specifically, LIF requires a heterodimer of IL6ST and 

LIFR while IL6 uses a heterotrimer composed of two IL6ST subunits and one IL6R subunit 

[238,268]. 

Bovine IVP embryo responses to LIF supplementation are varied, and the effects of IL6 

on IVP bovine embryo production have not been explored [58,127–129]. An embryotrophic role 

for IL6 is suggested in other species. In the pig, IL6 supplementation during culture increased 

parthenogenetic blastocyst formation and ICM cell numbers [247]. In the mouse, IL6, and not 

LIF, appears to be responsible for blastocyst-stage nuclear STAT3 activity in the ICM [248]. Six 

studies were completed to test the hypothesis that IL6 supplementation promotes blastocyst 

formation and ICM development in bovine preimplantation embryos.   

Materials and Methods 

 No animals were used for this work. All studies were completed on slaughterhouse-

derived materials. Unless specified otherwise, reagents were purchased from ThermoFisher 

Chemical Company (Waltham, MA).  
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In vitro embryo production 

 Bovine embryos were produced by in vitro maturation, fertilization and culture 

procedures described previously with some modifications [46,269]. Cumulus-oocyte complexes 

(COCs) were harvested from ovaries purchased from Brown Packing Company (Gaffney, SC, 

USA) or COCs were purchased from DeSoto Biosciences (Seymour, TN) and incubated 

overnight for 21 to 24 h at 38.5°C in 5% CO2 in groups of 20-35 in 500 µl TCM-199 containing 

Earle’s salts and supplemented with 10% [v/v] fetal bovine serum (FBS; Atlanta Biologicals, 

Flowery Branch, Georgia, USA), 25 µg/ml bovine follicle stimulating hormone (Bioniche 

Animal Health Canada Inc., Belleville, Ontario, Canada), 2 µg/ml estradiol (Sigma-Aldrich; St. 

Louis, MO), 22 µg/ml sodium pyruvate, 1mM L-alanyl-L-glutamine (Glutamax) and 25 µg/ml 

gentamicin sulfate. No differences in embryo responses to treatments were observed between 

COCs harvested in these two manners. For fertilization, COCs were washed in HEPES-SOF and 

placed in groups of 150-200 in 3 ml SOF-FERT covered by paraffin oil (Ovoil; Vitrolife, 

Göteborg, Sweden) [46,73,270]. Frozen semen from four Holstein bulls (donation from Select 

Sires, Plain City, OH, USA) was thawed, and spermatozoa were isolated through a biphasic 

(40% and 80%, [v/v]) Bovipure density gradient (Nidacon; Spectrum Technologies 

Healdsburg, CA, USA) before addition to the fertilization media at a concentration of 1 million 

sperm/ml fertilization media. Day of fertilization was designated as day 0. After incubation for 

14 to 18 hours at 38.5°C in 5% CO2 in humidified air, presumptive zygote-cumulus complexes 

were denuded, washed in HEPES-SOF and, unless otherwise stated, placed in groups of 20-30 in 

droplets of 50 µl of SOF-BE1 covered by paraffin oil and incubated at 38.5°C in 5% CO2, 5% O2 

and 90% N2 in humidified air [146].  
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In one study (Study B), embryos visually appraised as healthy (little to no evidence of 

blastomere degeneration) were harvested at day 3 post-fertilization and transferred to medium 

containing treatments. For all other studies involving treatments after day 1 post-fertilization, a 

new treatment method was developed to reduce the amount of handling each embryo 

experienced and ultimately reduce culture stresses and improve overall development. For this 

new method, treatments were administered directly to existing drops of embryos via the addition 

of 2 µl of treatment-concentrated SOF-BE1. This method did not affect treatment outcomes. In 

studies that began at day 1, presumptive zygotes were transferred directly to medium containing 

treatment. 

 

IL6 supplementation studies 

For all studies, a concentrated IL6 stock (10 µg/ml; recombinant bovine, Kingfisher 

Biotech, St. Paul, MN, USA) was prepared in SOF containing 1% [w/v] bovine serum albumin 

(BSA; Sigma-Aldrich) and stored in aliquots at -80°C. Control treatments consisted of carrier 

only (1% BSA). Stocks were only thawed once and were used immediately after thawing. 

Cleavage was assessed at day 3 post-fertilization. Blastocyst formation was recorded at day 7 

and 8 post-fertilization.  

 In the first study (Study A), treatments of 0, 1, 10 or 100 ng/ml IL6 were administered at 

day 5 post-fertilization (n=20-28 embryos/50 µl drop; 3-4 drops/treatment; 4 replicates). 

Representative day 8 blastocysts were collected from each treatment group (0, 1, 10 and 100 

ng/ml IL6) and processed for cell counting (n=34-39 blastocysts/treatment over 4 replicates). 

In the second study (Study B), day 3 embryos (n=80 embryos/treatment; 10 

embryos/drop; 6 replicates) were selected and moved to new drops containing either the control 
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treatment or 100 ng/ml IL6. At day 5, half of the drops from each treatment group received 100 

ng/ml IL6 via a treatment-concentrated injection to the drops, while the other half received 

carrier. This created four total treatments: no IL6 (carrier-only), 100 ng/ml IL6 beginning at day 

3, 100 ng/ml IL6 beginning at day 5 and 200 ng/ml IL6 administered in 100 ng/ml doses at days 

3 and 5. Representative day 8 blastocysts were collected from each treatment group (n=11-16 

blastocysts/treatment over 3 replicates) and processed for cell counting. 

In the third study (Study C), day 1 embryos were placed in medium containing 0, 1, 10 or 

100 ng/ml IL6 (23-26 embryos/drop; 2-4 drops/treatment; 4 replicates). At day 8, representative 

blastocysts were collected from each treatment group (n=27-41 blastocysts/treatment over 4 

replicates) and processed for cell counting.  

In the fourth study (Study D), 100 ng/ml IL6 was administered at day 1, day 5, or both 

day 1 and 5 (total 200 ng/ml IL6), or 200 ng/ml IL6 was administered at day 1. Controls received 

carrier only at each time point (19-27 embryos/drop; 2-4 drops/treatment/replicate; 6 replicates). 

At day 8 post-fertilization, representative blastocysts from each treatment group were collected 

(n= 27-28 blastocysts/treatment over 5 replicates) and processed for cell counting. 

In the fifth study (Study E), 0, 100 or 200 ng/ml IL6 was administered at day 5 post-

fertilization, or 100 ng/ml was administered on both days 1 and 5 (for a total of 200 ng/ml IL6). 

Controls received carrier only at both time points (19-30 embryos/drop; 2-6 

drops/treatment/replicate; 4 replicates). At day 8 post-fertilization, representative blastocysts 

from each treatment group were collected (n= 38-44 blastocysts/treatment over 4 replicates) and 

processed for cell counting. 

In the sixth study (Study F), embryos were cultured individually (1 embryo/5 µl drop; 25 

embryos/treatment; 4 replicates) in medium containing 0, 100 or 200 ng/ml IL6 beginning at day 
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1. At day 4, each individual culture drop received an additional 1 µl of SOF-BE1 containing 

either carrier only (for 0 and 200 ng/ml groups) or concentrated IL6 to deliver an additional 100 

ng/ml IL6 (for a total of 200 ng/ml IL6 over day 1 and 4). A group-culture control treatment (25 

embryos/50 µl drop; 1-2 drops/replicate) lacking IL6 supplementation was also included. 

Development was assessed at day 4, 7 and 8. No cell counting was completed. 

 

Transcript profiling 

Random samplings of zygotes, 2-cell embryos, 8-16 cell embryos, morulae and 

blastocysts from the control group (0 ng/ml IL6) were collected at day 1, 2, 4, 6 and 8 post-

fertilization, respectively. At each stage, 10 embryos were pooled before RNA extraction. 

Between 3 to 5 pools of embryos were collected at each stage of development. After washing in 

Dulbecco’s phosphate-buffered saline (DPBS) containing 0.2% [w/v] polyvinylpyrrolidone 

(PBS-PVP), embryos were collected into <10 µl PBS-PVP in microcentrifuge tubes, snap frozen 

in liquid nitrogen, and stored at -80°C. Total RNA was extracted by using the PicoPure RNA 

Isolation Kit (Applied Biosystems, Inc., Foster City, CA, USA). The entire RNA sample was 

incubated with RNase-free DNAse I (20 µl reaction volume) for 30 minutes at 37°C followed by 

10 minutes at 75°C. The RNA (15 µl) was then reverse transcribed using the High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Inc.) in a total reaction volume of 30 µl. 

Negative control samples did not receive reverse transcriptase. For PCR, SybrGreen PCR Master 

Mix (Applied Biosystems, Inc.) was mixed with RT product and 500 nM concentration of 

forward and reverse primers for a total reaction volume of 10 µl. After activation/denaturation 

(95 °C for 10 minutes), a two-step amplification sequence was set for 50 cycles (95°C for 15 s, 
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57°C for 1 min) on an Eppendorf RealPlex 4 MasterCycler. Each sample and primer 

combination were run in triplicate.  

Each primer pair (Table 2-1) was identified using the Primer-BLAST Program from the 

National Center for Biotechnology Information (U.S. National Library of Medicine, Bethesda, 

MD) and synthesized by Integrated DNA Technologies (IDT; San Diego, CA). Primer efficiency 

standard curve analysis was completed to verify adequate primer efficiency (76-103% 

efficiency). Dissociation curve analysis (57 to 95°C) was completed after each PCR 

amplification to confirm the presence of one amplicon. Succinate dehydrogenase flavoprotein 

subunit (SDHA) was used as a housekeeping gene based on previously verified stability across 

early embryonic stages [271]. The abundance of SDHA was not influenced by embryo stage in 

this work. The relative abundance of each target transcript was expressed as fold change from the 

embryo stage containing the lowest abundance for the specified transcript by using the 2[-ddCt] 

approach.  

 

Immunofluorescence and cell counting 

At day 8 post-fertilization, ICM and TE cell numbers were determined in a subset of 

blastocysts [272]. In some replicates which yielded low numbers of blastocysts, all blastocysts 

were examined. In other replicates with large blastocyst numbers, up to 15 blastocysts per 

treatment were sampled. The selected blastocysts were representative of the types (non-

expanded, expanded or hatched) of blastocysts present in each treatment group. On rare 

occasions (~3% of total blastocysts sampled), abnormal blastocysts were identified after staining 

(<60 total cells). These were excluded despite appearing of good quality upon visual appraisal. 

The cutoff of 60 cells was chosen because bovine blastocysts should begin blastulation after the 
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64-cell stage [240]. The incidence of these blastocysts was not restricted to or affected by any 

one treatment. In studies A, B, C, D and E, a total of 3, 5, 9, 3 and 2 blastocysts were excluded 

for this reason, respectively. By treatment, a total of 5, 3, 5, 5 and 4 blastocysts were excluded 

for the 0 ng/ml, 1 ng/ml, 10 ng/ml, 100 ng/ml and 200 ng/ml treatment groups, respectively. 

These numbers are combined from all studies which included each specific treatment, regardless 

of the time when the treatment began. The numbers of blastocysts examined in Table 2-2 do not 

include these abnormal blastocysts. 

Embryos were fixed in 4% [w/v] paraformaldehyde for 15 minutes at room temperature, 

permeabilized using 0.25% [v/v] Triton-X for 20 minutes and blocked with 10% [v/v] Horse 

Serum for 1 hour at room temperature. Embryos were then incubated overnight at 4°C with anti-

CDX2 primary antibody (Biogenex, AM392-5M, sold ready-to-use), washed, and incubated for 

1 hour at room temperature with either donkey anti-mouse FITC or Alexa Fluor 647 (Invitrogen, 

A16018 or A31571, 1:200 dilution for either). Embryo DNA was then stained with DAPI 

(1µg/ml) for 5 minutes at room temperature. Embryos were then placed in 10% [v/v] ProLong 

Gold Antifade diluted with PBS-PVP and imaged by flattening on a glass slide lined with a thin 

layer of petroleum jelly. Immunoreactive complexes and DNA staining were visualized by using 

an Eclipse Ti-E inverted microscope equipped with an X-Cite 120 epifluorescence illumination 

system. Images were captured with a DS-L3 digital camera and assembled with NIS-Elements 

Software (Nikon Instruments, Melville, NY). The program, FIJI (ImageJ) was used to label and 

record individual nuclei by utilizing the cell counter plugin to count nuclei staining for CDX2 

(CDX2+, indicating TE) and only DAPI (CDX2-/DAPI+, indicating ICM) [273].  
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Statistical analyses 

All analyses except for the individual culture study were completed by least-squares 

ANOVA using the general linear model of the Statistical Analysis System (Proc GLM; SAS for 

Windows, version 9.4; SAS Institute Inc., Cary, NC, USA). Relative mRNA abundance data 

were log-transformed before analysis. For each embryo development study, the IVP replicate 

was used as the experimental unit. Replicate was considered a random independent variable for 

all cleavage and blastocyst formation analyses. Percentage data (e.g. blastocyst formation rates) 

were arcsine-transformed before analysis but are presented as non-transformed means and SEM. 

The Tukey honestly significant difference test was used for all cleavage and blastocyst formation 

data. Blastomere numbers and differential staining analysis used individual embryos as the 

experimental unit. Individual comparisons of blastomere numbers were partitioned further by 

using the Probability of Difference (PDIFF) test of SAS. Chi-square analysis was used to analyze 

the individual embryo culture study. Statistical significance was determined at P  0.05. 

Results 

Transcript profiling  

Transcripts for IL6 and IL6R were detected in each RNA preparation examined at the 

zygote, 2-cell, 8-16 cell, compact morula and blastocyst stages. Transcripts for IL6ST were 

detected in each of the zygote and blastocyst samples, in 4 of 5 8-16 cell pools, and in 3 of 5 

compact morula stage pools. Neither IL6 nor IL6ST transcript abundance were altered across 

each of the stages (Figure 2-1). However, the abundance of IL6R transcripts was greater (P 

<0.05) at the 8-cell stage than at the 2-cell, morula or blastocyst stages (Figure 2-1). 
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Study A: IL6 Treatment at Day 5 Post-Fertilization 

In this first study, recombinant bovine IL6 was supplemented from day 5 to 8 post-

fertilization. The day 5 time point was chosen because it corresponds with the initiation of 

blastomere compaction and ICM and TE specification in bovine IVP embryos [274,275]. A 

dose-response study was completed using IL6 concentrations based on work completed in 

porcine embryos [247]. None of these concentrations affected the percentage of embryos which 

formed blastocysts at day 7 or 8 (Table 2-2). Exposure to 1 or 10 ng/ml IL6 did not affect ICM, 

TE, or total cell numbers or the ICM:TE ratio. However, 100 ng/ml IL6 increased both ICM and 

total cell numbers (P<0.05) (Table 2-3). The number of TE cells remained unchanged, but the 

ICM:TE ratio was increased (P<0.05) in this treatment group. Figure 2-2 provides images of 

representative blastocysts from the 0 and 100 ng/ml IL6 treatment groups.  

 

Study B: IL6 Treatment at Day 3 or 5 Post-Fertilization 

 This follow-up study examined whether the 100 ng/ml IL6 concentration could influence 

blastocyst formation and/or ICM and TE cell numbers when provided at day 3, as the embryonic 

genome is being activated (8 to 16-cell stages in cattle), and to determine whether this response 

at day 3 is comparable to providing IL6 at day 5 [276]. Also, IL6 administration at both day 3 

and 5 (100 ng/ml from day 3 to 5, 200 ng/ml from day 5 to 8) was tested to determine whether 

this supplementation scheme further improved any outcomes.  

 Supplementation with 100 ng/ml IL6 either at day 3 or 5 did not affect blastocyst 

formation at day 7 or 8, but the combined, day 3 and 5 IL6 treatment tended to increase (P=0.06) 

blastocyst development at day 8 but not day 7 (Table 2-2). Supplementing IL6 in a single dose at 

either day 3 or 5 increased ICM cell numbers (P<0.05; Table 2-3). The combined day 3 and 5 
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IL6 treatment did not further improve ICM cell numbers. TE cell numbers were not affected by 

any IL6 treatment. There was a tendency (P=0.09) for IL6 treatment at day 3 to improve total 

blastomere numbers, but total numbers were not altered in the other treatment groups. 

Supplementation with IL6 at day 3 or day 5 increased (P<005) the ICM:TE ratio. This ratio was 

increased further (P<0.05) by supplementing IL6 at both day 3 and 5.   

 

Study C: IL6 Treatment at Day 1 Post-Fertilization 

This study began IL6 supplementation at day 1 post-fertilization (i.e. beginning of 

embryo culture) to test the limits in the duration of IL6 supplementation required to produce 

ICM responses at day 8. This study design also permitted assessment of how IL6 

supplementation affected cleavage rates. A dose-response study was completed to verify 

previous findings that 100 ng/ml IL6 was required to achieve greater ICM cell numbers.  

Cleavage rates tended to be greater (P=0.09) for embryos treated with 1 ng/ml IL6 when 

compared with controls, but cleavage rates were unaffected by exposure to 10 or 100 ng/ml IL6 

(Table 2-2). Blastocyst formation was unaffected by treatment with 1, 10 or 100 ng/ml IL6. The 

100 ng/ml IL6 treatment increased (P<0.05) ICM and total cell numbers in day 8 blastocysts 

(Table 2-3). Neither 1 nor 10 ng/ml IL6 affected ICM or total cell numbers. No changes in TE 

cell numbers were observed with any of the IL6 treatments. Oddly, the ICM:TE ratio differed 

between the 1 and 10 ng/ml IL6 treatments, but both treatments as well as the controls remained 

lower than the 100 ng/ml IL6 treatment group (P<0.05).  
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Studies D and E: The Efficacy of Combined IL6 treatments at Day 1 and 5 Post-Fertilization 

A subsequent study (Study D) was designed to evaluate whether ICM responses to IL6 

could be enhanced further by increasing the dose of IL6 at day 1 (200 ng/ml) or by sequential 

IL6 supplementation at both days 1 and 5. Media was not exchanged in this treatment group, so 

these embryos were exposed to 100 ng/ml beginning at day 1 and 200 ng/ml from day 5 to 8. 

Cleavage and blastocyst rates were not affected by the various IL6 supplementation schemes 

(Table 2-2). When compared with the control, ICM and total cell numbers were increased 

(P<0.05) by supplementing 100 ng/ml IL6 at day 1 or 5 or 200 ng/ml IL6 at day 1 (Table 2-3). 

When IL6 was administered on both days 1 and 5, ICM cell numbers but not total cell numbers 

were greater (P<0.05) than when embryos received IL6 only on day 1 or 5. The number of TE 

cells were not affected by any treatment. The ICM:TE ratios followed the same response as the 

ICM cell numbers, where adding 100 ng/ml IL6 at either day 1 or 5 increased (P<0.05) the 

ICM:TE ratio when compared with the control. Providing 100 ng/ml IL6 at both day 1 and 5 

further increased (P<0.05) the ICM:TE ratio. Supplementation with 200 ng/ml IL6 at day 1 

provided similar results to when 100 ng/ml IL6 was provided only once during embryo culture. 

The 200 ng/ml IL6 treatment beginning at day 1 did not produce the same responses as the dual 

day 1 and 5 IL6 treatment strategy.      

Study E was designed to confirm whether the sequential addition of IL6 at day 1 and 5 

could be replicated, and to test whether exposure to 200 ng/ml IL6 at day 5 but not at earlier 

times could produce the same beneficial treatment effect as the dual IL6 treatment strategy. 

Neither cleavage nor blastocyst development were influenced by the IL6 supplementation 

schemes examined (Table 2-2). As before, supplementing 100 ng/ml IL6 at day 5 increased 

(P<0.05) ICM and total cell numbers when compared with the control (Table 2-3). However, no 
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further increases in ICM or total cell numbers were detected when the embryos were 

supplemented with 200 ng/ml IL6 at day 5 or 100 ng/ml IL6 on both days 1 and 5. Again, TE 

cell numbers were unaffected by IL6 exposure. The ICM:TE ratio was greater (P<0.05) in all 

IL6-treatments than the control but did not differ from one another.    

 

Composite Analysis of IL6 Effects on ICM cell numbers and the ICM:TE ratio 

A final examination of the effects of 100 ng/ml IL6 supplementation on ICM cell 

numbers and ICM:TE ratio were explored by graphing each data point from each experiment, 

regardless of the time when IL6 supplementation was initiated (Fig. 2-3). An increase in ICM 

cell numbers and ICM:TE ratio was detected when all data were combined (P<0.0001).  

 

Study F: IL6 Supplementation During Individual Embryo Culture  

A final study examined whether IL6 supplementation could overcome the developmental 

block that occurs when bovine embryos are cultured individually in relatively large drops of 

culture medium. The IL6 dosages chosen for this study were selected based on a pilot study (data 

not shown). Individually-cultured zygotes that lacked IL6 supplementation underwent cleavage, 

albeit at a reduced level (P<0.05) when compared with group-cultured control zygotes (Table 2-

2). None of these individually-cultured control embryos reached the blastocyst stage. By 

contrast, cleavage rate was not different between group-cultured controls and individually-

cultured zygotes supplemented with 100 ng/ml IL4 at both day 1 and 4 or with zygotes 

supplemented with 200 ng/ml IL6 at day 1. Blastocysts were detected at day 8 but not day 7 in 

IL6-supplemented, individually-cultured embryos, although the percentage of blastocysts were 

less than the group-cultured controls (P<0.05). The low number of blastocysts recovered from 
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this study did not permit us to examine how IL6 supplementation affected ICM, TE and total cell 

numbers and the ICM:TE ratio.   

 

Discussion  

Bovine IVP embryos typically are of lower competency after transfer than in vivo-

produced embryos. This is attributed in part to in vitro culture conditions lacking critical 

embryokines and selective nutrients that the oviduct and uterus produce in early pregnancy. This 

makes IVP embryos a nice model for investigating ways to improve embryo development and 

competency in cattle and potentially other species. Work in the mouse and pig has indicated a 

potential role for IL6 in ICM maintenance [247,248]. Also, a recent report found that IL6 

transcripts were among the most prominently expressed embryokines in the bovine oviduct and 

endometrium at day 3 and 5 post-estrus [27,277,278]. This previous work provided the impetus 

for us to explore IL6 as an embryokine.  

The bovine embryo also produces IL6 transcripts in both the ICM and TE in blastocysts 

[94,239–242]. Our transcript profiling work confirmed the presence of IL6 transcripts in bovine 

embryos between the 1-cell and blastocyst stages. We also confirmed the presence of transcripts 

for both IL6 receptor subunits (IL6R and IL6ST) throughout early embryo development. IL6R 

was expressed constitutively and was greater in abundance at the 8-cell stage than other stages 

(excluding the zygote stage). This suggests that IL6R transcription ensues as embryonic genome 

activation begins. No apparent changes in IL6ST transcript abundance were detected across the 

stages examined. However, IL6ST mRNA could not be detected in a few of the 2-cell and 8-16 

cell embryo samples. We did not pursue if IL6ST was truly absent in these samples or if this 

outcome was caused by using too little RNA. The absence of transcripts also does not guarantee 
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the absence of the mature protein, especially when transcripts were detected at earlier stages of 

development.  

Supplementation with IL6 had no definitive effects on cleavage rates and blastocyst 

formation when embryos were cultured in groups. This finding contradicts a report in pigs, 

where improvements in blastocyst development were observed [247]. However, IL6 

supplementation was beneficial to embryo development when provided to individually-cultured 

embryos. A low-density culture environment was employed (1 embryo/ 5 µl medium). This 

culture scheme usually prevents normal embryo development, presumably because of the lack of 

conditioning factors that embryos produce in group culture. These positive effects on cleavage 

and blastocyst rates implicates IL6 as a potential embryokine for mediating embryo development 

in stressful environments but not when culture conditions are adequate for normal development.  

The most notable outcome of this work was observing changes in the composition of 

blastocysts exposed to IL6 during in vitro embryo development. Improvements in ICM cell 

numbers were consistently observed after IL6 supplementation, and IL6 promoted ICM 

development regardless of when it was first administered. In most studies, blastomere numbers 

within the ICM were nearly doubled in embryos receiving 100 or 200 ng/ml IL6 but not lower 

IL6 concentrations. Sequential IL6 administration at days 1 and 5 further increased ICM cell 

numbers in one study (Study D) but failed to do so in another (Study E). This contrast in 

outcomes may be due solely to chance, although we cannot discount that some unknown factor, 

such as the genetics of the embryos (ovaries were of unknown origin in every study), may have 

produced these different responses to sequential IL6 treatment. Regardless, in both studies, this 

double-treatment scheme still increased ICM cell numbers when compared to the controls. 
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Individual embryo responsiveness to IL6 varied. However, overwhelmingly positive 

increases in ICM cell numbers were observed in every study (see Fig. 2-3). This positive effect 

of IL6 on ICM cell numbers also was detected in porcine embryos (1.7-fold increase versus 

controls), suggesting that this phenomenon is not restricted solely to cattle [247].  

Another interesting finding from this work was the lack of IL6 effect on TE cell numbers. 

This explains why substantial increases in the ICM:TE ratio were seen. It also implicates the 

improvements in ICM cell numbers as the sole reason for the improvements in total embryo cell 

numbers. The mechanism(s) of action for IL6 are only beginning to be explored, but this work 

indicates that IL6 solely targets the ICM during early embryogenesis. This observation is 

consistent with other work that implicates IL6 as a pluripotency factor for mouse embryonic 

stem cells and for its role in controlling STAT3 activity in early stage mouse embryos [122,248]. 

STAT3 is a primary mediator of ICM lineage maintenance in mice [243,248].   

It was also interesting that supplementation with IL6 promoted ICM development 

regardless of when it was first administered during embryo culture. It was surprising to observe a 

beneficial effect of IL6 supplementation at day 1. Sufficient amounts of biologically active IL6 

may have survived from day 1 to later dates in culture when IL6 could influence embryonic gene 

expression. The functional lifespan of IL6 was not examined. Alternatively, IL6 provided at day 

1 could function post-transcriptionally. More work is needed to clarify this activity.  

To enable ICM and TE cell counting, we utilized an immunofluorescence protocol to 

mark the CDX2-positive TE cells. This is a TE specific marker in bovine blastocysts [7,272,279–

282]. Binding specificity of the antibody used herein has been verified recently by the absence of 

staining in CDX2 knock-down bovine blastocysts [283]. We did not utilize an ICM-specific 

marker. An ICM-specific marker exists for bovine blastocysts, SOX2, however, we chose not to 



63 

 

utilize it as this staining is not exclusively nuclear and makes the individual nuclei obscure [284]. 

Instead, we assumed that CDX2-negative, DAPI-positive nuclei were ICM cells. 

We realize the number of blastocysts utilized for cell counting in some treatments and 

studies appears low (e.g. n=11-16 in study B). In these studies, the effect of 100 or 200 ng/ml 

IL6 on ICM cell numbers and the ICM:TE ratio is so profound that we do not need to utilize 

many embryos to detect a difference. Moreover, one can see that this effect can be consistently 

produced in Fig. 2-3 (different symbols indicate different studies).  

 

Conclusions 

This work provides evidence that IL6 functions as an embryokine in bovine preimplantation 

embryos. The beneficial effects of IL6 include increasing ICM blastomere numbers and 

supporting embryonic development in individual embryo culture systems. The implications of 

enhancing ICM development in IVP embryos has yet to be explored, but all indications are that 

IL6 may improve IVP bovine embryo competency, since small ICMs in IVP bovine embryos 

likely contribute to many of the early pregnancy failures observed in cattle receiving these 

embryos [244–246,266]. 
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Table 2-1. Primers used for quantitative RT-PCR. 

Gene 
Reference or 

Genbank 
accession no. 

Primer sequence (5 - 3) 

Product size (bp) 

IL6 
NM_173923.2 Forward: CCAGCCACAAACACTGACCT 

Reverse: TAGCTCTCAGGCTGAACTGC 
121 

IL6R 
NM_001110785.3 Forward: AAGTGCACACCCGTCGTATT 

Reverse: TCAGATTCAAGGCTGCTGGG 
114 

IL6ST 
XM_010816769.3 Forward: GTCTCATGCTCACGGCACTA 

Reverse: CGCGTCTGATTTGCCAACAA 
220 

SDHA 
(Goossens et al. 

2005 
Forward: GCAGAACCTGATGCTTTGTG 
Reverse: CGTAGGAGAGCGTGTGCTT 

185 
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Table 2-2. Cleavage and blastocyst formation across each study. 

Stud

y 

Treatment Treatment 

start 

IVF 

replicate

s 

Total 

embryo

s 

Cleavage 

%±SEM 

* 

Day 7 

blastocyst 

%±SEM 

* 

Day 8 

blastocyst 

%±SEM * 

A 0 ng/ml IL6 

1 ng/ml IL6 

10 ng/ml IL6  

100 ng/ml IL6 

Day 5 

Day 5 

Day 5 

Day 5 

4 317 

316 

323 

320 

N/A 12.8 ± 1.3 

a 

10.8 ± 1.4 

a 

16.8 ± 3.3 

a 

12.7 ± 4.2 

a 

21.8 ± 3 a 

21.8 ± 3.7 a 

23.7 ± 4.6 a 

23.7 ± 6.3 a 

B 0 ng/ml IL6 

100 ng/ml IL6 

100 ng/ml IL6 

100 + 100 ng/ml IL6 

Day 3 

Day 3 

Day 5 

Day 3 + 

Day 5 

6 240 

240 

240 

240 

N/A 10.8 ± 4 a 

14.6 ± 3.4 

a 

13.8 ± 3.3 

a 

12.5 ± 4.8 

a 

24.2 ± 6.3 a 

30.4 ± 6.8 a 

25.8 ± 6.9 a 

32.9 ± 6.4 

a† 

C 0 ng/ml IL6 

1 ng/ml IL6 

10 ng/ml IL6  

100 ng/ml IL6 

Day 1 

Day 1 

Day 1 

Day 1 

4 249 

297 

301 

248 

73.4 ± 3.7 

a 

80.1 ± 5.9 

a† 

76.4 ± 5.6 

a 

76.4 ± 3.6 

a 

12.3 ± 4.2 

a 

17.9 ± 2.5 

a 

18.1 ± 3.7 

a 

19.4 ± 4.1 

a 

20.1 ± 3.5 a 

27.1 ± 2.4 a 

27.7 ± 4.7 a 

29.6 ± 4.2 a 

D 0 ng/ml IL6 

100 ng/ml IL6 

100 ng/ml IL6 

Day 1 

Day 1 

Day 5 

6 395 

437 

392 

74.8 ± 4.5 

a 

76.8 ± 2.2 

11.5 ± 1 a 

10.8 ± 1.7 

a 

20.3 ± 2.1 a 

21.5 ± 2.5 a 

21.6 ± 2.4 a 
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100 + 100 ng/ml IL6 

200 ng/ml IL6 

Day 1 + 

Day 5 

Day 1 

440 

418 

a 

77.8 ± 3.8 

a  

75.2 ± 5.2 

a 

76.7 ± 3.7 

a 

10.9 ± 1 a 

10.2 ± 1.8 

a 

9.8 ± 1.6 a 

19.4 ± 3.7 a 

18.9 ± 1.7 a 

E 0 ng/ml IL6 

100 ng/ml IL6 

200 ng/ml IL6 

100 + 100 ng/ml IL6 

Day 5 

Day 5 

Day 5 

Day 1 + 5 

4 347 

337 

392 

357 

87.7 ± 

0.02 a 

85.3 ± 

0.01 a 

83.9 ± 

0.03 a 

81.1 ± 

0.04 a 

15.8 ± 

0.05 a 

17.4 ± 

0.01 a 

20.5 ± 

0.04 a 

18.9 ± 

0.04 a 

27.9 ± 0.04 

a 

26.1 ± 0.02 

a 

30.4 ± 0.03 

a 

29.1 ± 0.02 

a 

F Group Culture 0 ng/ml IL6 

Individual Culture 0 ng/ml IL6 

Individual Culture 100 + 100 

ng/ml IL6 

Individual Culture 200 ng/ml IL6 

Day 1 

Day 1 

Day 1 + 

Day 4 

Day 1 

4 175 

100 

100 

100 

138/175 a 

65/100 b 

79/100 a 

73/100 ab 

17/138 a 

0/65 b 

0/79 b 

0/73 b 

29/138 a 

0/65 b 

7/79 c 

7/73 c 

Different superscripts within each study denote differences. Significance established at P<0.05.  

† indicates a trend (P =0.06 in study B and P=0.09 in Study D) when compared with the control). 

* Data for studies A-E are presented as the Mean% ± SEM. Data from study F are presented as 

proportions.  
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Table 2-3. Embryonic ICM and TE cell counts in Day 8 blastocysts 

Study Treatment Treatment 

start date 

IVF 

replicates 

Number of 

blastocysts 

ICM TE Total Ratio 

A 0 ng/ml IL6 

1 ng/ml IL6 

10 ng/ml IL6 

100 ng/ml IL6 

Day 5 

Day 5 

Day 5 

Day 5 

4 39 

35 

34 

34 

53.9 ± 4.2 a 

52.2 ± 3.3 a 

60 ± 3.6 a 

98 ± 6.5 b 

113.5 ± 5.1 a 

108.6 ± 6.3 a 

116.2 ± 6.5 a 

113.2 ± 6.3 a 

167.4 ± 8.3 a 

160.8 ± 8.0 a 

176.2 ± 8.2 a 

211.2 ± 10.3 b 

0.47 ± 0.03 a 

0.51 ± 0.04 a 

0.56 ± 0.05 a 

0.92 ± 0.07 b 

B 0 ng/ml IL6 

100 ng/ml IL6 

100 ng/ml IL6 

100 + 100 ng/ml IL6 

Day 3 

Day 3 

Day 5 

Day 3 + Day 5 

3 16 

11 

11 

12 

36.8 ± 4.3 a 

61.8 ± 8.1 b 

58.9 ± 7.6 b 

74.3 ± 8.7 b 

95.6 ± 8.1 a 

106.3 ± 10.6 a 

97 ± 16.5 a 

87.3 ± 7.2 a 

132.5 ± 11.7 a 

168.1 ± 14.0 a† 

155.9 ± 22.5 a 

161.5 ± 13.4 a 

0.38 ± 0.03 a 

0.65 ± 0.11 b 

0.7 ± 0.09 b 

0.87 ± 0.10 c 

C 0 ng/ml IL6 

1 ng/ml IL6 

10 ng/ml IL6 

100 ng/ml IL6 

Day 1 

Day 1 

Day 1 

Day 1 

4 27 

39 

39 

41 

56.4 ± 4.1 a 

52.5 ± 3.0 a 

59.3 ± 3.9 a 

88.3 ± 4.6 b 

111 ± 7.9 a 

111.7 ± 5.4 a 

102.3 ± 4.7 a 

112.7 ± 5.0 a 

167.3 ± 9.8 a  

164.2 ± 7.3 a 

161.6 ± 6.8 a 

200.9 ± 7.6 b 

0.56 ± 0.05 ab 

0.49 ± 0.03 a 

0.62 ± 0.05 b 

0.82 ± 0.05 c 

D 0 ng/ml IL6 

100 ng/ml IL6 

100 ng/ml IL6 

100 + 100 ng/ml IL6 

200 ng/ml IL6 

Day 1 

Day 1 

Day 5 

Day 1 + Day 5 

Day 1 

5 28 

27 

28 

28 

27 

46.4 ± 3.6 a 

79.2 ± 4.7 b 

79.4 ± 6.0 b 

100 ± 8.4 c 

77.4 ± 6.9 b 

99.6 ± 7.2 a 

112.1 ± 7.0 a 

108.1 ± 6.6 a 

106.2 ± 4.8 a 

104.5 ± 5.9 a 

146 ± 8.6 a 

191.3 ± 10.2 b 

187.5 ± 10.6 b 

206.2 ± 10.1 b 

181.9 ± 11.3 b 

0.52 ± 0.05 a 

0.75 ± 0.05 b 

0.77 ± 0.05 b 

0.98 ± 0.09 c 

0.75 ± 0.06 b 

E 0 ng/ml IL6 

100 ng/ml IL6 

200 ng/ml IL6 

100 + 100 ng/ml IL6 

Day 5 

Day 5 

Day 5 

Day 1 + Day 5 

4 41 

38 

44 

44 

56.4 ± 4.1 a 

88.7 ± 6.2 b 

93.7 ± 5.2 b 

89.8 ± 5.7 b 

112.3 ± 7.5 a 

111.4 ± 6.9 a 

116.6 ± 5 a 

115 ± 6.5 a 

168 ± 10.3 a 

200.1 ± 8.4 b 

210.3 ± 8.4 b 

204.8 ± 10.5 b 

0.53 ± 0.03 a 

0.83 ± 0.05 b 

0.83 ± 0.05 b 

0.81 ± 0.05 b 

 

Different superscripts in each study denote differences. Significance established at P<0.05.  

† indicates a trend (P=0.09).  
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Figure 2-1. Transcript abundances for IL6, IL6R and IL6ST from zygotes, 2-cell embryos, 8-cell 

embryos, morulae and blastocysts. Total RNA was isolated from 3 to 5 pools of 10 embryos 

from each developmental stage before reverse transcription. The relative abundance of each 

target transcript is expressed as fold change from the embryo stage containing the lowest 

abundance for the specified transcript by using the 2[-ddCt] approach. Corresponding means and 

SEMs are indicated by the bars. Different superscripts within each transcript indicates 

differences (P<0.05). 
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Figure 2-2. Representative images of differential cell staining in blastocysts collected at day 8 

post-fertilization. Embryos either received 0 or 100 ng/ml IL6 beginning at day 5 post-

fertilization. Panel A: Blastocysts were harvested at day 8, fixed, immunostained, and physically 

flattened between a slide and coverslip. Photographs represent a single plane of focus. Nuclei 

representing TE are indicated by CDX2+/DAPI+ staining (green) and the ICM nuclei are CDX2-

/DAPI+ (blue). Control embryo number 1 had 42 ICM cells and 94 TE cells, while control 

embryo number 2 had 53 ICM cells and 120 TE cells. IL6-treated embryo number 1 had 86 ICM 

cells and 99 TE cells, while IL6-treated embryo number 2 had 76 ICM cells and 143 TE cells.  
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Figure 2-3. Pooled ICM cell counts and ICM to TE ratios from all studies. All 100 ng/ml 

treatments of IL6 and associated controls were utilized, regardless of time point of treatment. No 

other doses of IL6 (1, 10 or 200 ng/ml) are included in this figure. Data from different studies are 

indicated by different symbols. Panel A: Individual ICM counts for embryos receiving either no 

treatment or 100 ng/ml IL6. Panel B: Individual ICM:TE ratios for embryos receiving either no 

treatment or 100 ng/ml IL6. Corresponding means and SEMs are indicated by the bars. Different 

superscripts within each panel indicates differences (P<0.05). 
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Chapter 3: Interleukin-6 requires JAK to stimulate inner cell mass 

expansion in bovine embryos 

Introduction 

The mammalian blastocyst inner cell mass (ICM) contains the ability to form every cell 

type within the adult body. It is of no surprise, then, that defects of the ICM can result in lethality 

[243,259,260]. Understanding the development and needs of the ICM is crucial for embryos 

grown in vitro. Preimplantation embryos of several species, including humans, mice, rabbits and 

cattle, have been cultured in vitro to the blastocyst stage for decades [285,286]. However, in 

vitro culture systems lack the complexity of the oviductal environment, and this can hinder ICM 

development. This is particularly true for the bovine preimplantation embryo, which, when 

cultured in vitro, produces a smaller ICM during culture and after uterine transfer 

[59,237,244,265,266]. One way we may be able to improve in vitro produced (IVP) bovine 

embryo competency is by supplementing IVP embryos with growth factors and cytokines 

produced by the oviduct and uterus. These bioactive factors are often referred to as embryokines, 

and their supplementation can improve IVP blastocyst development and pregnancy retention 

after embryo transfer [116,234,287]. We recently discovered that interleukin-6 (IL6) increases 

the number of cells in the ICM of bovine blastocysts on day 8 of IVP development [8]. 

IL6 is perhaps the most well-known member of the IL6 cytokine family. Other members 

of this family include cardiotrophin-1 (CTF1 or CF1), cardiotrophin-like cytokine factor 1 

(CLCF1), leukemia inhibitor factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor 

(CNTF), and interleukins 11, 27 and 31 (IL11, IL27, IL31). All IL6 cytokine family members act 

through a receptor complex comprising a ligand-specific receptor subunit that permits high 

affinity ligand binding (e.g. IL6R for IL6) and a common subunit (IL6ST, also known as gp130) 
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that contains signal transducing regions [238,288]. All family members utilize the IL6ST subunit 

to control several signal transduction pathways, the most prominent of which is the Janus kinase 

(JAK) and signal transducer and activator of transcription 3 (STAT3) system. The JAK/STAT3 

pathway is essential for the ICM lineage in mice and cattle, but the specific ligands that regulate 

JAK/STAT3 activity in bovine embryos is unclear [243,289]. Several indications exist that 

members of the IL6 cytokine family serve in this capacity. Some family members serve as mouse 

embryonic stem cell pluripotency factors [124,290,291]. Also, IL6 supplementation stimulates 

STAT3 phosphorylation and increases ICM cell numbers in porcine blastocysts [247]. 

The following work was completed to answer several questions about IL6’s effects on 

bovine preimplantation embryos. First, we investigated the developmental stage at which IL6 

first increases embryo cell number. We also used this information to determine if IL6 increases 

ICM cell number by skewing lineage specification toward ICM cells, or by increasing expansion 

of the ICM lineage. Second, we investigated IL6’s ability to activate the JAK/STAT3 pathway 

and the necessity of this pathway for IL6’s effects. Finally, we utilized RNA sequencing to 

dissect the outcomes of IL6 treatment on blastocyst transcripts and to profile IL6 family member 

transcript abundance. Most of the studies began at day 5 of embryonic development because 

embryonic genome activation had occurred by this stage of development (8- to 16-cell stage), 

and thus, embryos could respond to external signals [276], and because these embryos were 

preparing to undergo compaction and embryonic lineage specification. 
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Materials and Methods 

No animals were used for this work. All studies were completed on slaughterhouse-

derived materials. Unless specified otherwise, reagents were purchased from ThermoFisher 

Chemical Company (Waltham, MA). 

 

In vitro Embryo Production 

Bovine embryos were produced by in vitro maturation, fertilization and culture 

procedures described previously [8,269]. In brief, cumulus-oocyte complexes (COCs) were 

collected by slashing follicles and placed in groups of 20-35 in 500 µl TCM-199 containing 

Earle’s salts and supplemented with 10% [v/v] fetal bovine serum (FBS; Atlanta Biologicals, 

Flowery Branch, Georgia, USA), 25 µg/ml bovine follicle stimulating hormone (Bioniche 

Animal Health Canada Inc., Belleville, Ontario, Canada), 2 µg/ml estradiol (Sigma-Aldrich; St. 

Louis, MO), 22 µg/ml sodium pyruvate, 1mM L-alanyl-L-glutamine (Glutamax) and 25 µg/ml 

gentamicin sulfate. The COCs were matured for 21 to 24 hours at 38.5°C in 5% CO2 in 

humidified air. The COCs were washed in HEPES-SOF and placed in groups of 150-200 in 3 ml 

SOF-FERT covered in paraffin oil (Ovoil; Vitrolife, Göteborg, Sweden) [73,270]. Frozen semen 

from four Holstein bulls (donation from Select Sires, Plain City, OH, USA) was thawed, and 

spermatozoa were isolated through a biphasic (40% and 80%, [v/v]) Bovipure density gradient 

(Nidacon; Spectrum Technologies, Healdsburg, CA, USA) before addition to the fertilization 

media at a concentration of 1 million sperm/ml fertilization media. After incubation for 14 to 18 

hours at 38.5°C in 5% CO2 in humidified air, presumptive zygote-cumulus complexes were 

denuded by gentle pipetting. Denuded presumptive zygotes were then washed in HEPES-SOF 
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and placed in groups of approximately 20-30 in droplets of 50 µl of SOF-BE1 covered by 

paraffin oil and incubated at 38.5°C in 5% CO2, 5% O2 and 90% N2 in humidified air [146]. 

 

IL6 Supplementation Study 

A concentrated IL6 (recombinant bovine; Kingfisher Biotech, St. Paul, MN, USA) stock 

(10 µg/ml) was prepared in SOF containing 1% [w/v] bovine serum albumin (BSA) and stored in 

aliquots at -80°C. Stocks were only thawed once and were used immediately after thawing.  

Either 0 or 100 ng/ml IL6 was provided on day 1 post-fertilization (n=23-29 

embryos/drop; 2-7 drops/treatment, 6 replicates; total 578-657 embryos/treatment). On day 7, 

embryos were separated by stage and fixed for immunofluorescent differential cell counting 

utilizing caudal type homeobox 2 (CDX2) a TE-specific transcription factor (see below for 

antibody specifications and procedures) [283]. Stages included morulae (compacted blastomere 

mass but no signs of a blastocoel cavity; n=15-23/treatment), early blastocysts (blastocoel cavity 

<50% of interior space; n=7-17/treatment), regular blastocysts (blastocoel ≥50% of interior 

space, not expanded; n=37-43/treatment), and expanded blastocysts (increase in diameter with or 

without zona pellucida hatching; n=27-31/treatment).  

 

Assessment of STAT3 Activity and Its Necessity for ICM Development  

 Day 5 embryos were transferred to drops of SOF-BE1 containing 5 µM AZD1480 

(JAK1/2 inhibitor; Selleckchem, Houston, TX, USA) or carrier only (0.005% [v/v] DMSO) for 4 

h and then were treated with 0 or 100 ng/ml IL6 for 30 minutes before fixation in 4% [w/v] 

paraformaldehyde. This JAK1/2 inhibitor was chosen based on a previous observation of its 

ability to block STAT3 activation in bovine embryos [289]. Embryos (n=3-5 embryos/replicate; 
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3 replicates; total 10-12 embryos/treatment) were processed for immunofluorescence analysis of 

STAT3 phosphorylation (pSTAT3Y705) and nuclear localization (see below for antibody 

specifications and procedures). Another experiment utilized blastocysts harvested on day 8 post-

fertilization (n=3-5 blastocysts/replicate; 2 replicates; total 7-8 blastocysts/treatment) and 

incubated with 0 or 100 ng/ml IL6 for 30 minutes before fixation and pSTAT3Y705 analysis.  

 In a follow-up experiment, embryos harvested on day 5 post-fertilization were placed into 

drops of SOF-BE1 (n=10 embryos/drop; 10-30 embryos/treatment/replicate; 6 replicates; total 

90-130 day 5 embryos/treatment) containing either 0 or 5 µM AZD1480. After 4 h, each drop of 

embryos received an injection of 1 µl SOF-BE1 containing concentrated IL6 or carrier, to 

produce a final in-drop concentration of 0 or 100 ng/ml IL6. Blastocyst development was 

assessed on day 7 and 8 post-fertilization. On day 8, representative blastocysts (n=6-17 

blastocysts/treatment over 4 replicates) were collected, fixed and processed for cell counting. In 

one replicate of this study, the presence of SOX2, an ICM marker, was examined to confirm that 

the non-CDX2-stained cells (CDX2- cells) that reside within the inner clump of cells in 

blastocysts were indeed ICM cells.  

 

qRT-PCR 

On day 7, embryos were treated with 100 ng/ml IL6 or carrier only and incubated for 6 

hours at 38.5°C in 5% CO2, 5% O2 and 90% N2 in humidified air. After 6 hours, pools of 

blastocysts (n=11-19/treatment/replicate; 3 replicates) were collected, zona pellucidae were 

removed by brief exposure to Acidic Tyrode’s Solution (Sigma-Aldrich), washed 4 times in 

sterile Dulbecco’s phosphate-buffered saline (DPBS) containing 0.2% [w/v] 
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polyvinylpyrrolidone (PBS-PVP), collected into <10 µl PBS-PVP in microcentrifuge tubes, snap 

frozen in liquid nitrogen, and stored at -80°C.  

Total RNA was extracted by using the Qiagen RNeasy Micro Kit (Qiagen, Germantown, 

MD). The entire RNA sample was incubated with RNase-free DNAse I (Applied Biosystems, 

Inc., Foster City, CA, USA) and reverse transcribed using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Inc.). Negative controls did not receive reverse 

transcriptase. SybrGreen PCR Master Mix (Applied Biosystems, Inc.) was mixed with reverse 

transcription product and 250 nM forward and reverse primers. After activation/denaturation 

(95°C for 10 minutes), a two-step amplification sequence was set for 50 cycles (95°C for 15 s, 

57°C for 1 min). Each sample and primer combination were run in triplicate. Each primer pair 

(see Table 3-1 for primer list) was identified using the Primer-BLAST Program from the 

National Center for Biotechnology Information (U.S. National Library of Medicine, Bethesda, 

MD, USA) and synthesized by Integrated DNA Technologies (IDT; San Diego, CA, USA). 

Primer efficiency standard curve analysis was completed to verify adequate primer efficiency ( 

90% efficiency). Dissociation curve analysis (60 to 95°C) was completed after each PCR 

amplification to confirm the presence of one amplicon. SDHA was used as a housekeeping gene 

based on previously verified stability across early embryonic stages [271]. The 2[-ddCt] approach 

was used to generate mRNA abundances relative to the non-IL6-treated embryos, depending on 

the study.   

 

RNA Sequencing 

Day 5 embryos (n=25-31 embryos/drop; 5-6 drops/treatment; 3 replicates), were treated 

with 100 ng/ml IL6 or carrier only via the addition of 2 µl of treatment concentrated SOF-BEI to 
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their existing culture drop. On day 8, blastocysts (n = 10/treatment/replicate) were collected from 

each treatment group and their zona pellucidae were removed by brief exposure to Acidic 

Tyrode’s Solution. Blastocysts were then washed 4 times in sterile PBS-PVP, collected into <10 

µl PBS-PVP in microcentrifuge tubes, snap frozen in liquid nitrogen, and stored at -80°C. Total 

RNA was extracted by using the PicoPure RNA Isolation Kit (Applied Biosystems, Inc.). 

Genomic DNA was removed on-column by using the RNase-Free DNase 50 kit (Qiagen). 

Samples were shipped in dry-ice to Cofactor Genomics (St. Louis, MO, USA) for picoRNA 

library construction and sequencing using an Illumina-based platform with single end 75 base 

reads. Remaining blastocysts in each replicate were fixed for cell counting to confirm IL6 batch 

bioactivity (n=17-24 blastocysts/treatment). 

Sequence analysis was performed using CLC Genomics Workbench 11.0.1 (Qiagen). 

Reads were imported and adapters and low-quality reads were removed. The sequences were 

then aligned to the Bos taurus reference genome (Ensembl;UMB3.1). Expression values were 

expressed as reads per kilobase of transcript per million (RPKM). Differential gene expression 

was determined by empirical analysis using the Robinson and Smyth Exact Test [292]. False 

discovery rate (FDR) was controlled at a rate of 5% using the Benjamini-Hochberg method 

[293]. The Panther Classification system (version 14.0) was used to classify genes based on gene 

families, molecular function, biological processes and interacting pathways. Heat maps were 

generated through GraphPad Prism (Version 8.0.2).  

 

Immunofluorescence 

 Embryos were removed from culture and washed twice in PBS-PVP. For SOX2 

immunostaining, zona pellucidae were removed by brief exposure to Acidic Tyrode’s solution. 



78 

 

Regardless of the target, embryos were fixed in 4% [w/v] paraformaldehyde for 15-20 minutes at 

room temperature and washed three times in PBS-PVP. See table 3-2 for antibody information. 

For CDX2 and SOX2 studies, embryos were permeabilized using 0.25% [v/v] Triton-X for 20 

minutes and then washed twice in wash buffer (DPBS containing 0.1% [w/v] BSA and 0.1% 

[v/v] Tween20) before blocking for 1 hour at room temperature in 10% horse serum. For 

pSTAT3Y705 studies, embryos were permeabilized with 70% [v/v] ethanol for 5 minutes and 

washed once in blocking buffer (10% [v/v] Horse Serum with 0.1% [v/v] Triton-X100) followed 

by two washes in wash buffer. Blocking for this antibody was completed with 10% [v/v] Horse 

Serum containing 0.1% [v/v] Triton-X. All embryos were incubated overnight at 4°C in primary 

antibodies for CDX2 (Biogenex, San Ramon, CA; AM392-5M, sold ready-to-use), pSTAT3Y705 

(Cell Signaling Technologies, Danvers, MA; 9145T; 1:100) or SOX2 (R&D Systems, 

Minneapolis, MN; AF2018-SP; 1:300). Embryos were then washed three times and incubated at 

room temperature for 1 hour with donkey anti-mouse FITC, 488 or 647 (for CDX2), donkey 

anti-rabbit 555 (for pSTAT3Y705), or donkey anti-goat 647 (for SOX2). Embryos were washed 

three times and incubated for 5 minutes at room temperature with DAPI (1µg/ml). After washing 

once in PBS-PVP, the embryos were placed in 10% [v/v] ProLong Gold Antifade diluted with 

PBS-PVP and either imaged by flattening on a glass slide or not flattening (for z-series 

acquisition), depending on the study. Immunoreactive complexes and DNA staining were 

visualized by using an Eclipse Ti-E inverted microscope equipped with an X-Cite 120 

epifluorescence illumination system. Images were captured with DS-L3 digital camera and 

assembled with NIS-Elements Software (Nikon Instruments, Melville, NY). Cell counting was 

completed by using the cell counter plugin in the program FIJI (ImageJ) to label and record 
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individual nuclei stained for CDX2 (CDX2+, indicating TE) or DAPI only (CDX2-/DAPI+, 

indicating ICM) [273].  

 

Statistical Analyses 

All analyses were completed by least-squares ANOVA using the general linear model of 

the Statistical Analysis System (Proc GLM; SAS for Windows, version 9.4; SAS Institute Inc., 

Cary, NC, USA). Individual comparisons were partitioned further, when necessary, by using the 

probability of difference (PDIFF) test of SAS. Relative mRNA abundance data were log-

transformed before analysis, but data are presented as fold change with standard error. For each 

embryo development study, the replicate was used as the experimental unit. This replicate refers 

to the mean developmental percentages observed on each in vitro embryo production occasion 

(i.e. each IVP run). Percentage data (e.g. blastocyst formation rates) were arcsine-transformed 

before analysis but are presented as non-transformed means and SEM. The Tukey honestly 

significant difference test was used for all blastocyst formation data. Blastomere numbers and 

differential staining analysis used individual embryos as the experimental unit. Statistical 

significance was determined at P  0.05. 

 

Results 

IL6 Increases ICM and Total Cell Numbers in Day 7 Blastocysts but Not Morulae 

Previous work determined that IL6 supplementation beginning at day 5 post fertilization 

increases ICM cell numbers at day 8 post-fertilization [8]. A follow-up study examined whether 

beginning IL6 treatment on day 1 post-fertilization affected ICM and TE cell numbers in 

embryos harvested on day 7 post-fertilization (Fig. 3-1). No effect of IL6 was detected on the 
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incidence of morulae and early and expanded blastocyst formation on day 7 (data not shown). 

However, IL6 treatment tended (P=0.06) to reduce regular (7.5±2 versus 13.1±2% for controls) 

and total blastocyst formation (15.4±3 versus 20.4±4% for controls). Treatment with IL6 did not 

affect total cell number in morulae (Fig. 3-1A). Supplementation with IL6 increased (P<0.05) 

ICM cell numbers in early, regular and expanded blastocysts (Fig. 3-1B, D, F). Treatment also 

increased (P<0.05) total cell numbers in regular and expanded blastocysts but not early 

blastocysts. Numbers of TE cells were reduced (P <0.05) by IL6 treatment in early blastocysts 

but were unchanged in regular and expanded blastocysts. The ICM:TE ratio was increased 

(P<0.05) by IL6 at each stage of blastocyst development (Fig. 3-1C, E, G). Example images of 

immunostained embryos within each stage are presented in Figure 3-2. 

IL6 Activates the JAK/STAT3 Pathway in Bovine Embryos 

The mode of IL6 action on embryonic cells was examined by determining whether IL6 

stimulates STAT3 phosphorylation and nuclear localization. On day 5 post-fertilization, control 

embryos showed no nuclear pSTAT3Y705 staining, but embryos treated with IL6 for 30 minutes 

contained nuclear-localized staining in most cells (Fig. 3-3A). When the study was completed on 

day 8 of development, control blastocysts showed slight nuclear pSTAT3Y705 staining in all ICM 

cells and no staining in the TE (Fig. 3-3B). Exposure to IL6 for 30 minutes intensified nuclear 

pSTAT3Y705 staining specifically in the ICM (Fig. 3-3B).  

A second study examined the ability of IL6 to stimulate STAT3 activity by examining 

SOCS3 expression, a STAT3-inducible signal silencer [294]. This study began at day 7 to 

capture blastocyst responses to IL6 treatment. Exposure of day 7 embryos to 100 ng/ml IL6 for 6 

h increased SOCS3 transcript abundance (Fig. 3-3C).  
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The next series of studies examined the consequences of blocking IL6-induced STAT3 

activation beginning at day 5 post-fertilization. Pre-treatment with 5 µM AZD1480, a 

pharmacological inhibitor of JAK1/2, effectively blocked IL6-induced pSTAT3Y705 staining and 

nuclear localization on day 5 post-fertilization (Fig. 3-3A). Examples of cell staining in day 8 

blastocyst with or without AZD1480 exposure is provided in Figure 3-4 (panels A-L). 

Supplementation with IL6 beginning on day 5 did not affect total blastocyst or expanded 

blastocysts development on day 7 or 8 (Fig. 3-4M). Treatment with AZD1480 alone reduced 

(P<0.05) the percentage of total blastocysts on day 7 and 8 and reduced (P <0.05) the percentage 

of expanded blastocysts on day 8 (Fig. 3-4M). Co-supplementation of AZD1480 and IL6 

partially restored blastocyst development on day 7 and 8 (Fig. 3-4M).  

As expected, ICM cell numbers were increased (P<0.05) after IL6 exposure beginning on 

day 5, but ICM cell numbers were reduced (P<0.05) following exposure to AZD1480 beginning 

on day 5, regardless of whether IL6 treatment was administered (Fig. 3-4N). Neither AZD1480 

treatment, IL6 supplementation nor the combination of treatments affected TE cell numbers. 

Total blastomere numbers were reduced with AZD1480 treatment in both IL6 treated and non-

treated embryos (P<0.05; data not shown).  

To confirm that the DAPI+/CDX2- nuclei in AZD1480 treated blastocysts were ICM 

cells, a subset of embryos was stained for SOX2, a pluripotency marker commonly used to mark 

the ICM (Fig. 3-4B, E, H, K) [284]. Numerous SOX2+ nuclear staining was detected in the BSA 

controls and IL6-treated groups (Fig. 3-4B, E). However, only a few SOX2+ nuclei were detected 

in embryos exposed to AZD1480 (Fig. 3-4 H, K). Curiously, this JAK inhibition resulted in 

some cells dual-staining for CDX2 and SOX2 (indicated by arrows in Fig. 3-4H-I and K-L).  
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IL6 has Minimal Effects on the Bovine Embryo Transcriptome 

 Blastocysts produced from embryos treated with IL6 or carrier only from day 5 to day 8 

were harvested, pooled, and processed for RNA sequencing. Blastocysts not used for the RNA 

analysis were processed for cell counting. Treatment with IL6 increased (P<0.05) ICM 

(74.71±5.5 versus 47.2±6.6 cells in controls), TE (131.8±8.2 versus 105.3±8.7 cells in controls), 

and total cell numbers (206.5±12.3 versus 152.5±14.4 cells in controls). Treatment with IL6 also 

increased (P<0.05) the ICM:TE ratio (0.6±0.05 versus 0.4±0.04 in controls).  

The analysis contained an average of 47,021,778 reads/sample and identified 22,104 transcripts 

and 19,981 genes (see Supplementary File 1). Treatment with IL6 affected the expression of 91 

genes (1.5-fold; 1.0 RPKM; FDR<0.05), with 60 up-regulated and 31 down-regulated 

(Supplementary File 1). Panther analysis identified genes associated with signaling molecules 

(PC00207; FAM43B, A2M, FZD10, GDF15), receptors (PC00197; GPR68, NPSR1, SORL1, 

LAMA1, FZD10), and transcription factors (PC00218: IRF1, BHLHE40, ZNF423). Panther 

Pathway Analysis identified genes involved with chemokine and cytokine signaling (P00031; 

VWF, ITGA2, NFKB) and integrin signaling (P00034; LAMA1, ITGA2, CAV1). Panther-GO Slim 

Analysis for molecular function identified several genes associated with protein binding 

(GO:0005515; EXOC3L4, FZD10, KIFC1, CSTB, TRIB3, SERPINA3, IGFBP4, TMEM88, 

SEPT4, CAV1, GDF15, FAM43B, A2M, CIITA, BHLHE40).    

 The dataset was used to describe the abundance of IL6 family member ligands and 

receptors in bovine blastocysts (Fig. 3-5A). For IL6 family receptors, IL6R, IL6ST and IL11RA 

expression was detected (RPKM > 1.0). CNTFR, LIFR and IL27RA were present in low 

abundance (RPKM 0.2-1.0) and other receptors were not detected (RPKM < 0.2). Treatment 

with IL6 increased (FDR < 0.05) IL6R abundance but not the other receptors. The most abundant 
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IL6 family ligand was IL6. Both IL27 and CTF1 were also detected at moderate abundance 

(RPKM > 1.0) and CLCF1 was detected at low abundance (RPKM 0.2-1). Other ligands were 

not detected (RPKM < 0.2).    

 The expression profiling dataset also was used to examine the expression of genes 

associated with ICM, TE and primitive endoderm (PE) lineages and with pluripotency and 

differentiation (Fig. 3-5 B-C) [295]. No changes in gene expression were detected in ICM and 

TE lineage markers, but two PE lineage markers were expressed in greater amounts (FDR < 

0.05) after IL6 treatment (PDGFRA, HNF4A) (Fig. 3-5B). Also, only 3 of the 19 genes identified 

in the dataset associated with pluripotency and differentiation were increased (FDR < 0.05) after 

IL6 treatment (STAT1, STAT3, OTX2) (Fig. 3-5C).  

 

Discussion 

Interleukin-6 is best known as a pro-inflammatory cytokine that regulates the acute phase 

response and other inflammatory responses [238,296]. This group recently described that IL6 

also serves as an embryotrophic factor in cattle, and it contains the unique ability to stimulate 

ICM cell numbers in bovine blastocysts [8]. This work built upon previous findings and 

described the apparent signaling mechanism responsible for this IL6 action.   

The ontogeny of IL6’s effect on ICM cell numbers was assessed by examining changes in 

ICM cell numbers as blastocysts began forming on day 7 post-fertilization. We were unable to 

discriminate between future ICM and TE cells at the morula stage with CDX2 differential 

staining. However, no changes in blastomere numbers were detected at the morula stage after 

IL6 treatment. Therefore, it seems probable that IL6’s proliferative or anti-apoptotic actions are 

not occurring until the blastocyst begins to form. It is difficult to speculate whether IL6 promotes 
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blastomere allocation to the ICM as the blastocyst is being formed or if IL6 promotes ICM cell 

lineage expansion after the ICM is formed. We found that early blastocysts on day 7 contain 

greater ICM cell numbers and fewer TE cell numbers after IL6 treatment, suggesting a lineage 

reallocation. However, regular and expanded blastocysts contained greater ICM but similar TE 

cell numbers, suggesting ICM cell proliferation after IL6 treatment. Moreover, there also may be 

proliferation in TE cells between the early and later stages of development. 

In our previous work, we did not detect an effect of IL6 on TE cell numbers [8]. 

However, in this work, we detected two occasions when TE cell numbers changed after IL6 

treatment. The first was in early blastocysts and the second effect was found in the day 8 

blastocysts used as controls for our RNA sequencing study. The reasons for these occurrences 

were not pursued and it is not clear if this effect can be replicated or if it occurred on these 

occasions merely due to chance. The noteworthy effect of IL6 on ICM numbers was pursued 

instead of these minor changes in TE numbers that occurred in some but not all studies.  

Previously, no known activator of STAT3 in bovine preimplantation embryos and 

blastocysts had been described. This work discovered that IL6 activates STAT3 in bovine 

embryos. Nuclear staining of STAT3Y705 was detected in IL6-treated embryos in nearly all 

blastomeres on day 5 and solely within the ICM on day 8. Additionally, IL6 increased expression 

of SOCS3, a STAT3-responsive gene, in day 7 blastocysts after 6 hours of treatment. Similar 

findings have been observed in other species. Blocking embryo-derived IL6 activity (by 

antibody-based neutralization) in mouse blastocysts reduced STAT3 phosphorylation and 

nuclear localization [248]. IL6 also stimulated STAT3 phosphorylation in pig blastocysts, 

although this activation could be detected both in the ICM and TE [247]. The SOCS3 increase 

was not observed in our RNA sequencing data. This is not surprising given that embryos were 
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exposed to IL6 for 72 hours in the RNA sequencing study, and SOCS3 expression is known to 

spike initially but decrease after long-term IL6 treatment [294]. 

The inhibition of the JAK/STAT3 pathway prevented the IL6-induced expansion of ICM 

cell numbers in bovine blastocysts. Additionally, a few of the embryos exposed to the JAK1/2 

inhibitor began degenerating approximately 24 to 48 h after blastocyst formation (2 of 36 

JAK1/2-treated blastocysts versus none of the non-treated blastocysts). We also experienced 

some difficulty obtaining acceptable quality blastocysts for cell counting in JAK1/2-inhibited 

blastocysts (5 of 11 blastocysts were not used because of poor quality). These observations 

resemble the rapid, post-blastocyst degeneration observed in STAT3-null mouse embryos 

[243,248]. Therefore, present findings point to IL6 acting through STAT3 to mediate ICM 

development in cattle, pigs and mice. However, we cannot confirm that the JAK/STAT3 is the 

only pathway IL6 employs to impact ICM development because inhibition of the JAK/STAT3 

pathway always results in a loss of ICM cells, regardless of IL6 supplementation.  

Most of the cell counting studies herein did not utilize an ICM-specific marker. We 

concluded that blastomeres lacking CDX2 represent ICM. In one study, we confirmed these 

CDX2- cells were ICM cells by SOX2 immunostaining. Other studies did not utilize SOX2 for 

cell counting because it can be detected both in the nucleus and cytoplasm of the bovine ICM, 

and this complicates cell counting [284]. Curiously, the JAK1/2-inhibited blastocysts contained a 

subset of SOX2+ and CDX2+ dual-positive nuclei (arrows in Figure 3-4 H-I and K-L). The 

reason for this phenomenon was not explored. This could suggest a possible disruption of lineage 

specification or it may simply reflect an artifact of cell immunostaining.  

It is interesting that IL6 supplementation may partially alleviate the negative effect of 

JAK1/2 inhibition on blastocyst formation. Inhibition of JAK1/2 reduced blastocyst formation on 
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day 7 and 8, but blastocyst rates were partially restored with IL6 and AZD1480 co-

supplementation. This suggests that IL6 may act on embryos through non-STAT3-dependent 

systems to control blastocoel formation and/or TE development. However, IL6 supplementation 

did not affect blastocyst formation in a group culture setting in this and previous work, but this 

group recently showed that supplementing IL6 during a high-stress situation (individual embryo 

culture), facilitated blastocyst formation [8]. This may indicate that IL6’s ability to promote 

blastocyst development in bovine embryos is observed primarily during sub-optimal culture 

conditions. 

The RNA profiling work provided minimal insights into the mechanisms that mediate 

IL6’s effects on the ICM. Time-response studies and studies that specifically examine the ICM 

likely are needed to decipher gene expression changes associated with IL6 treatment. However, 

this dataset was useful for describing IL6 as a major controller of bovine embryogenesis within 

the IL6 family. IL6R was the most abundantly expressed ligand-specific receptor. Moreover, IL6 

supplementation increased IL6R expression. Likewise, IL6 was the most abundantly expressed 

ligand. The sequencing also suggests that many of the other IL6 family members are unlikely to 

affect embryonic STAT3 expression in bovine blastocysts. Either the ligand-specific receptor is 

absent, or endometrial and/or embryonic ligand expression is lacking during the time of 

blastocyst development. One family member of note was IL11. Blastocyst expression of IL11RA 

is interesting because IL11 is a putative uterine-produced embryokine. It exhibits a temporal 

expression pattern in bovine endometrium, with greatest abundance on day 7 post-estrus [297].  

The RNA-sequencing dataset also provided evidence that IL6 supplementation had 

minimal effects on embryo lineage formation and early pluripotency and differentiation 

potential. IL6 supplementation did not alter the expression of lineage markers associated with 
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ICM and TE development, but alterations in primitive endoderm (PE) lineage markers were 

detected. The PE will produce the yolk sac, and the yolk sac of IVP bovine embryos is poorly 

vascularized in comparison to embryos produced in vivo [298,299]. We detected an increase in 

PDGFRA2 and HNF4A transcripts with IL6 treatment, both of which are vasculogenesis and 

angiogenesis factors associated with the PE. Therefore, these changes in gene expression may 

reflect downstream IL6 effects that may improve yolk sac development and function. Only 3 of 

the 19 pluripotency and differentiation markers found in the RNA sequencing dataset were 

increased by IL6 treatment (STAT1, STAT3, OTX2). Previous reports found that expression for 

each of these transcriptional regulators is controlled by IL6 family members in non-embryonic 

tissues, indicating that it not unexpected to detect these responses to IL6 treatment in bovine 

embryos [300,301]. Future studies will be necessary to confirm if these differences in transcript 

abundance also yield protein and functional differences. 

In summary, this work provides additional evidence that IL6 functions as an embryokine 

in bovine preimplantation embryos. IL6 activates STAT3 phosphorylation and nuclear 

localization specifically within the ICM. Also, blocking the JAK/STAT3 pathway prevents the 

beneficial effects of IL6 on ICM development. However, due to the apparent necessity of STAT3 

for ICM survival, we cannot completely confirm that IL6 acts solely through the JAK/STAT3 

pathway to elicit its ICM effects. The physiological relevance of IL6 remains speculative. It is 

expressed in the oviduct, endometrium and embryo during early pregnancy in cattle and a recent 

report found that IL6 transcripts were among the most prominently expressed cytokines in the 

oviduct on day 3 and 5 and in the endometrium on day 5 [8,247,294]. However, it remains 

unknown if IL6 is required for normal bovine embryo development or if it functions primarily as 

a facilitator of ICM development only during in vitro embryo production. Lastly, evidence 
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provided herein suggests that IL6 is the predominant mediator of IVP embryo ICM development 

among IL6 family members. The implications of enhancing ICM development in IVP embryos 

has yet to be explored, but all current indications suggest that IL6 treatment could improve IVP 

embryo survival after transfer in cattle.  
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Table 3-1. Primers used for quantitative RT-PCR. 

Gene 

Reference or 

Genbank 

accession no. 
Primer sequence (5 - 3) 

Product size (bp) 

SOCS3 
NM_174466.2 Forward: CGAGAAGATCCCTCTGGTGT 

Reverse: CGGTCTTCCGACAGAGATGT 

77 

SDHA 
Goossens et al. 

2005 

Forward: GCAGAACCTGATGCTTTGTG 

Reverse: CGTAGGAGAGCGTGTGCTT 
185 
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Table 3-2. Antibody source and dilution information.   

Epitope Source Catalog 

Number 

Working 

Concentration 

or Dilution* 

Host 

Species 

CDX2 Biogenex AM392-5M Ready-to-use Mouse 

pSTAT3Y705 Cell Signaling 

Technologies 

9145T 1:100** Rabbit 

SOX2 R&D     

Systems 

AF2018-SP 1:300** 

 

Goat 

Donkey anti-

mouse FITC 

secondary 

Invitrogen A16018 1:200** Donkey 

Donkey anti-

mouse 647 

secondary 

Invitrogen A31571 10 µg/ml Donkey 

Donkey anti-

mouse 488 

secondary 

Invitrogen A21202 10 µg/ml Donkey 

Donkey anti-

rabbit 555 

secondary 

Invitrogen A31572 10 µg/ml Donkey 

Donkey anti-

goat 647 

secondary 

Invitrogen A21447 10 µg/ml Donkey 

*All antibodies (except the CDX2 antibody) were diluted in 1% [v/v] Horse Serum in PBS-PVP. 

** The protein concentration of this antibody preparation is not provided. It is supplied as a 

liquid.  
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Figure 3-1. Supplementation with IL6 stimulates ICM cell numbers in bovine blastocysts 

evaluated on day 7 post-fertilization. Embryos received either 100 ng/ml IL6 or carrier only (0 

ng/ml). Morula and blastocysts were separated by stage on day 7, fixed and immunostained. 

Panel A: Average total cell counts for morulae. Panels B, D, F: Total cell numbers and numbers 

of ICM and TE cells in early (B), regular (D) and expanded (F) blastocysts. Panels C, E, G: The 

ICM:TE ratios for individual day 7 embryos categorized as early (C), regular (E) and expanded 

(G) blastocysts. Corresponding means and SEMs are indicated by the bars. Different superscripts 

within each panel indicate differences (P<0.05).  
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Figure 3-2. Representative day 7 embryos treated with 0 or 100 ng/ml IL6 from day 1 to 7 post-

fertilization. On day 7, embryos were harvested, grouped based on stage of development and 

treatment, fixed and immunostained. DAPI staining was used at the morula stage to determine 

total cell numbers. Differential cell staining was completed at the blastocyst stages. Nuclei 

representing TE are indicated by CDX2+/DAPI+ staining (green) and the ICM nuclei are CDX2-

/DAPI+ (blue). 
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Figure 3-3. IL6-dependent stimulation of 

STAT3 phospho-activation and nuclear 

localization in day 5 and 8 embryos. Panel 

A: A representative sampling of embryos 

(>8-cells) that were pre-treated with 0 

(DMSO only) or 5 µM AZD1480 for 4 

hours before treatment with 0 (BSA only) 

or 100 ng/ml IL6 for 30 minutes. Embryos 

were immunostained to detect pSTAT3+ 

(red) and counterstained with DAPI (blue) 

to detect all nuclei. Panel B: A 

representative sampling of day 8 

blastocysts treated with 0 or 100 ng/ml IL6 

for 30 minutes before immunostaining to 

detect pSTAT3+ nuclei (red) and CDX2+ 

(TE marker, green). All images were 

obtained by z-series acquisition and 

subsequent focusing of the image via an 

Extended Depth of Field module (Nikon). 

Panel C: Influence of 100 ng/ml IL6 on 

SOCS3 expression after 6 hours of 

treatment in day 7 blastocysts. Different 

superscripts within each panel indicate 

differences (P<0.05). 
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Figure 3-4. The necessity for STAT3 activity in ICM development. On day 5 post-fertilization, 

embryos (>8-cell) were exposed to either 0 (DMSO only) or 5 µM AZD1480 and either 0 (BSA 

only) or 100 ng/ml IL6 until day 8 post-fertilization. Panels A-L: Representative images of 

blastocysts exposed to the JAK inhibitor and/or IL6. Embryos were immunostained to detect TE 

(CDX2+ nuclei; green) or ICM (SOX2+ nuclei and cytoplasmic; yellow). Images were obtained 

after flattening blastocysts between a slide and coverslip. Panel M: The effect of JAK inhibition 

on blastocyst formation and cell number. Panel N: Effect of supplementation with or without the 

JAK inhibitor and IL6 on TE and ICM cell numbers. Different superscripts within each panel 

indicate differences (P<0.05).  
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Figure 3-5. Expression analysis of IL6 family ligand and receptors, markers of embryonic 

lineages, and markers of pluripotency and differentiation after IL6 exposure. Supplementation 

with 0 or 100 ng/ml IL6 was completed from day 5 to 8 post-fertilization. Blastocysts recovered 

on day 8 were processed for RNA extraction and RNA-sequencing was completed using an 

Illumina-based platform and the CLC Genomics Workbench 11.0.1 to align sequences to the Bos 

taurus reference genome (Ensembl;UMB3.1). Panel A: Abundances of IL6 family member 

ligands and receptors with and without IL6 supplementation. Panel B: Transcript abundance for 

genes associated with ICM, PE and TE lineages. Panel C: Transcript abundance of pluripotency 

and differentiation markers identified in the dataset. Expression values in each rectangle are 

expressed as reads per kilobase of transcript per million (RPKM). Asterisks indicate transcripts 

with differential expression based on IL6 treatment (FDR < 0.05). 
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Chapter 4: Interleukin-6 increases hypoblast proliferation and slows 

epiblast differentiation in the bovine blastocyst inner cell mass 

 

Introduction 

 Interleukin-6 (IL6) is a cytokine, commonly known for its role in stimulating the acute-

phase response in the innate immune response to illness [302]. Intriguingly, bovine 

preimplantation embryos produce transcripts for IL6 and both of its receptor subunits needed to 

transduce signals [8,240,241]. IL6 signals through a heterotrimer complex composed of one 

ligand-specific alpha subunit, IL6R, and two beta subunits, both IL6ST (a.k.a. gp130), which are 

not ligand specific, but contain intracellular signal-transducing regions [302]. Ligand binding of 

IL6 to IL6R results in recruitment of two IL6ST units, and downstream activation of intracellular 

signaling pathways, including the PI3K, MAPK, and JAK/STAT cascades [302]. However, IL6 

is perhaps best known for activating STAT3 signaling [303]. The transcription factor STAT3 is 

involved in numerous cancers, inflammation, and even murine embryonic stem cell (ESC) 

maintenance [122–124,238,303]. ESCs are derived from the inner cell mass (ICM) of 

blastocysts, making STAT3 an important focal point in blastocyst development as well. 

The ICM is a primitive structure, present in a very early embryonic stage, the blastocyst, and 

gives rise to the embryo proper as well as the extraembryonic endoderm and mesoderm. Despite 

our long-time ability to culture in vitro-produced (IVP) bovine embryos to the blastocyst stage, 

several indications exist that the IVP bovine ICM is inferior to its in vivo produced counterpart. 

These IVP ICMs contain fewer cells [237], have elevated apoptosis [304–306], and commonly 

produce small and defective embryonic disks after transfer [244,246]. These abnormalities may 

be responsible for the low calving rates of IVP embryos [116,307,308]. This lab recently 
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reported that IL6 supplementation during in vitro development of bovine embryos increases ICM 

cell number in IVP bovine blastocysts and stimulates STAT3 activity in ICM cells [8,309]. This 

discovery invites the idea that IL6 may be useful as a tool to improve blastocyst quality and 

thereafter pregnancy retention of bovine IVP embryos. However, the ICM is not comprised of a 

single cell type; soon after its own specification, the ICM differentiates into two lineages, the 

epiblast (EPI), which will produce the embryo proper and extraembryonic mesoderm, and the 

hypoblast (HYPO), which produces the extraembryonic endoderm, otherwise known as the yolk 

sac. The effect of IL6 treatment on these two lineages in the bovine blastocyst is currently 

unknown. 

The following work was performed to address the question of how IL6 affects the EPI and 

HYPO lineages after treatment in vitro. We hypothesized that IL6 stimulates proliferation of one 

or both lineages. Additionally, through these studies we discovered the inadequacy of our culture 

medium to support development beyond day 8 post-fertilization. To remedy this, we tested the 

suitability of a bovine ESC medium for blastocyst culture until day 10, with or without IL6 

supplementation. 

Materials and Methods 

No animals were used for this work. All studies were completed on slaughterhouse-derived 

materials from a commercial slaughterhouse that followed humane slaughter practices according 

to USDA guidelines. Reagents were purchased from ThermoFisher Chemical Company 

(Waltham, MA), unless otherwise specified. 
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In vitro Embryo Production 

Bovine blastocysts were produced by in vitro maturation, fertilization and culture procedures 

described previously [309,310]. In brief, cumulus-oocytes complexes (COCs) were extracted 

from ovaries by slashing follicles with a scalpel and washed in BoviPlus Oocyte Washing 

Medium (Minitube USA, Inc. Verona, WI). After washing, COCs were cultured in groups of 20-

30 in 500 µl of maturation medium [309] covered in paraffin oil (Ovoil; Vitrolife, Göteborg, 

Sweden). Maturation lasted 21-24 hours, in 5% CO2 in humidified air at 38.5°C. The COCs 

were then washed in HEPES-SOF [73], and placed in groups of 150-200 in 3 ml SOF-FERT 

[270] under paraffin oil. Pooled semen from four Holstein bulls (donation from Select Sires, 

Plain City, OH, USA) was thawed, and spermatazoa were isolated using a biphasic gradient (40 

and 80% [v/v] BovipureTM; Nidacon; Spectrum Technologies, Healdsburg, CA, USA) before 

washing once in SOF-FERT. Sperm were added to the fertilization dish at 1 million sperm/ml 

medium, and the COCs and sperm were co-incubated overnight (14-18 hours) in humidified air 

at 5% CO2 at 38.5°C. The following morning, the presumptive zygote-cumulus complexes were 

denuded by gentle pipetting in HEPES-SOF and placed in groups of approximately 25 in drops 

of 50 µl SOF-BEI [146] under paraffin oil. The embryos were incubated in 5% CO2, 5% O2 and 

90% N2 in humidified air at 38.5°C for the rest of their culture period, as specified in each 

experiment below. Day of fertilization was designated as day 0. Unless specified otherwise, 

treatments were administered to existing drops by addition of 2 µl of treatment-concentrated 

SOF-BEI, to achieve a final in-drop concentration of 0 or 100 ng/ml IL6. For blastocysts 

sampled on day 8, regular, expanded and hatched blastocysts were selected for fixation. For 

blastocysts sampled on day 9, non-expanded blastocysts appeared degenerate (darkened 

cytoplasm, severe evidence of blebbing and fragmentation), and only expanded and hatched 
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blastocysts were considered viable and fixed. For blastocysts sampled on day 10, non-hatched 

blastocysts appeared degenerate, and only hatched blastocysts were considered viable and fixed. 

 

Study 1: IL6 Supplementation Prior To Blastocyst Formation and Day 9 Blastocysts 

Treatments of 0 or 100 ng/ml IL6 were administered on day 5. Four days later, on day 9, 

blastocysts were collected from each treatment and fixed for CDX2, GATA6 and NANOG 

immunostaining, as described below. This study was replicated four times, with a total of 46-52 

blastocysts analyzed per treatment. 

 

Study 2: IL6 Supplementation After Blastocyst Formation and Day 9 Blastocysts 

On day 7, blastocysts were collected from their existing drops, and sorted individually into 

new 50 µl drops of SOF-BEI, containing either 0 or 100 ng/ml IL6. The blastocysts were 

cultured in their new treatment drops for 48 hours, and then were collected and fixed for CDX2, 

GATA6 and NANOG immunostaining, as described below. This study was replicated three 

times, using a total of 39-42 blastocysts per treatment. 

 

Study 3: IL6 Supplementation Prior To Blastocyst Formation and Day 8 Blastocysts 

Treatments of 0 or 100 ng/ml IL6 were administered on day 5. On day 8, blastocysts were 

sampled from each treatment and fixed for CDX2, GATA6 and NANOG immunostaining, as 

described below. This study was replicated three times, with a total of 28-29 blastocysts analyzed 

per treatment. 
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Study 4: IL6 Washout at the Blastocyst Stage 

Treatments of 0 or 100 ng/ml IL6 were administered on day 5. Two days later (day 7), 

blastocysts and morulae were removed from treatments, separated by stage of development, and 

washed twice in 50 µl drops of SOF-BEI. After washing, the embryos were placed in a final 50 

µl drop of fresh SOF-BEI in groups of 2-7. On day 9, all blastocysts were fixed and kept separate 

by treatment and day 7 stage of development, before being processed for NANOG, GATA6 and 

CDX2 staining as described below. This study was replicated twice. A total of 5-12 day 7 

morulae and 24-28 day 7 blastocysts were analyzed per treatment. 

 

Study 5: Blastocyst STAT3 Response to IL6 Over Time 

On day 6.5, 7, 8 or 9, blastocysts were treated with 100 ng/ml IL6 for 30 minutes. On day 8 

and 9, some blastocysts received 0 ng/ml IL6 in some replicates for reference. After incubation, 

the blastocysts were fixed and processed for pSTAT3Y705 immunostaining, as described below. 

Samples were collected from each stage of development in at least two replicates. A total of 27-

73 blastocysts were analyzed per time point and per treatment. 

For analysis, the degree of STAT3 staining in each ICM was scored categorically. A rank of 

1 indicated no ICM cells were positive for pSTAT3Y705. A rank of 2 indicated <5 cells were 

positive. A rank of 3 indicated >5, but not all, ICM cells were positive. A rank of 4 indicated all 

ICM cells were positive. See figure 4-6 for examples. 
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Study 6: pSTAT3Y705 Colocalization with GATA6 or NANOG After IL6 Treatment in SOF-BEI 

Treatments of 0 or 100 ng/ml IL6 were administered on day 9, and the blastocysts were 

incubated for 30 minutes before being fixed and immunostained for either NANOG and 

pSTAT3Y705, or GATA6 and a different pSTAT3Y705 antibody, as described below. A total of 63 

blastocysts from 4 replicates were stained for NANOG, and 24 were pSTAT3Y705 positive and 

used for analysis. For GATA6 staining, 26 of 58 blastocysts from 3 separate replicates were 

pSTAT3Y705 positive and used for analysis. 

 

Study 7: Blastocyst Cell Numbers on Day 8, 9 and 10, and 24 Hour IL6 Treatments 

On day 7, 8 or 9, blastocysts were treated with 0 or 100 ng/ml and, after 24 hours, the 

blastocysts were collected and fixed for CDX2 staining, as described below. A total of 11-19 

blastocysts/treatment/time point were analyzed from 3 replicates. 

 

Study 8: Comparison of a TeSR Formulation to SOF-BEI 

We also tested the efficacy of a bovine ESC medium, a TeSR formulation, on blastocyst 

development past day 8. The exact formulation for this medium can be found in table 4-2 

[295,311].  

On day 7, existing drops of embryos in SOF-BEI were randomly allocated to BEI or TeSR 

treatment. For TeSR, blastocysts were removed from their drops of SOF-BEI and cultured in 

groups of 6 or 7 in 50 µl of TeSR medium covered in paraffin oil. For SOF-BEI, blastocysts 

remained in their original drops. We previously determined that this method resulted in higher 

blastocyst cell number on day 10 in comparison to blastocysts which moved to new droplets of 
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SOF-BEI on day 7, presumably because of conditioning factors in the original drop. In both 

SOF-BEI and TeSR, the blastocysts were cultured to day 9, and in two replicates, some drops 

were also cultured to day 10. In addition to being cultured in TeSR or SOF-BEI, the embryos 

also received 0 or 100 ng/ml IL6 beginning on day 7. On day 9 and 10, blastocysts were 

collected and fixed for NANOG, GATA6 and CDX2 immunostaining, as described below. A 

total of 28 to 41 day 9 blastocysts were analyzed per media/treatment from 4 replicates. For day 

10, a total of 4 to 11 hatched blastocysts were fixed per media/treatment from 2 replicates. 

 

Study 9: pSTAT3Y705 Colocalization with GATA6 or NANOG After IL6 Treatment in TeSR 

Embryos were cultured until day 7 in SOF-BEI. On day 7, all blastocysts were removed from 

their drops and moved to new 50 µl droplets of TeSR medium. The blastocysts were cultured in 

groups of 5-8 until day 9. Treatments of 0 or 100 ng/ml IL6 were administered on day 9. The 

blastocysts were incubated with their treatments for 30 minutes, before half were fixed for 

pSTAT3Y705 and GATA6 immunostaining, and the remaining half were stained for NANOG and 

pSTAT3Y705 (different antibody than the one used with GATA6), as described below. A total of 

12 blastocysts were treated with 0 ng/ml, and 37 were treated with 100 ng/ml from 2 replicates.  

 

Immunofluorescence 

Blastocysts were collected and washed twice in Dulbecco’s Phosphate Buffered Saline 

(DPBS), with 0.2% [w/v] polyvinylpyrrolidone (PBS-PVP), before fixation in 4% [w/v] 

paraformaldehyde for 15-20 minutes at room temperature. The blastocysts were then washed 

three more times in PBS-PVP and were either stored in PBS-PVP at 4°C for up to one week 
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before processing or were processed for immunostaining immediately. One of four different 

protocols, described below, were used, depending on the study. All permeabilization and 

blocking steps were performed at room temperature. All secondary antibody incubations were 

performed at room temperature for 1 hour. All blastocysts were washed three times in wash 

buffer (DPBS containing 0.1% [w/v] BSA and 0.1% [v/v] Tween20) following primary and 

secondary antibody incubations. The antibody buffer used was 1% horse serum. 

For CDX2 standalone staining, the blastocysts were permeabilized for 20 minutes with 

0.25% Triton-X in DPBS and blocked for one hour with 10% [v/v] horse serum. The blastocysts 

were then incubated with mouse monoclonal IgG1 anti-CDX2 antibody (Biogenex, San Ramon, 

CA, AM392-5M, sold ready-to-use) for 1 hour at room temperature or overnight at 4°C, before a 

final incubation with a donkey anti-mouse IgG secondary (Alexafluor 488 or 647; 1:200). 

For CDX2, NANOG and GATA6 co-staining, the blastocysts were permeabilized for 30 

minutes with 0.5% Triton-X in DPBS and blocked for one hour with 10% [v/v] horse serum. Due 

to antibody overlap, two rounds of primary and secondary antibody incubations were completed. 

First, the blastocysts were incubated with a mix of rabbit polyclonal IgG anti-GATA6 (Cell 

Signaling Technology, Danvers, MA; 5851T; 1:500) and mouse monoclonal IgG1 anti-NANOG 

(eBioscience; 14-5768-82; 1:200) for 1 hour at room temperature, before incubation with a mix 

of donkey anti-rabbit IgG and donkey anti-mouse IgG secondary antibodies (Alexafluor 647 for 

NANOG, and 555 for GATA6; both 1:200). For the next round, the blastocysts were incubated 

with mouse monoclonal IgG1 anti-CDX2 antibody (same as above) for 1 hour at room 

temperature, before a final incubation with a donkey anti-mouse IgG secondary (Alexafluor 488; 

1:500). 
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For pSTAT3Y705 and NANOG co-staining, the blastocysts were incubated for 5 minutes in 

room temperature 70% ethanol, before additional permeabilization and blocking in 10% [v/v] 

horse serum containing 0.5% Triton-X for 1 hour at room temperature. The blastocysts were then 

incubated with a mix of two primary antibodies, rabbit polyclonal IgG anti-pSTAT3Y705 (Cell 

Signaling Technologies; 9145T; 1:100) and mouse monoclonal IgG1 anti-NANOG (same as 

above; 1:200) for 1 hour at room temperature or overnight at 4°C. The secondary antibodies 

utilized were donkey anti-mouse IgG and anti-rabbit IgG Alexafluors (555 for STAT3, and 647 

or 488 for NANOG; both 1:200). 

For pSTAT3Y705 and GATA6 co-staining, the blastocysts were incubated for 5 minutes in 

room temperature 70% ethanol, before additional permeabilization and blocking in 10% [v/v] 

horse serum containing 0.5% Triton-X for 1 hour at room temperature. The blastocysts were then 

incubated with a mix of two primary antibodies, mouse monoclonal IgG2b anti-pSTAT3Y705 

(Santa Cruz Biotechnology, Dallas, TX; sc-8059; 1:200) and rabbit polyclonal IgG anti-GATA6 

(same as above; 1:500) for either 1 hour at room temperature or overnight at 4°C. The secondary 

antibodies utilized were donkey anti-mouse IgG and anti-rabbit IgG Alexafluors (555 for 

GATA6, and 488 for pSTAT3; both 1:200). 

After incubation with the appropriate secondary antibodies, the blastocysts were incubated 

with 1 µg/ml DAPI for 5 minutes at room temperature, before washing once in PBS-PVP, and 

flattening on a glass slide lined with petroleum jelly. Staining was visualized with an Eclipse Ti-

E inverted microscope equipped with an X-cite 120 epifluorescence illumination system and DS-

L3 digital camera. Images were captured with NIS-Elements Software (Nikon Instruments, 

Melville, NY), and cell counting was completed with the cell counter plugin in the program FIJI 

(ImageJ) [273]. Cells dual positive for GATA6 and NANOG were considered undifferentiated 
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ICM (UN) cells. In studies utilizing the CDX2, NANOG and GATA6 staining protocol, some 

secondary mis-binding occurred between the CDX2 secondary and the NANOG primary, due to 

the CDX2 and NANOG antibodies both being mouse IgG1 antibodies. We were aware of this 

issue, and to ensure our cell counts were accurate, cells which were CDX2+:NANOG+ were 

identified and labeled as EPI or UN, and not TE cells. 

 

Statistical Analyses 

All analyses were completed using the Statistical Analysis System (SAS for Windows; SAS 

Institute Inc., Cary, NC, USA). For all data, the individual blastocyst was considered the 

experimental unit. Differences in cell number were analyzed by least-squares ANOVA, using the 

general linear model (Proc GLM). Replicate was considered a random independent variable for 

all ANOVAs. On a few occasions, the data was determined to be right-tailed, and was cube-root 

transformed before analysis because some data points were zeros. All data presented here are 

non-transformed means and SEMs. Individual comparisons were partitioned further by using the 

Probability of Difference (PDIFF) test in SAS. For analysis of differences in score distribution, 

Fisher’s Exact Test was used when observations were low in number, or a Chi-squared Test was 

used if the n was sufficient (Proc Freq in SAS). Statistical significance was determined at P ≤ 

0.05.  
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Results 

IL6 Supplementation Prior to Blastocyst Formation Increases Epiblast, Hypoblast and 

Undifferentiated ICM Cell Number in Day 9 Blastocysts 

Because the ICM produces two cell types, we analyzed the effect of IL6 on the number of 

cells in the EPI and HYPO in day 9 blastocysts. Day 9 was selected as the end point because all 

or most ICM cells should be committed at this time point [73]. An example of a blastocyst 

stained for GATA6, NANOG and CDX2 can be seen in Figure 4-1A. 

IL6 supplementation increased (P<0.01) the number of ICM cells in day 9 blastocysts (Fig. 

4-1B) and tended (P=0.08) to increase the number of cells in the TE. Treatment with IL6 also 

increased (P<0.01) in total cell number (202.7 ± 10.9 versus 150.8 ± 6.8 cells for IL6 treated 

compared to the controls, respectively). Dissecting the ICM revealed that IL6 increased (P<0.05) 

the number of EPI, HYPO, and UN cells (Fig. 4-1B).   

 

IL6 Supplementation After Blastocyst Formation Does Not Affect Epiblast Cells  

We also administered IL6 treatment to day 7 blastocysts to examine the effects on the ICM 

lineages in day 9 blastocysts. Again, IL6 increased (P<0.01) the number of ICM, TE and total 

cells in the blastocysts (Fig. 4-1C). The number of HYPO and UN cells were also increased 

(P<0.05) with IL6 treatment (Fig. 4-1C). No effect on EPI cell number was observed (Fig. 4-1C).  

 



107 

 

IL6 Supplementation Prior to Blastocyst Formation Decreases Epiblast Cell Number in Day 8 

Blastocysts, but Does Not Affect the Number of NANOG+ Cells 

Because of our previous data indicated that IL6 increases ICM cell number on day 8, and 

because of the interesting day 9 data above, we examined the ICM lineages after IL6 treatment 

on day 8. Again, IL6 increased (P<0.05) the number of cells in the ICM, however, no increase in 

TE or total cell number was observed in this study (Fig. 4-1D). Just as we observed in day 9 

blastocysts, IL6 increased (<0.01) the number of HYPO and UN cells (Fig. 4-1D). However, at 

this time point, IL6 decreased (P<0.05) the number of EPI cells (Fig. 4-1D) but had no effect 

(P=0.5) on the number of NANOG+ cells (includes EPI and UN; Fig. 4-1E). 

 

IL6 Must be Present During Blastocyst Development to Affect ICM Cell Number 

In this study, we sought to answer whether IL6 must be present at the blastocyst stage to 

increase cell number, or if the previously observed increases in ICM cell number were an effect 

of IL6 programming prior to the blastocyst stage. Embryos were treated with 0 or 100 ng/ml IL6 

from day 5 to 7, washed in new SOF-BEI, and cultured for two more days. IL6 treatment from 

day 5 to 7 had no effect (P>0.05) on ICM, TE, total (Fig. 4-2), EPI, HYPO, or UN cell number in 

day 9 blastocysts (EPI, HYPO and UN cell number not shown). The results were the same 

whether only the embryos which were day 7 morulae, day 7 blastocysts, or both combined were 

analyzed. 

Because no differences in treatments were observed, we next examined any differences in 

cell number between the day 9 blastocysts which were either a morula or blastocyst on day 7. No 

difference (P>0.05) in ICM or HYPO cell numbers were detected between the day 7 morula and 

blastocyst groups (data not shown). However, the day 9 embryos which were morulae on day 7 
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had fewer (P<0.05) TE, EPI and total cells, but had more (P<0.05) UN ICM cells (data not 

shown). 

 

IL6’s Ability to Activate STAT3 in the ICM Decreases with Time 

We previously reported that IL6 treatment stimulates STAT3 activation and nuclear 

localization in the ICM cells of blastocysts [309]. Here, we dissected the effect of IL6 on STAT3 

in the ICM by ranking the degree of pSTAT3Y705 staining in the ICM. 

First, day 8 and 9 blastocysts were given 0 or 100 ng/ml IL6 to confirm that IL6 did increase 

STAT3 staining. The distribution of STAT3 scores as well as the averages were different 

(P<0.05) between treatments at day 8 as well as day 9 (data not shown).  

Next, we examined the averages of scores after only IL6 treatment across all time points. The 

scores tended (P=0.06) to decrease between days 6.5 and 7 and decreased (P<0.05) between days 

7 and 8 (Fig. 4-3A). No differences (P>0.05) in distribution of scores was detected between days 

8 and 9 (Fig. 4-3A).  

Finally, we examined changes in the proportion of scores 4, 2 and 3 combined, or 1 between 

consecutive time points with IL6 treatment. The proportion of rank 4 blastocysts did not differ 

between day 6.5 and 7, or day 8 and 9 (Fig. 4-3B). However, a reduced proportion (P<0.05) of 

blastocysts ranked 4 on day 8 in comparison to day 7 (Fig. 4-3B). The proportion of ranks 2 and 

3 combined did not differ across any time points (Fig. 4-3B). Ranks 2 and 3 were combined for 

this analysis as these ranks both represent blastocysts which only had a partial ICM response to 

IL6. No difference in the proportion of rank 1 blastocysts was observed from day 6.5 to 7, or day 

8 to 9, but the proportion increased (P<0.01) from day 7 to 8 (Fig. 4-3B). 



109 

 

 

IL6-Induced pSTAT3Y705+ ICM Cells Are Mainly Hypoblast in Day 9 Blastocysts Grown in 

SOF-BEI 

To examine STAT3 colocalization with ICM lineage markers, we first utilized a pSTAT3Y705 

antibody which we and others have previously used in bovine embryos [289,309] and examined 

NANOG colocalization. An example of a blastocyst with pSTAT3Y705 and NANOG staining can 

be seen in Figure 4-3C. A summary of the number of pSTAT3Y705+ cells in the NANOG-stained 

blastocysts can be seen in Figure 4-3D, including a breakdown of the number and percentage 

which were also NANOG+. The majority of pSTAT3Y705+ cells did not also have NANOG 

staining. A breakdown of the percentage of pSTAT3Y705+ blastocysts which exhibited either 

100% pSTAT3Y705 colocalization with NANOG, partial colocalization, or no colocalization can 

be seen in Figure 4-3E. No blastocysts had 100% colocalization of pSTAT3Y705 and NANOG 

and the majority had no colocalization at all. 

Next, we identified another pSTAT3Y705 antibody which was compatible with our GATA6 

antibody. An example of a blastocyst stained using this method can be seen in Figure 4-3F. A 

summary of the number of pSTAT3Y705+ cells in the GATA6-stained blastocysts can be seen in 

Figure 4-3G, including a breakdown of the number and percentage which were also GATA6+. 

The majority of pSTAT3Y705+ cells were also GATA6+. A breakdown of the percentage of 

pSTAT3Y705+ blastocysts which exhibited either 100% pSTAT3Y705 colocalization with GATA6, 

partial colocalization, or no colocalization can be seen in Figure 4-3H. No blastocysts had 0% 

colocalization of pSTAT3Y705 and GATA6, and the majority had 100% colocalization. 
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ICM Cell Number Decreases After Day 8 in SOF-BEI 

Because we observed day 9 blastocysts with fewer ICM cells than day 8 blastocysts in 

separate studies, we designed a study to examine ICM cell number over time cultured in vitro to 

determine if cell death is occurring. We also included 0 or 100 ng/ml IL6 treatments because we 

previously observed a decrease in IL6-STAT3 response over time and hypothesized that IL6’s 

ability to increase ICM cell number would be lost with time. 

First, we compared only the 0 ng/ml IL6 treated blastocysts to observe changes in blastocyst 

cell number over time without treatment. The number of cells in the ICM did not differ in day 9 

blastocysts compared to day 8 and in day 10 blastocysts compared to day 9 (Fig. 4-4A). 

However, when day 10 blastocysts were compared to day 8, ICM cell number decreased 

(P<0.05; Fig. 4-4A). Trophectoderm cell number did not change from day 8 to 9 but increased 

(P<0.05) from day 9 to 10 and 8 to 10 (Fig. 4-4A). In the end though, because ICM cells were 

lost and TE cells were gained, total cell number did not differ between any time points (Fig. 4-

4A).  

Next, we examined the effect of IL6 treatment when administered for 24 hours either at day 

7, 8 or 9. Overall, IL6 increased (P<0.01) ICM cell number, had no effect on TE cell number, 

and increased total cell number (P<0.05). When we separated treatment effects by time, IL6 

tended (P=0.08) to increase ICM cell number from day 7 to 8 and (P=0.06) 9 to 10, but increased 

(P<0.05) ICM cell number from day 8 to 9 (Fig. 4-4B). IL6 had no effect on TE cell number at 

any time point (Fig. 4-4B). Total cell number did not change after IL6 treatment from day 7 to 8, 

or day 9 to 10, but increased (P<0.05) when IL6 was supplemented from day 8 to 9 (Fig. 4-4B).  
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TeSR Bovine ESC Medium Supports Blastocyst Development Past Day 8 

We next tested a bovine ESC medium to determine if blastocyst development could be 

improved with a more complex medium formulation. Blastocysts were either cultured in SOF-

BEI until day 9, or blastocysts were collected on day 7 and moved to new drops of TeSR 

medium and cultured until day 9. Half of the drops in each media contained 0 or 100 ng/ml IL6 

as well. 

Examples of blastocysts grown in SOF-BEI and TeSR can be seen in Figure 4-5A. On day 9, 

blastocysts grown in TeSR medium had more (P<0.01) ICM, TE, EPI, HYPO, and total cells 

than the blastocysts grown in SOF-BEI (Table 4-1, Comparison 1). The number of UN ICM cells 

did not differ between media (Table 4-1, Comparison 1). Additionally, more (P<0.01) blastocysts 

hatched by day 9 in TeSR medium in comparison to SOF-BEI (Fig. 4-5B), producing more 

viable day 10 blastocysts. On day 10, blastocysts grown in TeSR had increased (P<0.05) 

numbers of ICM, TE, HYPO and total cells (Table 4-1, Comparison 2). No differences were 

observed between EPI and UN ICM cell numbers at this time point (Table 4-1, Comparison 2).  

Comparing IL6 treatments on day 9, in SOF-BEI, IL6 increased (P<0.05) ICM, HYPO, and 

UN cell number (Table 4-1, Comparison 3). In SOF-BEI, IL6 had no effect on TE, EPI, or total 

cell number (Table 4-1, Comparison 3). In TeSR, IL6 had no effect on ICM, EPI or HYPO cell 

number, but tended to increase TE (P=0.06) and total (P=0.08) cell number and increased 

(P<0.01) the number of UN ICM cells (Table 4-1, Comparison 4).  

Because of the low number of day 10 blastocysts analyzed, we combined 0 and 100 ng/ml 

IL6 treatments to analyze the effects of day on blastocyst cell number. In SOF-BEI, ICM, 

HYPO, EPI and total cell number did not change between day 9 and 10 (P>0.05), but the number 

of UN ICM cells decreased (P<0.05) while the number of TE cells tended to increase (P=0.06) 
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(Table 4-1, Comparison 5). In TeSR, the number of cells in the ICM and EPI did not change 

(P>0.05) from day 9 to 10, but the number of TE and total cells increased (P<0.05) (Table 4-1, 

Comparison 6). Additionally, the number of HYPO cells tended to increase (P=0.07), while the 

number of UN ICM cells decreased (P<0.05) (Table 4-1, Comparison 6). 

Surprisingly, we observed evidence of primitive endoderm (PE) migration (HYPO moving 

out from ICM to line the TE) in day 9 and 10 blastocysts grown in TeSR, but we have never 

observed this behavior in blastocysts grown in SOF-BEI. An example of a TeSR blastocyst with 

PE migration can be seen in Figure 4-5A, row 3. To quantify this difference, we analyzed the 

data as a binomial using chi-square. Obviously, TeSR medium had more (P<0.01) PE migration 

than blastocysts grown in SOF-BEI (0/76 blastocysts in SOF-BEI versus 29/98 in TeSR), and a 

greater proportion (P<0.01) of day 10 TeSR blastocysts had PE migration in comparison to day 9 

TeSR blastocysts (Fig. 4-5C). However, IL6 treatment decreased (P<0.01) the proportion of day 

9 blastocysts which had PE migration in TeSR (20/46 blastocysts versus 9/52 in 0 vs 100 ng/ml 

IL6, respectively). 

 

IL6 Induces STAT3 Activation in ICM Cells of Blastocysts Grown in TeSR 

To confirm whether or not IL6 was able to stimulate STAT3 activation and nuclear 

localization in blastocysts grown in TeSR medium, we analyzed pSTAT3Y705 and GATA6 or 

NANOG colocalization in day 9 blastocysts. Treatment with 100 ng/ml IL6 increased (P<0.01) 

the proportion of blastocysts which had pSTAT3Y705+ cells in their ICM cells (1 of 12 blastocysts 

versus 22 of 37 in 0 versus 100 ng/ml IL6, respectively). In 13 pSTAT3+ blastocysts, a total of 

279 ICM cells were pSTAT3+, but only 37 cells, or 13.3% were also NANOG+. In a separate 



113 

 

group of 9 blastocysts, 119 cells were pSTAT3+, and 118, or 99.2%, were also positive for 

GATA6.   

 

Discussion 

We recently reported on IL6’s ability to activate STAT3 in bovine preimplantation embryos 

and increase ICM cell number in blastocysts [8,309]. In this work, we dissected IL6’s effect on 

the two ICM lineages, the EPI and HYPO, and explored the use of a bovine ESC medium as an 

extended blastocyst culture medium. 

Treatment with IL6 mainly affected the HYPO population and produced an approximate 

doubling in HYPO cell number. This suggests IL6 stimulates proliferation of this lineage, which 

may benefit transferred embryos. The HYPO lineage eventually forms the yolk sac, a transient 

embryonic structure important for nutrient exchange. Some evidence suggests that IVP bovine 

embryos have defective yolk sac development [298,299]. In future studies, it will be interesting 

to see if IL6 improves yolk sac development after IVP embryo transfer.  

We also showed that IL6 increases EPI cell number and appears to slow down EPI 

differentiation. We speculate that IL6 acts to temporarily hold EPI-precursors in a stem-like 

state, similar to what has been observed in mouse ESCs, albeit with LIF [312]. Additionally, if 

IL6 supplementation began after the blastocyst had already formed, no effect on the number of 

EPI cells was observed, indicating that IL6 is also only capable affecting EPI cell number when 

supplemented during blastocyst formation.  

In complement to our cell count data, our STAT3 studies also suggest that the epiblast is 

slightly responsive to IL6, but the hypoblast is much more responsive. With time, the ICM 
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appears to become less responsive to IL6, as measured by STAT3 activity, and, interestingly, the 

majority of late-stage blastocysts (day 9) scored a 2 or 3 on our STAT3 activity scale, indicating 

some but not all cells had active STAT3. Because lineage determination has largely finished by 

this time [73], we speculated that this switch from largely all ICM cells being responsive to IL6 

in young blastocysts (day 6.5 and 7) to only some cells in late blastocysts may indicate one 

lineage retains sensitivity to IL6 while the other loses it. Indeed, we found that very few 

pSTAT3+ cells were also NANOG+ in day 9 blastocysts, however the opposite was true for 

GATA6. Additionally, the majority of blastocysts analyzed for NANOG and pSTAT3 had no 

colocalization, and again the opposite was true for blastocysts stained for GATA6. This indicated 

that, after lineage segregation, the EPI appears to lose sensitivity to IL6, while the HYPO retains 

it. This phenomenon of most, but not all, cytokine-responsive cells being HYPO has also been 

observed in mice [312]. We cannot confirm though that any of these cells were differentiated EPI 

or HYPO, because we could not utilize our GATA6 and NANOG antibodies together here due to 

host isotype overlap with our pSTAT3 antibodies. However, in other studies in this work, we 

observed, on average, fewer than 1 cells/blastocyst being GATA6 and NANOG positive in day 9 

ICMs.  

We next wondered if the observed increase in STAT3-unresponsive blastocysts with time 

indicated that IL6 would not increase cell numbers in late-stage blastocysts. Surprisingly, IL6 

increased ICM cell number when supplemented to blastocysts at all the tested timepoints, 

however the day 7 to 8 and 9 to 10 treatments were only tendencies. This is probably due to the 

high blastocyst demand in this study for 2 different treatments and 3 time points (essentially 6 

groups) driving blastocyst number per group down. After 3 replicates, only 11 to 19 blastocysts 

total were examined per group. However, the effect of IL6 is still obvious, and refutes our 
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hypothesis. This result is an interesting contrast to our STAT3 studies. This disparity may be 

explained by the difference in treatment incubation, 30 minutes versus 24 hours. Perhaps 24 

hours is sufficient for IL6 to stimulate production of more IL6R [313], thus increasing its 

effectiveness via an autocrine mechanism. Other possible explanations might be that IL6 is 

utilizing a different pathway to increase cell number, or the antibody used to detect pSTAT3Y705 

may not pick up low levels of STAT3 activity which are still sufficient to increase cell number.  

We also asked whether the observed increases in ICM cell number after IL6 treatment may 

result from a constant presence of IL6 in the culture medium, or it could be a downstream result 

of earlier programming effects of IL6. When morulae and blastocysts were removed from IL6 

treatment on day 7, no effect on ICM, TE or total cell number was observed in day 9 blastocysts, 

indicating that IL6 must be present at the blastocyst stage in order to stimulate ICM cell number. 

Unfortunately, through these studies of later stage blastocysts, we discovered that the 

medium we use for embryo culture, SOF-BEI, is inadequate to support proper blastocyst 

development past day 8. To document this specific observation, we examined cell numbers in 

day 8, 9 and 10 blastocysts. Indeed, ICM cell number decreased from day 8 to 10, while TE 

number increased. This problem of ICM-loss in vitro has been observed by others as well 

[245,314,315]. Degeneration of the ICM is troublesome and may indicate that some effects 

observed herein may be the result of cell death. For example, not every day 9 blastocyst analyzed 

here responded to IL6 (approximately 40% responded), so the ability of IL6 to activate STAT3 

in the ICM may be transient, or this may be a result of degrading ICM health. To potentially 

remedy this issue, we next analyzed the suitability of a complex bovine ESC medium to replace 

SOF-BEI for studies on blastocysts day 8 and older.  
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The utilization of this TeSR medium for blastocyst culture significantly improved 

development. However, in a preliminary test, we discovered that non-blastocysts could not be 

cultured in this medium, as they all lysed. However, blastocysts thrived in the medium. 

Blastocysts grown in TeSR from day 7 to 9 or 10 had significantly more cells in both their ICMs 

and TE than blastocysts grown in SOF-BEI. We even observed several day 10 blastocysts grown 

in TeSR which had over 1,000 total cells whereas the highest number of cells observed in a day 

10 SOF-BEI blastocyst was 289 cells. Additionally, the HYPO/PE in some TeSR blastocysts 

began to spread out from the ICM, to line the TE (see Fig. 4-5A). The exact day post-fertilization 

when PE migration begins in vivo is unknown, and this is the first documented incidence of this 

occurring in vitro that we are aware of. We did not observe PE migration in SOF-BEI blastocysts 

here, nor have we ever seen this in prior experiments not in this work.  

However, the ability of IL6 to increase ICM cell number was lost in the TeSR medium, and 

IL6 treatment even decreased the proportion of TeSR-grown blastocysts which showed evidence 

of PE migration. One explanation for this loss of effect may be due to the formulation of TeSR 

used here. This medium contained NODAL, FGF2, and a Wnt inhibitor, IWR1, all bioactive 

factors which may interact or possibly disrupt IL6’s ability to increase ICM cell number. The 

effect of NODAL and IWR1 have not been individually tested on bovine blastocysts, however, 

FGFs skew the ICM cell population towards the HYPO fate, albeit when used at a much higher 

concentration and supplemented prior to blastocyst formation [142]. Additionally, we noticed 

IL6 decreased the proportion of blastocysts which showed PE migration but did not completely 

prevent it. We speculated earlier in this work that IL6 acts on EPI-precursors to slow their 

differentiation. This evidence that IL6 decreased PE migration may suggest then that IL6 holds 

the ICM, both HYPO/PE and EPI, in a “younger” state. Finally, one other explanation for this 
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loss of IL6-effect may be that this TeSR medium also contains a relatively high level of bovine 

serum albumin (BSA) (1.3% w/v) whereas SOF-BEI has nearly a third of that amount (0.4% 

w/v). BSA is known to bind IL6 in the blood [316], and thus this high concentration of BSA may 

have sequestered enough IL6 to prevent an increase in ICM cell number. However, the fact that 

the IL6 effect on ICM cell number was lost in this TeSR formulation indicates that others 

wishing to study other embryokines and bioactive factors in day 8+ blastocysts may want to 

utilize a version of this TeSR medium without any potential confounding factors (NODAL, 

IWR1, etc). 

Because we observed no increase in ICM cell number after IL6 treatment of blastocysts 

grown in TeSR, we hypothesized that these blastocysts would show no pSTAT3Y705 response to 

IL6 treatment on day 9. This hypothesis was incorrect, as IL6 treatment increased the proportion 

of blastocysts which had at least one pSTAT3+ ICM cell in comparison to treatment with the 

carrier only. In addition to pSTAT3 staining, we also stained half of the blastocysts for NANOG, 

and the other half to GATA6. While these blastocysts are not directly comparable to the set of 

blastocysts grown in SOF-BEI, the results we obtained here are remarkably similar. A total of 

12.4% of pSTAT3+ cells grown in SOF-BEI were also NANOG+, and this was true for 13.3% of 

the pSTAT3+ cells in TeSR blastocysts. Additionally, 93.7% of pSTAT3+ cells of blastocysts 

grown in SOF-BEI were also GATA6+, and 99.2% were the same in TeSR blastocysts. This 

refutes our hypothesis and complicates the effects of IL6 in TeSR.  

In summary, this work provides evidence that IL6 is a potent stimulator of HYPO 

proliferation. We also show that IL6 appears to slow, but not prevent, EPI precursor 

differentiation into EPI cells. This information provides evidence that IL6-treated IVP 

blastocysts are likely to have improved yolk sac development post-transfer, but future studies 
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will be needed to confirm this. Because IL6 was able to slow EPI differentiation, IL6 may also 

prove useful in bovine ESC culture. We also show that the ICM-specific, STAT3-response 

induced by IL6 decreases with time. By day 9, most EPI cells are unresponsive to IL6, as 

measured by STAT3 activity, while HYPO cells appear to retain sensitivity. These findings are 

parallel to functions of LIF in murine blastocysts and cell lines. However, some of these findings 

may be a result of, or influenced by, the inadequacy of in vitro culture conditions; we show that 

ICM cell number decreases with time after day 8, indicating cell death. We assessed the ability 

of a bovine ESC medium TeSR formulation to support long-term blastocyst growth, and found 

that it was able to propel development, unlike SOF-BEI. However, the effect of IL6 on ICM cell 

number was lost in TeSR medium, possibly because of confounding factors (FGF2, NODAL, 

IWR1). This shows that this TeSR formulation can be used to culture blastocysts past the normal 

in vitro culture period, however it may be inappropriate for certain studies investigating other 

embryokines. 
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Figure 4-1. Treatment with IL6 increases the number of HYPO and UN cells in the ICM and 

slows EPI differentiation. Panel A: Example of a blastocyst stained for GATA6, NANOG and 

CDX2. Cells positive for both GATA6 and NANOG were considered UN ICM Cells. Panel B: 

The effect of IL6 on the ICM lineages when supplemented from day 5 to 9. Panel C: The effect 

of IL6 on the ICM lineages when supplemented from day 7 to 9. Panel D, E: The effect of IL6 
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on the ICM lineages when supplemented from day 5 to 8. Different superscripts within each 

panel indicate differences (P<0.05). 
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Figure 4-2. IL6 must be present during blastocyst development to increase ICM cell number. 

Day 9 blastocyst cell numbers after treatment with IL6 from day 5 to 7. Different superscripts 

within each panel indicate differences (P<0.05).  
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Figure 4-3. IL6’s ability to 

stimulate STAT3 in the ICM 

wanes with time, and mostly 

stimulates HYPO cells. Panel A: 

Average STAT3 score of 

blastocysts treated with 100 

ng/ml IL6 for 30 minutes either 

on day 6.5, 7, 8 or 9. This graph 

shows means and SEMs, but the 

data were also analyzed by 

Fisher’s Exact Test 

(multinomial). We chose to 

show means and SEMs because 

they easily and accurately 

communicate the results. Panel 

B: Distribution of STAT3 scores 

of day 6.5, 7, 8 or 9 blastocysts 

treated with 100 ng/ml IL6 for 

30 minutes. Panel C: Example 

of a blastocyst stained for 

pSTAT3Y705 (rabbit antibody) 

and NANOG. Panel D, E: 

Number of cells and blastocysts 

showing NANOG and 

pSTAT3Y705 colocalization. 

Panel F: Example of a 

blastocyst stained for 

pSTAT3Y705 (mouse antibody) 

and GATA6. Panel G, H: 

Number of cells and blastocysts 

showing GATA6 and 

pSTAT3Y705 colocalization. In 

panels A and B, a single * 

indicates a tendency 

(0.05<P<0.1) while two ** 

indicates a difference (P<0.05). 

In panel B, ** indicates a change 

in the proportion of rank 4 

blastocysts, while a † indicates a 

change in the proportion of rank 

1 blastocysts (P<0.05). 
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Figure 4-4. The ICM shrinks with time in SOF-BEI, and IL6 can increase ICM cell number in 

day 7, 8 and 9 blastocysts. Panel A: Total, ICM and TE cell numbers of day 8, 9 and 10 

blastocysts grown in SOF-BEI. Panel B: ICM cell numbers of blastocysts treated with IL6 for 24 

hours from day 7 to 8, 8 to 9, or 9 to 10. The days listed on the x-axis indicate the treatment 

endpoint. Different superscripts within each panel indicate differences (P<0.05). 
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Figure 4-5. Culturing day 7 blastocysts in TeSR medium increases blastocyst cell numbers, 

hatching, and PE migration. Panel A: The first two rows are examples of day 9 blastocysts ICMs 

grown in either SOF (SOF-BEI) or TeSR. These images were taken at 20x magnification. The 

third row shows an example of a day 10 blastocyst grown in TeSR. This blastocyst had 995 total 

cells, shows PE migration (GATA6+ cells spread out from the EPI), and had to be imaged at 10x 

because of its size. Panel B: The effect of medium on the percent of day 9 blastocysts which 
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were completely hatched from their zona pellucidae. Panel C: The percent of blastocysts grown 

in TeSR medium which showed evidence of PE migration on day 9 and 10. Different 

superscripts or ** indicate differences within each panel (P<0.05). 
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Figure 4-6. Example images of ICM pSTAT3 ranks. Trophectoderm cells are labeled in green 

(CDX2). ICM cells are blue (DAPI; CDX2-). pSTAT3Y705+ cells are labeled in red. A rank of 1 

indicated no ICM cells were positive for pSTAT3Y705. A rank of 2 indicated <5 cells were 

positive. A rank of 3 indicated >5, but not all, ICM cells were positive. A rank of 4 indicated all 

ICM cells were positive.   
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Table 4-1. Day 9 and 10 cell numbers from blastocysts grown in SOF-BEI or TeSR, with or without IL6. 

COMPARISON MEDIA IL6 DAY N ICM HYPO EPI UN TE TOTAL 

1  SOF-BEI 0 ng/ml 9 26 32.2 ± 4.7 
(a) 

19.5 ± 2.9 
(a) 

11.0 ± 2.0 
(a) 

1.7 ± 0.7 
(a) 

138.8 ± 11.3 
(a) 

170.9 ± 15.2 
(a) 

TeSR 0 ng/ml 9 36 95 ± 10.1 (b) 63.2 ± 7.0 
(b) 

29.1 ± 3.8 
(b) 

2.6 ± 0.7 
(a) 

182.6 ± 11.3 
(b) 

277.6 ± 15.5 
(b)  

2 SOF-BEI Combined 10 10 39.1 ± 8.8 
(a) 

22.2 ± 5.2 
(a) 

16.4 ± 5.5 
(a) 

0.5 ± 0.3 
(a) 

187.2 ± 16 
(a) 

226.3 ± 20.1 
(a) 

TeSR Combined 10 19 135.5 ± 26.3 
(b) 

98.6 ± 18.2 
(b) 

35.1 ± 9.4 
(a) 

1.9 ± 0.8 
(a) 

588.1 ± 61.7 
(b) 

723.6 ± 73.2 
(b)  

3 SOF-BEI 0 ng/ml 9 26 32.2 ± 4.7 
(a) 

19.5 ± 2.9 
(a) 

11.0 ± 2.0 
(a) 

1.7 ± 0.7 
(a) 

138.8 ± 11.3 
(a) 

170.9 ± 15.2 
(a) 

SOF-BEI 100 ng/ml 9 36 50.6 ± 3.9 
(b) 

31.9 ± 2.3 
(b) 

13.0 ± 1.7 
(a) 

5.7 ± 0.9 
(b) 

139.5 ± 8.3 
(a) 

190.1 ± 10.5 
(a)  

4 TeSR 0 ng/ml 9 36 95 ± 10.1 (a) 63.2 ± 7.0 
(a) 

29.1 ± 3.8 
(a) 

2.6 ± 0.7 
(a) 

182.6 ± 11.3 
(a) 

277.6 ± 15.5 
(a) 

TeSR 100 ng/ml 9 40 107.3 ± 10.6 
(a) 

72.6 ± 6.7 
(a) 

27.0 ± 3.7 
(a) 

7.7 ± 1.4 
(b) 

215.2 ± 12.2 
(b*) 

322.4 ± 17.7 
(b*)  

5 SOF-BEI Combined 9 62 42.9 ± 3.2 
(a) 

26.7 ± 2.0 
(a) 

12.2 ± 1.3 
(a) 

4.0 ± 0.7 
(a) 

139.2 ± 6.7 
(a) 

182.0 ± 8.8 (a) 

SOF-BEI Combined 10 10 39.1 ± 8.8 
(a) 

22.2 ± 5.2 
(a) 

16.4 ± 5.5 
(a) 

0.5 ± 0.3 
(b) 

187.2 ± 16 
(b*) 

226.3 ± 20.1 
(a)  

6 TeSR Combined 9 76 101.4 ± 7.3 
(a) 

68.2 ± 4.8 
(a) 

28.0 ± 2.6 
(a) 

5.3 ± 0.9 
(a) 

199.8 ± 8.5 
(a) 

301.2 ± 12.1 
(a) 

TeSR Combined 10 19 135.5 ± 26.3 
(a) 

98.6 ± 18.2 
(b*) 

35.1 ± 9.4 
(a) 

1.9 ± 0.8 
(b) 

588.1 ± 61.7 
(b) 

723.6 ± 73.2 
(b) 
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In the IL6 column, “Combined” indicates that both the 0 and 100 ng/ml IL6 treatments were 

grouped together for this specific analysis. Different superscripts within each comparison denote 

differences. Significance established at P<0.05. Asterisks indicate a tendency 0.05<P<0.1. Data 

shown are means ± SEMs. For all day 9 groups, 4 replicates were completed. For all day 10 

groups, 2 replicates were completed. 
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Table 4-2. Formulation of the TeSR medium used 

Component Amount Catalog Information 

TeSR-E6 Base, 80ml/100ml needed Stemcell Technologies; 5946 

5x E6 Supplement 1x Stemcell Technologies; 5946 

GABA 10mg/100ml Sigma; A2129 

Glutamax 1x ThermoFisher; 35050-061 

100x MEM NEAA 1x ThermoFisher; 1140050 

Lithium Chloride 4.236 mg/100ml Sigma; L4408 

Chemically-defined lipid 
concentrate 

200 ul/100ml ThermoFisher; 11905-031 

Glutathione 20 mg/100ml Sigma; G6013 

Thiamine 66.7 mg/100ml Sigma; T1270 

1000x Trace elements B 1x VWR; 89422-908 

1000x Trace elements C 1x VWR; 89422-910 

2-Mercaptoethanol 55 µM ThermoFisher; 21985-023 

Pipecolic acid 0.013 mg/100 ml MP Biomedicals; 0215189880 

FGF2 20 ng/ml R&D Systems; 233-FB-025 

IWR1 2.5 µM Selleckchem; S7086 

BSA 13.4 mg/ml MP Biomedicals; 219989925 
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Chapter 5: Leukemia inhibitory factor does not stimulate STAT3 

activity in the bovine ICM, nor does it increase inner cell mass cell 

number 

Introduction 

This group recently reported that supplementation of interleukin-6 (IL6) to in vitro 

produced (IVP) bovine embryos increases blastocyst inner cell mass (ICM) cell number [8,309]. 

This finding was significant because bovine IVP embryos are known to have abnormally few 

cells in the ICM [237], and the ICM often degenerates after transfer [244–246,265,266]. This 

problem likely contributes to a significant percentage of pregnancy losses of IVP bovine 

embryos [244]. Additionally, we have shown that IL6 stimulates STAT3 in bovine embryos, and 

specifically within the ICM cells of blastocysts [309]. STAT3 is a transcription factor, important 

for the expression of various pluripotency factors and the maintenance of murine embryonic 

stem cells (ESCs), cells derived from the ICM of murine blastocysts [122,124]. Functional 

STAT3 is needed to support the bovine blastocyst ICM and was necessary for IL6 to increase 

ICM cell numbers [289,309]. However, factors other than IL6 are also capable of activating 

STAT3, indicating other proteins may also substitute for IL6 in IVP bovine blastocyst culture. 

IL6 is only one member of the IL6 family of cytokines. Each member of the IL6 family 

induces intracellular signaling via a hetero-complex of an alpha and a beta receptor. The beta 

receptor, IL6ST (a.k.a. gp130), is common to all family members, and contains intracellular 

signal-transducing regions, including binding sites for janus kinases (JAKs), which activate the 

STATs, including STAT3 [268]. The alpha receptor subunits are ligand specific, though a few 

are shared by more than one family member [268]. We previously reported on the presence of 
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other IL6 family alpha receptor subunit transcripts in bovine blastocysts, in which we noted the 

presence of leukemia inhibitor factor’s (LIF) receptor (LIFR)  [8]. LIF is known to activate 

STAT3 in murine ESCs [122], and thus could likely mimic the effects of IL6 if supplemented to 

bovine IVP embryos. 

Recombinant human and murine versions of LIF have previously been supplemented to 

bovine embryos and have produced disparate effects on blastocyst formation and cell number 

[58,126–129,131]. The reason for these contradictory results may be in the use of a human or 

murine LIF, which are only 89 and 73% similar to bovine LIF by amino acid sequence. Due to 

the recent availability of a recombinant bovine LIF, we decided to test the ability of LIF to 

activate STAT3 in bovine IVP embryos and increase ICM cell numbers in blastocysts. We 

hypothesized that LIF would activate STAT3 in ICM cells and increase ICM cell number. 

 

Materials and Methods 

No animals were used for this work. All studies were completed on slaughterhouse-

derived materials that followed humane slaughter practices according to USDA guidelines. 

Unless specified otherwise, reagents were purchased from Thermo Fisher Chemical Company 

(Waltham, MA). 

 

In vitro Embryo Production 

Bovine embryos were produced by in vitro maturation, fertilization and culture 

procedures described previously [269,309]. Cumulus-oocyte complexes (COCs) were harvested 

from both beef and dairy ovaries purchased from Brown Packing Company (Gaffney, SC, USA) 
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and transported to the laboratory in 0.9% [w/v] saline containing antibiotic-antimycotic mix 

(ABAM; 100 U/ml penicillin, 100 g/ml streptomycin, 250 ng/ml amphotericin B). Upon 

arrival, COCs were collected by slashing follicles and placed in groups of 20-35 in 500 µl 

maturation media covered in paraffin oil (Ovoil, Vitrolife, Göteborg, Sweden), as described 

previously [309]. The COCs were matured for 21 to 24 hours at 38.5°C in 5% CO2 in humidified 

air. For fertilization, the COCs were washed in HEPES-SOF before being placed in groups of 

150-200 in 3 ml SOF-FERT covered in paraffin oil [73,270]. Sperm were isolated using a 

BoviPureTM density gradient (Nidacon; Spectrum Technologies Healdsburg, CA, USA), washed 

once in SOF-FERT, and then added to the fertilization media at a concentration of 1 million 

sperm/ml fertilization media. Sperm and COC coincubation lasted 14 to 18 hours (overnight) at 

38.5°C in 5% CO2 in humidified air. The following morning, presumptive zygote-cumulus 

complexes were denuded by gentle pipetting and then washed in HEPES-SOF before being 

placed in groups of approximately 25 in droplets of 50 µl of SOF-BE1 covered by paraffin oil 

and incubated at 38.5°C in 5% CO2, 5% O2 and 90% N2 in humidified air [146].  

 

Treatment Preparation 

  A concentrated stock of LIF (recombinant bovine; Kingfisher Biotech, St. Paul, MN) or 

IL6 (recombinant bovine; Kingfisher Biotech) was prepared for each protein at 10 µg/ml in SOF 

containing 1% [w/v] bovine serum albumin (BSA). Control treatment stocks did not contain LIF 

or IL6. All stocks were frozen in single-use aliquots at -80°C. Treatments were administered at 

various time points, as described below, by the addition of 2 µl of SOF-BE1 containing 

concentrated treatment or carrier to the existing droplet of SOF-BEI, to achieve an in-droplet 

final concentration of 100 ng/ml (or 0 ng/ml for controls). 
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LIF and STAT3 Activation 

On day 5, early morulae (n=3-5 embryos/treatment; 2 replicates) were exposed to 0 or 

100 ng/ml recombinant bovine LIF for 30 minutes before being fixed for immunofluorescent 

analysis of active pSTAT3Y705 (see below for methods), as previously done with IL6 [309]. 

Additionally, day 8 (blastocysts) (n=3-5 blastocysts/treatment) were exposed to 0 or 100 ng/ml 

recombinant bovine LIF for 30 minutes and then were fixed and processed for pSTAT3Y705 and 

CDX2 immunofluorescent staining, as described below.  

 

LIF’s Effect on Day 8 Blastocyst Cell Numbers 

On day 5, embryos were treated with either 100 ng/ml LIF, 100 ng/ml IL6, or carrier only 

(n=18-32 embryos/drop; 2-4 drops/treatment/replicate; 7 replicates). Blastocyst formation was 

recorded on days 7 and 8 post-fertilization. Day 8 blastocysts (n=33-36 blastocysts/treatment 

over 7 replicates) were processed for immunofluorescent staining of CDX2 and cell counting, as 

described below. 

 

Immunofluorescence 

 Bovine embryos were process for STAT3 and/or CDX2 immunostaining as described 

previously [309]. Briefly, the embryos were washed in PBS-PVP (Dulbecco’s PBS (DBPS) 

containing 0.2% [v/w] polyvinylpyrrolidone) and fixed in 4% [w/v] paraformaldehyde for 15-20 

minutes at room temperature. The embryos were then either processed immediately for staining 

of CDX2 and/or pSTAT3Y705 or were stored in PBS-PVP at 4°C for up to one week. One of two 

different protocols, described below, were used, depending on the target protein(s).  
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 For CDX2 staining alone, the blastocysts were permeabilized in 0.25% Triton-X for 20 

minutes, before blocking for 1 hour in 10% [v/v] horse serum. The primary antibody was mouse 

anti-CDX2 (Biogenex, San Ramon, CA, AM392-5M; sold ready-to-use). The secondary 

antibody used was a donkey anti-mouse IgG secondary (Alexafluor 488 or 647; 1:200).  

 For any staining for pSTAT3Y705, including CDX2 and pSTAT3Y705 co-staining, the 

following protocol was used. The embryos were incubated for 5 minutes in room temperature 

70% ethanol, before additional permeabilization and blocking in 10% [v/v] horse serum 

containing 0.5% [v/v] Triton-X for 1 hour. The embryos were then either incubated with either 

rabbit polyclonal IgG anti-pSTAT3Y705 (Cell Signaling Technologies; 9145T; 1:100) alone, or a 

mix of the same anti-pSTAT3Y705 antibody diluted in the CDX2 antibody described above. The 

secondary antibodies were either used singularly or in a mix, as needed, and were donkey anti-

mouse IgG and anti-rabbit IgG Alexafluors (555 for STAT3, and 647 or 488 for CDX2; both 

1:200). 

At the end of each staining protocol, the embryos were incubated with 1 µg/ml DAPI for 5 

minutes and then flattened on a glass slide lined with petroleum jelly, or not flattened for z-series 

acquisition. Staining was visualized with an Eclipse Ti-E inverted microscope equipped with an 

X-cite 120 epifluorescence illumination system and DS-L3 digital camera. Images were captured 

with NIS-Elements Software (Nikon Instruments, Melville, NY). Z-series images were 

“flattened” into one plane of focus by an extended depth of field module (Nikon Instruments). 

 

Cell Counting 

 Differential embryo staining was completed using CDX2 and DAPI staining as described 

above (Wooldridge and Ealy 2019). The program, FIJI (ImageJ) was used to label and record 
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individual nuclei by utilizing the cell counter plugin to count nuclei [273]. Nuclei positive for 

CDX2 were considered TE, while DAPI+ CDX2- nuclei were considered ICM.  

 

qRT-PCR 

Pools of 10 untreated embryos were collected on day 5 (early morulae) and 8 

(blastocysts) (n=4 replicates; total 4-5 pools per stage). Their zona pellucidae were removed by 

exposure to acidic Tyrode’s solution (Sigma-Aldrich, St. Louis, MO, USA), and the embryos 

were snap frozen in ≤ 6 µl PBS-PVP and stored at -80°C. Total RNA was extracted by using the 

Qiagen RNeasy Micro Kit (Qiagen, Germantown, MD). The entire RNA sample was incubated 

with RNase-free DNAse I (Applied Biosystems, Inc.) and reverse transcribed using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Inc.). Negative controls did not 

receive reverse transcriptase. For the final reaction, SybrGreen PCR Master Mix (Applied 

Biosystems, Inc.) was mixed with RT product and 250 nM concentration of forward and reverse 

primers. For the cycle, an activation/denaturation (95°) step was set for 10 minutes and followed 

by a two-step amplification sequence set for 50 cycles (95°C for 15 s, 57°C for 1 min). Each 

sample and primer combination were run in triplicate. The LIFR primer pair (see Supplementary 

Table 5-1 for primer list) was identified using the Primer-BLAST Program from the National 

Center for Biotechnology Information (U.S. National Library of Medicine, Bethesda, MD). The 

IL6ST and SDHA primer pairs were published previously [8,271]. All primers were synthesized 

by Integrated DNA Technologies (IDT; San Diego, CA). Primer efficiency standard curve 

analysis was completed to verify adequate primer efficiency ( 90% efficiency). Dissociation 

curve analysis (60 to 95°C) was completed after each PCR amplification to confirm the presence 

of one amplicon. SDHA was used as a housekeeping gene based on previously verified stability 
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across early embryonic stages [271]. The 2[-ddCt] approach was used to generate mRNA 

abundances relative to the day 5 findings.  

 

Statistical Analyses 

All analyses were completed by least-squares ANOVA using the general linear model of 

the Statistical Analysis System (Proc GLM; SAS for Windows, version 9.4; SAS Institute Inc., 

Cary, NC, USA). Individual comparisons were partitioned further, when necessary, by using the 

Probability of difference (PDIFF) test of SAS. Relative mRNA abundance data were log-

transformed before analysis, but data is presented as fold change with standard error. For each 

embryo development study, the replicate was used as the experimental unit. This replicate refers 

to the mean developmental percentages observed on each in vitro embryo production occasion 

(i.e. each IVP run). Replicate was considered a random independent variable for all blastocyst 

formation analyses. Percentage data (e.g. blastocyst formation rates) were arcsine-transformed 

before analysis but are presented as non-transformed means and SEM. The Tukey honestly 

significant difference test was used for all blastocyst formation data. Blastomere numbers and 

differential staining analysis used individual embryos as the experimental unit. Statistical 

significance was determined at P  0.05. 

 

Results 

LIF Activates STAT3 in Day 5 but Not Day 8 Embryos   

We previously reported that IL6 activates STAT3 in all or most cells of day 5 bovine 

embryos, and specifically within the ICM of day 8 blastocysts [309]. Because LIF is an IL6 

family member and is known to activate STAT3 in mouse ESCs, we utilized a commercially 
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available recombinant bovine LIF to examine its ability to stimulate STAT3 in day 5 and 8 

bovine embryos. Like our previous studies with IL6, LIF stimulated pSTAT3Y705 nuclear 

staining in all blastomeres of day 5 embryos (Fig. 5-1A). However, we could not detect an 

increase in pSTAT3Y705 nuclear localization in the ICM or TE of blastocysts on day 8 with LIF 

treatment (Fig. 5-1B). For comparison with an IL6-treated blastocyst, see Chapter 3 Figure 3-3.  

 

LIF Increases Day 8 Advanced Blastocyst Formation but Not Cell Number 

Because IL6 is known to increase ICM cell number in bovine blastocysts, we next tested 

the effects of LIF on blastocyst cell number [8,309]. Additionally, we recorded the percentage of 

embryos which formed blastocysts after treatment for comparison. On day 7, LIF 

supplementation did not affect blastocyst formation (Fig 5-2A). On day 8, total blastocyst 

formation was not affected by LIF but the percentage of advanced blastocysts was greater 

(P<0.05) in both LIF and IL6-supplemented embryos than controls (Fig 5-2B). Treatment with 

LIF did not affect total, ICM or TE blastomere numbers (Fig. 5-2B) in day 8 blastocysts. 

Supplementation with LIF also did not affect the ICM:TE ratio (Fig. 5-2C). By comparison, 

supplementation with IL6 increased (P<0.05) ICM cell numbers and the ICM:TE ratio but not 

TE numbers (Fig. 5-2B-C).   

 

Transcripts for LIFR Decrease from Day 5 to Day 8 

Next, we speculated that receptor downregulation might be a cause for the loss of 

pSTAT3Y705 induction with LIF treatment between day 5 and 8 embryos. To determine this, we 

analyzed LIFR and IL6ST transcript abundance in day 5 and 8 embryos. The relative abundance 
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of LIFR mRNA was greatly reduced (P <0.05) between day 5 and 8 (Fig. 5-3). Transcripts for 

IL6ST were unaffected by embryonic stage (Fig. 5-3). 

 

Discussion 

This work was undertaken to examine the ability of LIF to active STAT3 and increase 

ICM cell numbers in IVP bovine embryos, as IL6 has been shown to do [8,309]. Several studies 

examining the effect of LIF on bovine blastocyst formation and cell number have already been 

published, however some studies showed positive effects, some showed no effects, and some 

showed negative effects of LIF [58,126–129,131]. These studies all utilized murine or human 

variants of LIF, so, in this work, we utilized a commercially available recombinant bovine LIF to 

clarify the effects of LIF on bovine IVP embryos.  

For the first study, we utilized 100 ng/ml LIF because we previously found that 100 

ng/ml IL6 was needed to increase ICM cell number, and IL6 and LIF are similar in mass (19.8 

kDa versus 20.7 kDa, respectively)[8]. Indeed, we confirmed this amount of LIF was able to 

activate STAT3 in day 5 early morulae. Unlike at day 5, however, the same dose of LIF did not 

visibly increase nuclear pSTAT3Y705 in blastocyst ICMs. However, 100 ng/ml LIF did not 

increase day 8 blastocyst cell number, unlike 100 ng/ml IL6. This indicates that LIF cannot 

substitute for IL6 in bovine embryo culture. It is possible but unlikely that the LIF dose utilized 

was insufficient to detect an effect. The observance of STAT3 activation in day 5 embryos 

indicates this dose was biologically active 

However, 100 ng/ml LIF did increase the percentage of advanced (expanded and 

hatched) blastocysts on day 8. Because expansion and hatching are largely driven by the TE, this 

suggests LIF may have some effect on the TE. However, because we observed no STAT3 
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activity in the TE after LIF stimulation, LIF is likely working through another pathway, such as 

the MAPK or PI3K pathways to increase expansion and hatching [121]. 

The most likely cause of this change in LIF responsiveness was a decrease in receptor 

abundance. We detected a marked decline in LIFR transcript abundance between day 5 and 8 

embryos, while IL6ST, the IL6 family common subunit, was unchanged. Additionally, while we 

previously reported the presence of LIFR transcripts in day 8 blastocysts, the number of 

transcripts was very low, which is reflective of our findings here [309]. To further complicate 

matters, it remains unclear if LIF will act similarly in IVP and in vivo-produced bovine embryos. 

Transcripts for the LIFR were detected in IVP bovine embryos but were absent in in vivo 

produced embryos [125]. However, we did not assess LIFR protein levels to confirm a decrease 

in actual receptor abundance, but, taken with the loss of STAT3 activation between day 5 and 8, 

the protein was likely downregulated. However, we detected an effect of LIF on the percentage 

of day 8 advanced blastocysts, which indicates the presence of some LIFR subunits. Perhaps 

LIFR is more abundant in TE rather than ICM cells.  

In summary, LIF does not mimic the effects of IL6 on bovine preimplantation embryos. 

A dose of 100 ng/ml LIF could stimulate pSTAT3Y705 in day 5 early morulae, but not in day 8 

blastocysts. Additionally, LIF did not increase ICM cell numbers in day 8 blastocysts. This lack 

of effects of LIF on blastocysts is likely caused by low LIFR abundance at the blastocyst stage. 
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Figure 5-1. STAT3 activation profiles for LIF-treated bovine embryos. Panels A-B: 

Representative images of embryos from day 5 (>8-cell) and day 8 (blastocysts) receiving either 0 

(BSA only) or 100 ng/ml LIF for 30 minutes before immunostaining to detect pSTAT3+ (red) 

and total nuclei (DAPI, blue). Panel A: Representative day 5 embryos. Panel B: Representative 

day 8 embryos.  
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Figure 5-2. Comparison of LIF versus IL6 supplementation on blastocyst formation and cell 

numbers. Panel A: Effects of IL6 and LIF supplementation total blastocyst formation (as a 

percentage of cleaved embryos) at day 7 and total and advanced blastocysts (includes expanded 

and hatched blastocysts) formation at day 8. Panel B: Effects of IL6 and LIF supplementation on 

total, ICM and TE cell numbers in day 8 blastocysts. Panel C: ICM:TE ratios of day 8 

blastocysts. Different superscripts within each panel indicates differences (P<0.05).  
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Figure 5-3. Changes in LIFR and IL6ST transcript abundance between day 5 embryos and day 8 

blastocysts. 
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Table 5-1. Primers used for quantitative RT-PCR. 

Gene 
Reference or 

Genbank 
accession no. 

Primer sequence (5 - 3) 

Product size (bp) 

LIFR 
NM_001192263.3 Forward: AGAGCACTTTTTGGAGCAGGT 

Reverse: AACAAGTACGGGACCGCTTT 
70 

IL6ST 
[8] Forward: GTCTCATGCTCACGGCACTA 

Reverse: CGCGTCTGATTTGCCAACAA 
220 

SDHA 
[271] Forward: GCAGAACCTGATGCTTTGTG 

Reverse: CGTAGGAGAGCGTGTGCTT 
185 
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Chapter 6: JAK2/STAT activity is not required for inner cell mass 

formation in bovine blastocysts but is required for hypoblast 

maintenance 

Introduction 

In vitro produced (IVP) bovine blastocysts are plagued by low pregnancy retention after 

transfer (~30-40%) [116,264]. This problem, at least in part, is likely attributable to the health of 

the inner cell mass (ICM), the population of cells in the blastocyst which will produce the calf. In 

comparison to in vivo produced blastocysts, IVP have fewer cells in their ICMs, and this appears 

to cause problems post-transfer [237]. After transfer to a recipient cow, the cells of the ICM will 

form what is known as the embryonic disk (ED) around day 12. Detection of EDs via 

stereomicroscopy is alarmingly low (25-83%) in IVP bovine embryos examined at day 14-16 

[59,244–246,265,266,317], and conceptuses with poor quality or no ED fail to establish 

pregnancy at a much higher rate than conceptuses with quality EDs [244]. Unfortunately, the 

specific factors controlling ICM formation and maintenance in bovine embryos are largely 

unknown, thus limiting our ability to improve IVP ICM health. However, we recently uncovered 

that IL6 nearly doubles the blastomere count of the ICM in IVP blastocysts [8,309]. Further, 

immunofluorescent analysis revealed that IL6 induced activation of the Janus-activated kinase 

and Signal transducer and activator of transcription 3 (JAK/STAT3) pathway specifically within 

the ICM of blastocysts [309]. We also found that, if this pathway is inhibited, resultant 

blastocysts have zero to very few ICM cells, indicating that the STAT3 pathway is very 

important for bovine ICM development, but the exact time period in which STAT3 activity is 

required, is unknown [309]. 
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In mice, the relationship of STAT3 and the ICM is well-characterized. STAT3-null embryos 

are early embryonic lethal, degenerating soon after the blastocyst stage [243,248]. Under closer 

examination, these STAT3-null embryos initially have an apparently normal ICM, however it 

rapidly degenerates, indicating that STAT3 is required for ICM maintenance, and not formation, 

in mice [248]. Our previous report on bovine embryos showed little evidence that a normal ICM 

ever formed with STAT3 inhibition; all blastocyst stages observed (regular, expanded, or 

hatched) had only a few or zero ICM cells [309]. If STAT3 were only involved in ICM 

maintenance, like in the mouse, then we would expect a decrease in ICM number with advancing 

blastocyst stage after AZD1480 treatment. Because of these observations, we hypothesize that 

STAT3 is required for ICM formation in bovine blastocysts. Additionally, we have found that 

IL6 largely stimulates STAT3 in hypoblast (HYPO) cells rather than epiblast (EPI) cells in later-

stage blastocysts (Wooldridge and Ealy, Chapter 4, unpublished). Thus, we also hypothesize that 

STAT3 is required for HYPO maintenance. This work was designed to test these hypotheses. 

 

Materials and Methods 

No animals were used in these studies. Instead, studies were completed on slaughterhouse-

derived materials from a commercial slaughterhouse that followed humane slaughter practices 

according to USDA guidelines. Reagents were purchased from ThermoFisher Chemical 

Company (Waltham, MA), unless otherwise specified. 

 

In vitro Embryo Production 

Bovine blastocysts were produced by in vitro maturation, fertilization and culture procedures 

described previously [8,310]. In brief, cumulus-oocytes complexes (COCs) were collected into 
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BoviPlus Oocyte Washing Medium (Minitube USA Inc., Verona, WI) by slashing follicles. For 

maturation, COCs were cultured in groups of 10 in 50 µl of maturation medium [8] covered in 

light mineral oil (Cooper Surgical Inc., Trumbull, CT, USA) for 21-24 hours, in 5% CO2 in 

humidified air at 38.5°C. After maturation, the COCs were washed in HEPES-SOF [73] before 

being placed in groups of 150-200 in 3 ml SOF-FERT [270] under light mineral oil. 

Spermatozoa were isolated from pooled semen from four Holstein bulls (donation from Select 

Sires, Plain City, OH, USA) using a biphasic gradient (40 and 80% [v/v] BovipureTM; Nidacon; 

Spectrum Technologies, Healdsburg, CA, USA). After washing once in SOF-FERT, sperm were 

added to the dish containing COCs at 1 million sperm/ml medium. Fertilization co-incubation 

occurred overnight (14-18 hours) in humidified air at 5% CO2 at 38.5°C. After denuding by 

gentle pipetting in HEPES-SOF, presumptive zygotes were placed in groups of approximately 25 

in drops of 50 µl SOF-BEI [146] under light mineral oil. The embryos were then incubated in 

5% CO2, 5% O2 and 90% N2 in humidified air at 38.5°C. Day of fertilization was designated as 

day 0. A stock solution of 100 mM AZD1480 (JAK 2 inhibitor; S2162; Selleck Chemicals, 

Houston, TX, USA) in DMSO was prepped beforehand and stored in single-use aliquots at -

80°C. 

 

ICM Formation Study 

On day 4 post-fertilization, existing droplets of embryos in SOF-BEI were supplemented with 

either 1 µM AZD1480 or carrier only (0.001% DMSO). Treatments were administered to 

existing droplets via addition of 2 µl of treatment-concentrated SOF-BEI to achieve an in-drop 

concentration of 0 or 1 µM AZD1480. The embryos were then incubated until day 7 and 8 post-

fertilization, when samples were collected for fixation and immunofluorescent analysis of SOX2, 
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an ICM marker [284], and CDX2, a TE marker [283,318], as described below. On each date, the 

sampled embryos were separated by stage of development. On day 7, morulae, early blastocysts 

(blastocoel cavity <50% of interior), regular blastocysts (blastocoel at least 50% of interior 

cavity, but no diameter expansion) and expanded blastocysts (diameter expansion) were 

sampled. On day 8, regular and expanded blastocysts were sampled. This study was replicated 

twice, with 21-45 embryos analyzed per treatment. 

 

HYPO Maintenance Study  

For this study, AZD1480 was administered to day 8 blastocysts. Blastocysts were produced as 

described above. On day 8 post-fertilization, treatments of 5 µM AZD1480 or carrier only 

(0.005% DMSO) were added to existing drops via 2 µl of treatment-concentrated SOF-BEI. 

After 18 hours, expanded and hatched blastocysts were collected and fixed for NANOG, GATA6 

and CDX2 immuno-staining, as described below. This study was replicated 3 times, and 29-34 

blastocysts were analyzed per treatment. 

 

Whole ICM Maintenance Study 

For this study, blastocysts were produced as described above, and treatment began on day 6.5 

or 7.5. On day 6.5, a portion of blastocysts were collected and moved to new 50 µl droplets of 

SOF-BEI containing either 3 µM AZD1480 or carrier only (0.003% DMSO). The following day, 

day 7.5, the remaining blastocysts were collected and moved to new 50 µl droplets of SOF-BEI 

(separate from the day 6.5 droplets) containing the same treatments. Each droplet housed 5-10 

blastocysts. 
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Within each start date, the treatment groups were as follows: 1) DMSO for 24 hours, 2) 

AZD1480 for 24 hours, 3) DMSO for 48 hours, 4) AZD1480 for 48 hours, 5) DMSO for 24 

hours, followed by a washout and culture in fresh SOF-BEI (no treatment) for 24 hours, and 6) 

AZD1480 for 24 hours, followed by a washout and culture in fresh SOF-BEI (no treatment) for 

24 hours. In total, there were 12 treatment groups, 6 per start date.  

At the end of treatment, blastocysts were collected and fixed for NANOG, GATA6 and 

CDX2 immuno-staining, as described below. This study was replicated three times, with 14-25 

blastocysts analyzed per treatment. 

 

Immunofluorescence 

Prior to fixation, embryos were collected and washed twice in Dulbecco’s Phosphate Buffered 

Saline (DPBS), with 0.2% [w/v] polyvinylpyrrolidone (PBS-PVP). For fixation, the embryos 

were incubated in 4% [w/v] paraformaldehyde for 20 minutes at room temperature. After 

washing three more times in PBS-PVP, the embryos were either stored in PBS-PVP at 4°C for 

up to one week or were processed immediately. Depending on the study, one of the two 

protocols described below was used. For both protocols, the blocking buffer used was 10% horse 

serum, and the antibody buffer used was 1% horse serum. Additionally, following any antibody 

incubation step, the embryos were washed three times in wash buffer (DPBS containing 0.1% 

[w/v] BSA and 0.1% [v/v] Tween20).  

For CDX2, NANOG and GATA6 triple-staining, blastocysts were first permeabilized for 30 

minutes with 0.5% Triton-X in DPBS and blocked for one hour. Due to host-isotype overlap of 

the CDX2 and NANOG antibodies, two rounds of primary and secondary antibody incubations 

were completed. For the first round, a mix of rabbit polyclonal IgG anti-GATA6 (Cell Signaling 
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Technology, Danvers, MA; 5851T; 1:500) and mouse monoclonal IgG1 anti-NANOG 

(eBioscience; 14-5768-82; 1:200) was used for 1 hour at room temperature, and followed by 

incubation with a mix of donkey anti-rabbit IgG and donkey anti-mouse IgG secondary 

antibodies (Alexafluor 647 for NANOG, and 555 for GATA6; both 1:200). For the second 

round, mouse monoclonal IgG1 anti-CDX2 antibody (Biogenex, San Ramon, CA, AM392-5M, 

sold ready-to-use) was used for 1 hour at room temperature, followed by incubation with a 

donkey anti-mouse IgG secondary (Alexafluor 488; 1:500). 

For SOX2 and CDX2 staining, embryos were first permeabilized for 20 minutes in 0.25% 

Triton-X in DPBS and then blocked for one hour. After blocking, the embryos were incubated in 

a mix of anti-CDX2 (same as above) and monoclonal rat anti-SOX2 antibodies (Thermofisher; 

14-9811-80; 1:100 in CDX2 antibody solution) for either 1 hour at room temperature, or 

overnight at 4°C. After washing, the embryos were incubated with a mix of donkey anti-rat IgG 

and anti-mouse IgG secondary antibodies (Alexafluor 488 for SOX2 and 647 for CDX2; both 

1:200). 

Following the above protocols, the embryos were incubated with 1 µg/ml DAPI for 5 minutes 

at room temperature, washed in PBS-PVP, and flattened on a glass slide lined with petroleum 

jelly. Staining was visualized with an Eclipse Ti-E inverted microscope equipped with an X-cite 

120 epifluorescence illumination system and DS-L3 digital camera. Images were captured with 

NIS-Elements Software (Nikon Instruments, Melville, NY), and cell counting was completed 

with the cell counter plugin in the program FIJI (ImageJ) [273]. Cells dual positive for GATA6 

and NANOG were considered undifferentiated ICM (UN) cells. In studies utilizing the CDX2, 

NANOG and GATA6 staining protocol, some secondary mis-binding occurred between the 

CDX2 secondary and the NANOG primary, due to host-isotype overlap. To ensure our cell 
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counts were accurate, cells which were CDX2+:NANOG+ were identified and labeled as EPI or 

UN, and not TE cells. 

 

Statistical Analyses 

All cell count analyses were completed by least-squares ANOVA using the general linear 

model (Proc GLM) of the Statistical Analysis System (SAS for Windows; SAS Institute Inc., 

Cary, NC, USA). For all data, the individual blastocyst was considered the experimental unit. 

Replicate was considered a random independent variable. Individual comparisons were 

partitioned further by using the Probability of Difference (PDIFF) test. Statistical significance 

was determined at P ≤ 0.05.  

 

Results 

JAK2/STAT activity is Not Required for ICM Formation 

Due to the severe effects of JAK2 inhibition on bovine ICM cell number, we hypothesized 

that JAK2/STAT is important for ICM formation in cattle [289,309]. To test this hypothesis, we 

treated IVP bovine embryos with either 1 µM AZD1480 or carrier only (DMSO) from day 4 to 7 

or 8 post-fertilization and examined ICM (SOX2) and TE (CDX2) marker localization in 

morulae, early blastocysts, regular blastocysts and expanded blastocysts.  

For the control embryos, SOX2 staining was present and vibrant in all cells of morulae, while 

CDX2 was weakly visible in some cells (Fig. 6-1). In early blastocysts, SOX2 was again visible 

in all cells, though somewhat weaker staining was observed in TE cells and CDX2 staining was 

considerably more robust than at the morula stage and localized to only some cells, the 

presumptive TE (Fig. 6-1). In regular blastocysts, SOX2 was still generally present in all cells, 
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though the staining was now considerably weaker in TE cells, whereas CDX2 staining was more 

vibrant in TE (Fig. 6-1). Finally, expanded blastocysts showed little to no SOX2 staining in TE 

cells but maintained vibrant staining in the ICM, while CDX2 staining was exclusive to the TE 

(Fig. 6-1).  

When we examined the JAK inhibited embryos, we observed remarkably similar SOX2 and 

CDX2 staining patterns, indicating that JAK2/STAT inhibition does not inhibit ICM formation. 

However, we did note JAK inhibited embryos had fewer ICM cells. To confirm, we counted the 

number of SOX2+:CDX2- cells in regular and expanded day 7 and 8 blastocysts and found that 1 

µM AZD1480 did indeed reduce (P<0.05) ICM cell number at both time points (Fig. 6-2A). 

Examples of blastocysts treated with AZD1480 can be seen in Fig. 6-2B. 

 

JAK2/STAT Activity is Necessary for Hypoblast Maintenance 

Because we previously observed that IL6 increased HYPO cell numbers and primarily 

activated STAT3 in HYPO cells (Wooldridge and Ealy, Chapter 4, unpublished), we 

hypothesized that JAK2/STAT inhibition in blastocysts with committed ICM cells (day 8) would 

result in a loss of only hypoblast cells. To test this hypothesis, we treated day 8 blastocysts with 

5 µM ADZ1480 or carrier only (DMSO) for 18 hours. Remarkably, JAK2/STAT inhibition 

resulted in a decrease (P<0.01) in ICM, HYPO and total cell numbers (Fig. 6-3). However, the 

EPI cell population was unaffected (P>0.05) and the number of UN cells was increased (P<0.05) 

after JAK inhibition (Fig. 6-3). TE cell number was also reduced (P<0.01) with AZD1480 

treatment (115.2 ± 5.4 vs. 130.2 ± 7.5 cells in the controls). 
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JAK2/STAT Inhibition Predominantly Affects Hypoblast Cells 

Because our previous results indicate near-total ICM annihilation after JAK2 inhibition [309], 

and our evidence herein that late JAK2 inhibition only affects HYPO cells, we next hypothesized 

that earlier JAK inhibition would disrupt EPI maintenance if supplemented before lineage 

commitment. To test this hypothesis, we collected early- (day 6.5) and late- (day 7.5) stage 

blastocysts and treated them with 3 µM AZD1480 or DMSO for 24 or 48 hours. We utilized 3 

µM in this study rather than 5 µM because we became aware of some evidence that 5 µM can 

inhibit aurora kinases [319], so we decreased the dose. For these analyses, pairwise comparisons 

were made between treatments at each timepoint.  

In all situations, treatment with AZD1480 reduced (P<0.05) ICM and hypoblast cell number 

(Fig. 6-4A-B). EPI cell number was unaffected by treatment in the day 6.5 dataset and after 24 

hours of treatment in the day 7.5 blastocysts, but a decrease (P<0.05) in EPI cell number was 

observed at the 48-hour timepoint in the day 7.5 dataset (Fig. 6-4C). Treatment with AZD1480 

increased UN cell number (P<0.01) after 48 hours of treatment in the day 7.5 group but had no 

effect at any other time (Fig. 6-4D). Additionally, AZD1480 decreased (P<0.05) TE cell number 

only in day 6.5 blastocysts treated for 48 hours but had no effect at any other time (Fig. 6-4E). 

An example of a blastocyst treated with DMSO verses a blastocyst treated with AZD1480 can be 

seen in Figure 6-5. 

 

Blastocyst Age has Some Impact on Cell Numbers 

We next utilized the ICM maintenance dataset to analyze the effect of blastocyst age on cell 

number by comparing day 7.5, 8.5 and 9.5 blastocysts (sampling age) treated with only DMSO 

(24 or 48 hours). Unlike above, this analysis combined blastocysts from both treatment start-
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dates, based on sampling age. We have previously reported that ICM cell number declines after 

day 8 in IVP embryos grown in SOF-BEI (Wooldridge and Ealy, Chapter 4, unpublished), thus 

we were concerned some effects observed herein may be due, at least in part, to blastocyst age.  

There was an overall effect of age on ICM, HYPO, and UN cell number, but there was no 

effect on TE. Additionally, age affected total and EPI cell number. In more detail, ICM cell 

number decreased (P<0.05) from day 7.5 to 8.5, 8.5 to 9.5, and 7.5 to 9.5 (Fig. 6-6). HYPO cell 

number decreased (P<0.05) from day 7.5 to days 8.5 or 9.5, but only tended (P=0.09) to decrease 

from day 8.5 to 9.5 (Fig. 6-6). EPI cell number did not differ from day 7.5 to 8.5 but decreased 

(P<0.05) from day 8.5 to 9.5 (Fig. 6-6). UN cell number decreased (P<0.01) after day 7.5, but 

there was no difference between day 8.5 and day 9.5 blastocysts (Fig. 6-6). 

 

Older Blastocyst HYPO Cells Exhibit Impaired Recovery After JAK Inhibition 

In addition to the treatments detailed above in the ICM maintenance study, some blastocysts 

were treated with DMSO or 3 µM AZD1480 for 24 hours, washed in standard SOF-BEI, and 

cultured in new 50 µl drops of SOF-BEI with no DMSO or AZD1480 for an additional 24 hours. 

This treatment was added to determine if AZD1480-treated blastocyst ICMs could ‘recover’ after 

treatment, or if the EPI might be lost independently of the presence of AZD1480, possibly due to 

the absence of HYPO cells. To analyze this data and account for differences simply caused by 

removal of DMSO, the average ICM, HYPO and EPI cell number was calculated for each 

treatment by exposure time (DMSO 48 hour, DMSO wash, AZD1480 48 hour and AZD1480 

wash) per replicate. Then the average number of cells in the 48 hour groups were subtracted 

from the wash groups within their respective treatment to generate the average difference in cell 
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number between the DMSO and AZD1480 groups. An ANOVA was then performed on the 

differences in cell number. 

No differences in the change in cell number after washout were observed between the control 

and AZD1480 groups in the day 6.5 dataset (Fig. 6-7A). In the day 7.5 dataset, there were no 

differences in ICM or EPI cell number recovery between treatments (Fig. 6-7B). However, 

AZD1480-treated blastocysts tended (P=0.09) to recover fewer HYPO cells than the DMSO 

group (Fig. 6-7B). 

 

Discussion 

Previous work indicated that the JAK2/STAT pathway is critical for proper bovine ICM 

development [289,309]. Inhibition of the pathway decimates the ICM, but whether it is necessary 

for ICM formation or simply its maintenance in cattle was unknown. This work was undertaken 

to pinpoint this role. 

In order to determine if JAK2/STAT inhibition disrupts ICM formation, we examined ICM 

and TE marker localization from the morula to expanded blastocyst stages. If ICM formation 

was indeed prevented, then the cells trapped in the ICM area should aberrantly express TE 

markers [320]. We selected a lower concentration of AZD1480 (1 µM) than we previously 

reported [309] because 5 µM severally decreased blastocyst formation. Prior to use of this lower 

dose, we confirmed that it was sufficient to block most STAT3 activity after 100 ng/ml IL6 

treatment (See Figure 6-8). To begin, we first characterized SOX2 and CDX2 localization in 

morulae, early blastocysts, regular blastocysts and expanded blastocysts. While SOX2 is a 

known ICM marker [284], and CDX2 is a known TE marker [283], the exact localization of 

these markers during the morula to expanded blastocyst stages has not been reported. 



155 

 

Unfortunately, we found that SOX2 is present in TE precursors in morulae, and in TE in 

blastocysts, however staining grew weaker and weaker from the early to expanded blastocyst 

stages, and it was often absent in expanded blastocyst TE. Because SOX2 was still present in the 

TE in most stages, it wasn’t an ideal ICM marker, however we could not find a suitable 

substitute which marks both EPI and HYPO cells. In the end, the SOX2 and CDX2 markers 

appeared to behave the same in JAK inhibited embryos as compared to the controls, indicating 

that JAK2/STAT isn’t required for bovine ICM formation, however this may need to be 

confirmed in the future with more robust markers. 

We next confirmed our hypothesis that JAK2/STAT inhibition in late blastocysts (day 8) 

would result in a loss of HYPO cells without affecting EPI. We selected day 8 as the start point, 

because day 8 blastocyst ICMs should be largely committed to EPI or HYPO [73]. Intriguingly, 

after only 18 hours of JAK inhibition, the HYPO population was nearly completely lost, and the 

number of EPI cells was unaffected. This indicates that the HYPO cell population is very 

sensitive to JAK2/STAT perturbation, while the EPI is insensitive, in late-stage blastocysts.  

At this point, we still had not answered what happened to the ICM in our previous study 

[309]. In these blastocysts, JAK2 inhibition left ICMs of only 0-4 cells, which indicates cells 

were lost from both lineages. Herein however we could not disrupt ICM formation or EPI 

maintenance with JAK2/STAT inhibition in day 8 blastocysts. Thus, we next hypothesized that 

JAK inhibition might only affect EPI cells if administered early, before ICM cells have 

committed to the HYPO or EPI fate. This led us to design a study starting JAK inhibition at two 

start-points, day 6.5, and day 7.5. Day 6.5 blastocysts are relatively young, and the majority of 

their ICMs should be UN [73]. We included day 7.5 blastocysts because we expected these 

blastocysts to behave the same as our day 8 inhibited study.  
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In both cohorts, JAK inhibition resulted in a loss of ICM cells, but the loss was mainly of 

HYPO cells. Additionally, we found that this effect of JAK2/STAT inhibition on HYPO cell 

number is largely irreversible, particularly in older blastocysts. After 24 hours of AZD1480 

treatment and 24 hours of washout, ICM and HYPO cell numbers increased slightly in 

AZD1480-washout blastocysts, however this increase was caused by a removal of DMSO, and 

not AZD1480 (See Fig. 6-7). Interestingly though, in the day 7.5 blastocyst cohort, AZD1480-

washout blastocysts tended to recover fewer HYPO cells than the DMSO washout group. Taken 

together, these data indicate the JAK2/STAT activity is critical for HYPO maintenance, and even 

short-term inhibition of this pathway in older blastocysts may have insurmountable effects on the 

HYPO. 

The effect of JAK2/STAT inhibition on the EPI population, however, is uncertain. We 

detected some loss of EPI cells with longer AZD1480 treatment, but this effect was inconsistent 

and may be attributable to blastocyst age or length of time in culture. In the day 6.5 cohort, both 

treatments had similar numbers of EPI cells after 24 and 48 hours of treatment. Thus, our 

hypothesis that early JAK2 inhibition would result in a loss of EPI cells was incorrect. In 

contrast, the day 7.5 cohort showed reduced EPI cell number after 48 hours of treatment. 

However, we also showed that time decreased EPI cell number in day 9.5 DMSO-treated 

blastocysts. We have previously reported that blastocyst culture past day 8 in SOF-BEI has 

negative effects on the ICM (Wooldridge and Ealy, Chapter 4, unpublished). Therefore, 

blastocyst age may play some part in this loss of EPI cells in the day 7.5 cohort. Perhaps EPI 

cells are more sensitive to AZD1480 after longer in vitro culture. In conclusion, we cannot be 

certain about direct effects of JAK2/STAT inhibition on the EPI population in the bovine.  
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Interestingly though, JAK inhibition increased UN cell numbers in day 7.5 and 8 blastocysts. 

This increase, while significant, was not massive. Perhaps JAK inhibition can slow ICM 

differentiation somewhat. Although, to make things more confusing, IL6, which activates 

STAT3, also increases the number of UN cells (Wooldridge and Ealy, Chapter 4, unpublished).  

In some but not all instances, AZD1480 treatment reduced TE cell number. Initially, in 

STAT3-null mouse embryos, the ICM degenerates before the whole embryo dies [248]. Perhaps 

this TE loss is a sign of early embryonic lethality in the bovine as well. However, because we 

inconsistently detected this effect, it may be caused by chance. 

In order to determine the role of the JAK2/STAT pathway in bovine embryos, we utilized a 

JAK2 inhibitor, AZD1480, in all studies in this work. We, and others, previously used this 

inhibitor and have validated its ability to block STAT3 activation [289,309]. While this does not 

achieve specific STAT3 inhibition, we suspect the results presented here are a result of just that. 

These results are similar to STAT3-null mouse embryos, and no other STAT knockout, in mice, 

results in ICM degradation [243,248,321–328]. We attempted to utilize a STAT3-specific 

inhibitor, known as Stattic, but could not successfully block IL6-induced STAT3 activity with 

the range of concentrations we tested (0.5-10 µM). We abandoned its use due to toxicity effects.  

In the end, we find it to be clear that JAK2, and likely STAT3 inhibition, is essential for 

maintenance of the HYPO lineage, and dispensable for ICM formation. It is possible that JAK 

activity is also necessary, either directly or indirectly, for EPI maintenance, but we cannot be 

entirely sure from the studies herein. Future studies using STAT3 knockouts would be best for 

confirming the exact roles of STAT3 on the EPI and HYPO population. This work dissects the 

importance of the JAK2/STAT pathway in bovine embryos and may prove useful as the 

framework for utilizing STAT3 manipulation to improve IVP bovine ICM health. 
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Figure 6-1. Localization of SOX2 and CDX2 in the morula to expanded blastocyst stages in 

bovine blastocysts. Morula and blastocysts received 0.001% DMSO from day 4-7 or 4-8. Each 

column shows a representative embryo of the labeled stage, while each row shows the indicated 

immunofluorescent label.  
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Figure 6-2. JAK2/STAT inhibition does not disrupt bovine ICM formation but does reduce ICM 

cell number. Blastocysts received 1 µM AZD1480 from day 4-7 or 4-8. Panel A: Average cell 

number of regular and expanded blastocysts sampled on day 7 or 8. Different superscripts 

indicate differences (P<0.05). Panel B: Examples of blastocysts treated with AZD1480. SOX2 is 

labeled in green and CDX2 is labeled in purple. 
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Figure 6-3. JAK2/STAT inhibition after the ICM lineages are committed reduces HYPO but not 

EPI cell number. Blastocysts received DMSO or 5 µM AZD1480 for 18 hours starting at day 8. 

Different superscripts indicate differences (P<0.05). 
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Figure 6-4. JAK2/STAT inhibition disrupts bovine ICM maintenance. Blastocysts received 

DMSO or 3 µM AZD1480 for 24 or 48 hours starting on day 6.5 or 7.5. Panel A: Average ICM 

cell number of blastocysts from the day 6.5 and 7.5 datasets. Panel C: Average HYPO cell 

number of blastocysts from the day 6.5 and 7.5 datasets. Panel E: Average EPI cell number of 
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blastocysts from the day 6.5 and 7.5 datasets. An asterisk indicates a difference (P<0.05) 

between the DMSO and AZD1480 groups within each panel. 
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Figure 6-5. Examples of blastocysts treated with DMSO or AZD1480. Blastocysts were stained 

for CDX2 (TE marker), GATA6 (HYPO marker), and NANOG (EPI Marker). 
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Figure 6-6. ICM, HYPO, EPI and UN cell number decreases with blastocyst age. Blastocysts 

from the ICM maintenance study which were treated with DMSO for 24 or 48 hours were 

analyzed by age at time of sampling. Different superscripts indicate differences (P<0.05). An 

asterisk indicates a statistical tendency (0.05<P<0.1). 
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Figure 6-7. Blastocyst ICMs do not recover after AZD1480 treatment. Blastocysts on day 6.5 or 

7.5 were treated with DMSO or 3 µM AZD1480 for 24 hours, before being cultured in standard 

SOF-BEI for an additional 24 hours. Panel A: The difference in average ICM, HYPO and EPI 

cell number between the washout and 48-hour treatment groups in the day 6.5 dataset. Panel B: 

The difference in average ICM, HYPO and EPI cell number between the washout and 48-hour 

treatment groups in the day 7.5 dataset. Different superscripts within each panel indicate 

differences (P<0.05). An asterisk indicates a statistical tendency (0.05<P<0.1). 
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Figure 6-8. 1 µM AZD1480 is sufficient to block IL6-induced STAT3 activation. Day 5 early 

morulae were treated with DMSO or 1 µM AZD1480 for 4 hours prior to treatment with 100 

ng/ml IL6 or carrier (BSA) for 30 minutes. Nuclei are labeled blue (DAPI), and pSTAT3Y705 is 

labeled in red using an immunostaining protocol described previously [309]. 
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Chapter 7: Zinc Supplementation During In Vitro Embryo Culture 

Increases Inner Cell Mass and Total Cell Numbers in Bovine 

Blastocysts 

Introduction 

The in vitro production (IVP) of bovine embryos has become a popular way to generate a 

large number of embryos from genetically elite cows and heifers [329]. These embryos may also 

be used for impregnating cows with poor fertilization rates and for circumventing the detrimental 

effects of heat stress and other environmental stresses [330]. In 2016, approximately one-million 

IVP embryo transfers were completed worldwide, with 400,000 IVP embryos transferred to 

cattle in North America (IETS Data Retrieval Committee Report, December 2017).  

 Despite the increasing use of IVP, the ability of transferred IVP embryos to maintain 

pregnancies (i.e. embryo competency) remains inferior to that of embryos produced in vivo 

[264,330]. Culture media used for maturing and fertilizing oocytes and developing embryos is 

undoubtedly a major contributor to this reduced post-transfer competency. In recent years, 

bovine embryos have primarily been cultured in media formulated specifically for mammalian 

embryos. Synthetic oviduct fluid (SOF)-based media formulations are popular in bovine IVP 

systems because its formulation is based on a biochemical analysis of energy sources, amino 

acids, pH buffers, and various salts found within ovine oviducts [285]. Several modifications to 

the original SOF formulation (e.g. amino acids, citrate, adjusted glucose concentrations) allow 

for bovine blastocyst development in the absence of serum [146,331,332].  

Unfortunately, several micronutrients (e.g. vitamins, trace minerals) that exist in 

oviductal and uterine secretions are not present in SOF and other embryo media formations. 
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Trace mineral salt supplementation is a well-established component to optimizing fertility and 

improving oocyte quality and embryo and fetal development [333–335]. Trace mineral 

supplementation can also improve ovum pickup success in cattle [336]. The omission of these 

micronutrients in embryo media formulations likely reflects that these media originally were 

developed to be used in combination with fetal bovine serum (FBS), which contains many of 

these micronutrients. The absence of serum may also reduce the incidence and severity of large 

offspring syndrome in calves produced from IVP embryos, although other factors also influence 

the occurrence of large offspring [330,337]. Many present-day embryo culture media use bovine 

serum albumin (BSA) in place of serum to provide a protein source that is semi-defined, but 

BSA, unlike serum, lacks zinc.  

 Zinc is a trace mineral that is essential for various physiological actions. Over 300 

metalloproteins and >2,000 transcription factors depend on zinc for chemical reactions or protein 

stability for numerous cellular activities, including cell proliferation, DNA methylation, DNA 

repair and apoptosis [249–251]. Zinc is present at concentrations of 0.8-0.9 µg/ml (12 to 14 µM) 

in bovine serum and 0.16 to 4.3 µg/ml (2.4 to 65.0 µM) in bovine uterine lumen fluid, depending 

on the method of fluid capture [338,339].  

We propose that the absence of zinc in bovine embryo media formations has deleterious 

consequences on IVP embryo development and competency. Zinc supplementation is beneficial 

during in vitro maturation [252–254], but no reports exist that describe whether supplementing 

zinc after fertilization influences bovine embryo development. The objective of this work was to 

examine the effects of zinc supplementation to BSA-containing, FBS-lacking SOF (SOF-BE1) 

on IVP bovine embryo development and on total, inner cell mass (ICM) and trophectoderm (TE) 

cell numbers in blastocysts.  
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Materials and Methods 

No animals were used for this work. All studies were completed on slaughterhouse-

derived materials from a commercial slaughterhouse that followed humane slaughter practices 

according to USDA guidelines. Unless specified otherwise, reagents were purchased from 

ThermoFisher Chemical Company (Waltham, MA). 

In vitro Embryo Production 

Bovine embryos were produced by in vitro maturation, fertilization and culture 

procedures described previously [8,310]. In brief, cumulus-oocyte complexes (COCs) obtained 

from beef and dairy cow ovaries purchased from Brown Packing Co. (Gaffney, SC) were 

matured for 21 to 24 hours in tissue culture medium 199 containing Earle’s salts supplemented 

as described previously [8]. Matured COCs and isolated sperm (four Holstein bulls, donation 

from Select Sires, Plain City, OH, USA) were co-incubated in SOF-based fertilization medium 

(SOF-FERT) [73,270]. The time of fertilization was designated as day 0. After 16 h, presumptive 

zygotes were denuded by gentle pipetting and placed in 50 µl drops of SOF-BE1 (23-26 

zygotes/drop) [146].  

Zinc Supplementation 

On day 1 post-fertilization, zinc sulfate solution (2 M in water; Sigma-Aldrich, St. Louis, 

MO) was added to SOF-BE1 at 0, 2, 20 or 40 µM. Embryos were cultured until day 8 post-

fertilization (1-3 drops/replicate; 7 replicates, 325-401 total zygotes/treatment). Cleavage was 

assessed on day 3 (percentage of zygotes that formed  2-cell stage embryos) and blastocyst 

formation was determined on days 7 and 8 (percentage of cleaved embryos that formed 
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blastocysts). Regular blastocysts were defined as embryos containing a blastocoel cavity that did 

not exhibit expansion in diameter or zona pellucida thinning. Advanced blastocysts included 

expanded blastocysts (expansion in diameter with zona pellucida thinning), hatching blastocysts 

(zona pellucida hatching), and hatched blastocysts (expanded blastocysts lacking a zona 

pellucida).  

Differential Cell Labeling in Blastocysts 

In 5 of the 7 replicates, all blastocysts were collected from each treatment (total 22-57 

blastocysts/treatment) and fixed and immunostained as described previously [8]. In brief, 

immunostaining involved incubation with an anti-Caudal-type Homeobox-2 (CDX2) antibody 

(Biogenex, San Ramon, CA; sold ready-to-use) followed by washing and incubation with donkey 

anti-mouse Alexa Fluor 488 or 647. Nuclear DNA was stained with 4′,6-diamidino-2-

phenylindole (DAPI; 1µg/ml). After washing, embryos were flattened between a glass slide and 

cover slip. Fluorescent markers were visualized by using an Eclipse Ti-E inverted microscope 

equipped with an X-Cite 120 epifluorescence illumination system. Images were captured with 

DS-L3 digital camera and assembled with NIS-Elements Software (Nikon Instruments, Melville, 

NY). Cell counting was completed by using the cell counter plugin in the program FIJI (ImageJ) 

to label and record individual nuclei stained with CDX2, a TE-specific marker, or that lacked 

CDX2 staining (ICM cells) [273]. 

Statistical Analysis 

All analyses were completed by least-squares ANOVA using the general linear model of 

the Statistical Analysis System (SAS for Windows, version 9.4; SAS Institute Inc., Cary, NC, 

USA). Main effects tested were treatment (zinc concentration) and replicate. The Dunnett’s Test 

was used to contrast each zinc treatment group with the control. Replicate was used as the 



171 

 

experimental unit for embryo development studies. Percentage data were arcsine-transformed 

before analysis but are presented in figures as non-transformed means and SEM. Embryo was 

used as the experiment unit for cell number data. In all studies, statistical significance was 

determined at P  0.05. 

 

Results 

Effects of Zinc Supplementation on Embryo Development  

Supplementation with zinc began immediately after fertilization (day 1; 16 h after initial 

exposure to spermatozoa). On day 3 post-fertilization, zinc supplementation did not affect 

cleavage rates (Fig. 7-1A). On day 7 and 8 (Fig. 7-1B & C), supplementation with 2 or 20 M 

zinc did not affect total, regular or advanced blastocyst formation. However, exposure to 40 M 

zinc reduced (P < 0.05) the percentage of total blastocysts on both days 7 and 8. This treatment 

also reduced (P < 0.05) the percentage of regular blastocysts on day 7 and the percentage of 

advanced blastocysts on day 8.    

Zinc Supplementation Increases ICM and Total Cell Numbers in Blastocysts 

 Differential cell staining was used to examine TE, ICM and total cell numbers in day 8 

blastocysts exposed to the zinc treatments (Fig. 7-2). Supplementation with 2 M zinc increased 

(P < 0.05) total and ICM cell numbers but had no effect on TE cell numbers (Fig. 7-2A). No 

effects on cell numbers were detected in embryos supplemented with 20 or 40 M zinc. No 

differences in the ICM:TE ratio was observed in any of the treatment groups (Fig. 7-2B).    
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Discussion 

Zinc plays essential roles in DNA repair and oxidative stress responses, so its absence in 

bovine embryo media may be detrimental to IVP bovine embryos. This is the first report we are 

aware of that describes the effects of physiological concentrations of zinc during bovine embryo 

culture. A previous report examining zinc and bovine embryo development supplemented non-

physiological amounts of zinc (150 µM zinc) and found it to be cytotoxic [340]. The zinc 

concentration range examined here covered the range found in bovine serum (12-14 µM) and 

uterine fluid (2.4-65.0 µM) [338,339]. This work identified that a much lower concentration of 

40 µM zinc was cytotoxic to bovine embryos, which is below some reported concentrations in 

uterine fluid. The SOF medium formation used for this work contained BSA, which is a 

prominent zinc carrier in the bloodstream [341], but uterine fluid likely contains more zinc 

binding factors to prevent high zinc concentrations from being cytotoxic to an embryo. The 

lowest zinc concentration tested (2 µM) was included in the present work in part because it 

represented the lower range of zinc concentrations found in the bovine uterus. Also, this 

concentration approximated the amount of zinc supplied in medium containing 10% FBS 

(various serum supplements contain 12-14 µM zinc before dilution).    

The principal highlight of this work was observing improvements in ICM and total cell 

numbers with 2 µM zinc supplementation. The improvement in total cell numbers were caused 

primarily by the increase in ICM numbers, although a small, non-statistically significant 

improvement in TE numbers also was observed. No differences in the ratio of ICM:TE cells 

were observed, likely because of the broad distribution of ratios observed in all treatment groups. 

Greater zinc concentrations did not affect total, ICM or TE cell numbers. We did not examine 

why this biphasic response in ICM numbers was observed but predict that the greater zinc 



173 

 

concentrations could have low-level cytotoxic effects on embryonic cells [342]. This idea is 

consistent with the poor development of embryos exposed to 40 µM zinc.  

The increase in ICM cell numbers observed in this work is noteworthy because a small 

ICM size is commonly associated with poor post-transfer embryo competency. The ICM 

develops into the embryonic disk, and this structure will produce the fetus as well as the yolk sac 

and allantois [343]. Reductions in embryonic disk size and the absence of embryonic disks have 

been noted in IVP bovine conceptuses [59,244,265,266,317,344]. The roles that zinc play in 

mediating bovine ICM and embryonic disk development are not clear, but there is evidence in 

the mouse embryo that zinc plays a role in yolk sac development. Culturing mouse embryos in 

the absence of zinc does not affect in vitro development rates, but pregnancy losses after transfer 

were observed and linked to impaired yolk sac development and egg cylinder formation [345].  

None of the zinc concentrations tested in this work influenced cleavage or blastocyst 

rates. This is in contrast to work in the pig, where zinc supplementation during embryo culture 

improved both cleavage and blastocyst rates [346]. That study noted improvements in both 

parthenogenetically activated and fertilized embryos in a narrow window of zinc concentrations, 

where 12 µM zinc (0.8 µg/ml) increased cleavage and blastocyst rates but supplementing  6 µM 

or  18 µM  did not affect either parameter [346]. It is not clear if the lack of positive effects on 

cleavage rates and blastocyst development in this study reflect species differences in embryonic 

responses to zinc or if a smaller range of zinc concentrations than tested here is needed to detect 

changes. It is interesting to note that zinc supplementation during bovine COC maturation 

improved subsequent blastocyst development [252–254]. Perhaps the timing of zinc 

supplementation is an important contributor to observing positive effects of zinc on cleavage and 
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blastocyst rates.  More work is needed to explore how zinc and potentially other trace minerals 

may be used to improve the quantity and quality of blastocysts from IVP systems.  

In summary, this work provides evidence that the addition of 2 µM zinc sulfate but not 20 

or 40 µM zinc improves ICM and total cell numbers in IVP bovine blastocysts. This could lead 

to improved bovine embryo media formulations for greater post-transfer embryo competency.  
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Figure 7-1. Effects of zinc supplementation during in vitro bovine embryo culture on cleavage 

rate and blastocyst development. Bovine zygotes were cultured in SOF-BE1 containing 0, 2, 20 

or 40 µM zinc sulfate from day 1 to 8 post-fertilization (23-26 zygotes/drop, 1-3 drops/replicate, 

7 replicates). Panel A: Percentage of zygotes that cleaved to at least the 2-cell stage. Panel B and 

C: The percentage cleaved embryos that generated blastocysts at day 7 (Panel B) and day 8 

(Panel C). Blastocysts are categorized as total (all blastocysts), regular (presence of a blastocoel 

cavity but no expansion or zona pellucida thinning), or advanced (expansion and zona pellucida 

thinning with or without hatching). Means and SEMs are shown. The asterisks (*) indicates 

increases in responses relative to the control value and the hashtag (#) indicates decreases in 

responses relative to the control (P < 0.05).  

  



176 

 

 

Figure 7-2. Effects of zinc supplementation during in vitro bovine embryo culture on total, ICM 

and TE cell numbers in day 8 blastocysts. Bovine zygotes were cultured in SOF-BE1 containing 

0, 2, 20 or 40 µM zinc sulfate from day 1 to 8 post-fertilization (23-26 zygotes/drop, 1-3 

drops/replicate, 5 replicate studies). On day 8, differential fluorescence staining was completed 

on blastocysts to identify TE and ICM cells. Panel A: Cell counts in each treatment (means and 

SEMs). Panel B: Treatment mean and SEMs (bars) and individual (dots) ICM:TE ratios for 

blastocysts. The asterisks (*) indicates increases in responses relative to the control value and the 

hashtag (#) indicates decreases in responses relative to the control (P < 0.05).  
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Chapter 8: Conclusions and Implications 

While in vitro fertilization and embryo production techniques have existed for cattle for 

decades, the percentage of zygotes which develop and survive to calving are low, approximately 

10 percent (See Figure 1-1). This low efficiency is, at least in part, a result of the use of 

inadequate embryo culture media. Embryo culture media may be improved by increasing the 

complexity to better mimic true oviductal fluid. The goals of this work were to improve 

production and/or quality of IVP bovine blastocysts through the addition of IL6 or zinc to a 

common synthetic oviduct fluid (SOF) formulation, and to test the use of a complex bovine ESC 

media as a replacement for the more simplex SOF. 

Initial studies examined the effects of IL6 on blastocyst formation and cell number. Both are 

important targets for improving IVF efficiency; improving blastocyst production could mean 

increased calf production directly through a sheer increase in number of embryo transfers, while 

improved blastocyst cell number may achieve the same through increased embryo quality and 

survivability. No dose or supplementation scheme improved blastocyst production in group-

cultured embryos under standard conditions. However, IL6 improved embryo survival when 

culture conditions were sub-standard. Thus, IL6 is unlikely to improve blastocyst production in 

normal commercial bovine in vitro embryo production systems (Figure 8-1).  

IL6’s effects on blastocyst cell number, however, were much more promising. Doses of at 

least 100 ng/ml IL6 supplemented from days 1-8, 3-8 or 5-8 post-fertilization increased 

blastocyst total and ICM cell numbers. This increase in ICM cell number was large, and in many 

cases IL6-treated blastocysts had twice as many ICM cells as the controls. The TE, however 

were unaffected by IL6 in day 8 blastocysts, indicating IL6 acts specifically on ICM cells. IL6 is 

the first, and currently only, known factor which increases total cell number by specifically 
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targeting the ICM (See Figure 8-2). Because bovine IVP blastocysts are known to have fewer 

ICM cells than in vivo produced, this finding was exciting, and could indicate that IL6 may 

improve IVP embryo quality and survivability post-transfer. In theory, having more cells in the 

ICM indicates the ICM is more likely to thrive and develop into a calf. However, future studies 

are needed to confirm this.  

As anticipated, IL6 stimulated the JAK/STAT3 pathway in bovine embryos, and specifically 

within the ICM cells of blastocysts. In contrast, inhibition of the JAK2/STAT3 pathway 

decimated the ICM population and produced presumably non-viable blastocysts with less than 

10% the normal ICM cell number. This result is similar to what happens in STAT3-null mouse 

blastocysts, which are early embryonic lethal. Thus, the necessity of STAT3 appears to be 

evolutionarily conserved in the mouse and bovine, but we cannot yet be entirely sure. The use of 

gene-editing to knockout STAT3 in bovine embryos would be necessary to confirm this. 

Further observation of blastocysts revealed IL6 largely targets the hypoblast population, and 

approximately doubles their cell number. Additionally, revealed through RNA sequencing, IL6 

increased transcripts of two primitive endoderm (PE) markers, PDGFRA and HNF4A, in 

blastocysts. The hypoblast/PE gives rise to the yolk sac, a transient but crucial extraembryonic 

membrane which functions in gas exchange, nutrient absorption and early embryonic blood cell 

development. Bovine yolk sac development and health are understudied, but these results may 

indicate that IL6 will improve yolk sac development of IVP embryos. In turn, IL6 may then 

improve pregnancy retention, as some evidence exists that IVP embryos have defective yolk sac 

development, which likely contributes to embryonic mortality. We are not aware of other factors 

known to stimulate hypoblast proliferation in bovine blastocysts, and thus, IL6 may prove to be 

an invaluable tool in studying bovine yolk sac development (Figure 8-2).  
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In addition to stimulating hypoblast proliferation, IL6 also had some interesting effects on the 

epiblast. If supplemented prior to blastocyst formation, IL6 stimulated a small but significant 

increase in epiblast cell number. This indicates IL6 may also have some effects on the future 

fetus and/or amnion and extraembryonic mesoderm. Upon closer examination though, IL6 

initially decreased the number of epiblast cells before increasing them, by apparently holding the 

cells in an undifferentiated state. This indicates that IL6 may also slow epiblast differentiation. A 

major goal of bovine research is to efficiently produce bovine embryonic stem cells (ESCs), 

especially those with an early-ICM phenotype (capable of differentiating into hypoblast or 

epiblast). Because IL6 both increases ICM cell number and appears to slow ICM cell 

differentiation, it may prove to be a useful tool in bovine ESC culture as well. 

However, because IL6 increases ICM cell number, one concern of IL6-treatment is the 

possibility of increased incidence of large offspring syndrome. The concern is that having more 

cells in the ICM, the portion of the blastocyst which will produce the fetus, will lead to larger 

calves. However, I do not believe this is likely to be an issue. First, IL6’s ICM proliferative 

effects are largely specific to the hypoblast. The hypoblast will only give rise to the yolk sac, 

while the epiblast will form the embryo proper and other extraembryonic membranes. Thus, 

IL6’s may not affect fetal size, at least directly. Second, IVP bovine blastocysts are known to 

have abnormally fewer cells in their ICMs, and thus IL6 may be restoring them to a normal cell 

number. IVP embryos are known to produce smaller fetuses early in gestation, which overgrow 

later in gestation [234,344]. Because IL6 produces blastocysts with more ICM cells, perhaps this 

biphasic growth pattern will be abolished. Although, because IL6 largely increases ICM cell 

number through the HYPO population, if alterations in fetal growth are observed, it may be an 
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indirect effect of altered yolk sac development. Future studies should examine in utero fetal and 

extraembryonic development, as well as calving outcomes. 

Because our RNA sequencing data revealed the presence of LIF’s receptor, LIFR, on 

blastocysts, and because LIF is known to activate STAT3 in murine ESCs, I also tested the 

ability of LIF to mimic the effects of IL6 on bovine blastocysts. Previous work in other 

laboratories utilizing human and murine variants of LIF had shown disparate results on the 

subject, and so I utilized a recombinant bovine protein for these studies. Unfortunately, LIF was 

unable to activate STAT3 in day 8 blastocysts and did not produce an increase in ICM cell 

number. These data indicate that LIF is not suitable as a substitute for IL6 in bovine IVP embryo 

production. However, LIF did increase the percentage of advanced (expanded and hatched) at 

day 8, but it did not improve the total percentage of blastocysts. This, taken together with our 

RNA-sequencing data, suggests that IL6 may be the predominant family member controlling 

STAT3 activity and ICM cell number in bovine blastocysts. However, future studies should also 

examine IL11, CNTF and IL27, as our RNA-sequencing study also detected the presence of their 

receptors in blastocysts. 

The next set of studies dissected the necessity of STAT3 for bovine ICM development. These 

studies revealed STAT3 is not required for ICM formation, but is necessary for ICM 

maintenance in the bovine, particularly of the hypoblast. These results are consistent with our 

findings that IL6 largely stimulates STAT3 activity in hypoblast cells. The effect of STAT3 

inhibition on the epiblast, however, remains unclear. Regardless, because the hypoblast was 

rapidly lost after brief JAK 2 inhibition, and because hypoblast cell number largely did not 

recover after removal of the inhibitor, it seems unlikely that these embryos would develop and 

establish a pregnancy after transfer to a recipient, though an embryo transfer experiment would 
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be needed to confirm this. It will also be interesting to see if STAT3 knockout bovine embryos 

also rapidly lose the hypoblast, and what effects this might have on epiblast and conceptus 

development. These studies also highlight the importance of STAT3 activity in the blastocyst-

stage bovine embryo and show that STAT3 should be a target for future studies of yolk sac 

development.  

In addition to IL6 and LIF, I also tested the ability of zinc to improve in vitro bovine 

blastocyst production and morphology. The addition of zinc to bovine SOF is not commonly 

practiced. In some formulations, serum is used as a source of zinc, however many embryo 

culture media do not contain serum, and thus are zinc-free. Zinc is an important component of 

many proteins and enzymes, especially those involved in DNA repair. Without zinc, IVP bovine 

embryos may be more susceptible to DNA damage and cell loss. This study showed that addition 

of a physiological amount of zinc results in an increase in the total number of cells in blastocysts 

by increasing ICM cell number. I did not have time to dissect the mechanism of this effect, but 

zinc supplementation should be a serious consideration for bovine embryo culture media 

formulations. In the future, studies will be needed to determine if zinc-containing media 

produces more embryos competent to maintain a pregnancy than zinc-free media. 

Another shortcoming of in vitro bovine embryo culture is the inability to culture embryos 

longer than 7-9 days. Prior to this work, others observed that extended culture of blastocysts 

results in a loss of the ICM lineages, thus producing TE vesicles. In contrast, murine and human 

embryos have been cultured successfully for considerably longer periods. Indeed, I confirmed 

this problem of bovine in vitro embryo production on several occasions in this work. By 

analyzing blastocyst cell number, I found that ICM cell number decreases after 8 days in culture, 

while TE cell numbers generally increased. The formulation of SOF used herein is fairly 
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common, and similar to most bovine SOF formulations, thus this problem is not limited to this 

laboratory. This loss of the ICM severely limits our ability to study preimplantation bovine 

embryos.  

In attempt to remedy this problem of inability to culture bovine embryos long-term in vitro, I 

tested the efficacy of a bovine ESC TeSR media to support blastocyst culture beyond day 8. 

With this media, blastocyst and ICM development past day 8 was significantly improved. 

However, this exact formulation was unusable as a normal culture media because non-

blastocysts would lyse in it. Amazingly, I also observed evidence of PE migration out from the 

ICM in day 9 and 10 blastocysts grown in this media, a phenomenon which had not yet been 

described in IVP bovine embryos. However, I also found that IL6 could not further increase ICM 

cell numbers in this TeSR media. This indicates that exogenous IL6 may only increase ICM cell 

number in suboptimal conditions, or IL6’s effect may have been negated by some bioactive 

factor present in the TeSR media that is not in SOF-BEI. In the end, this TeSR formulation will 

be a powerful tool for extended culture and observation of bovine embryos, however this exact 

formulation will not benefit embryo transfers as it cannot be used until the blastocyst stage. 

In conclusion, these studies provide evidence for new tools for improving IVP bovine 

embryo development, particularly through improving ICM cell number. IL6 may have several 

uses, such as improving pregnancy retention of IVP embryos, study of the hypoblast/PE in vitro, 

and culture of bovine ESCs, but future studies will be needed to confirm this. These studies also 

highlight the inadequacies of current formulations of bovine embryo culture media and indicate 

that modifications as simple as the addition of zinc can considerably improve blastocyst 

morphology. Continued research on the formulation of bovine embryo culture media and the 

supplementation of embryokines is warranted. 
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Figure 8-1. IL6 is among the factors which do not affect embryo survival to the blastocyst stage 

in vitro. The arrow indicates those factors improve emrbyo survival to the indicated day of 

development. The barred line indicates those factors decrease embryo survival to the indicated 

day of development. The dashed line indicates those factors have no effect on embryo survival to 

the indicated day of development. The line with a “?” indicates less then 75% of studies report 

the same effect for those factors. 
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Figure 8-2. IL6 is the only factor currently known to increase blastocyst total cell numbers via 

the ICM. From Chapter 1, of all the factors tested at least once on total cell number, only 9 

increased total cell number in over half of the studies. Of these, IL6 is the only one which is 

known to increase total cell number by specifically increasing ICM cell number. In the 

“Increased Total Cell Number” box, a (?) indicates it is unknown which cell type of the 

blastocyst is affected by this factor.  
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Appendix A: Experimental Units and Analyzing Blastocyst 

Formation 

In Chapter 1, I noted many disparate outcomes between and within laboratories studying 

the same bioactive molecule. I believe some of this disparity may be because many authors 

utilized only one droplet of embryos per treatment per replicate and/or utilized a low total 

number of oocytes or embryos. I have noted that blastocyst production varies widely within 

(droplet to droplet) and across replicates in my own experiments. This problem likely causes 

both Type I and Type II errors. I will illustrate herein how the natural amount of variation from 

droplet to droplet of bovine IVP embryos makes it difficult to accurately assess differences 

caused by treatments, and why a large ‘n’ is crucial if we are to accurately assess whether or not 

some factor actually affects blastocyst formation. 

To start, I collected and analyzed blastocyst formation data from five replicates of IVF 

which were conducted by myself in 2019. This data is from replicates which were discarded for 

various reasons (study terminated, embryos only used for a test, etc.) and never published, and 

no droplet received any treatment. In this data of 5 IVF replicates, I have a total of 31 droplets of 

embryos, and 3-13 droplets per replicate. In each droplet of 50 µl of culture medium was 24-30 

putative zygotes, which were cultured to day 8 post-fertilization and the number of blastocysts 

was recorded per droplet. The average blastocyst formation percentage of all these droplets was 

24% of the putative zygotes cultured, but each droplet ranged from 12-48%. In order to illustrate 

the problem with utilizing a low number of putative zygotes per treatment, I analyzed my data 

with Excel and SAS. Using the RANDBETWEEN function in Excel, each droplet was assigned 

a random number of 1 or 2, and I ensured that each IVF replicate had at least one droplet with a 
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‘1’ and a ‘2’. From here forward, I considered ‘1’ and ‘2’ to be different treatments, even though 

they were not.  

First, a single ‘1’ and ‘2’ droplet was randomly selected from each replicate to produce 

sample sizes representative of the those observed in many studies reviewed in Chapter 1 (<150 

zygotes/treatment). In this situation, group 1 had a total of 130 putative zygotes analyzed and a 

mean blastocyst formation rate (out of putative zygotes) of 16.93%. Group 2 had 126 zygotes 

and a mean blastocyst formation rate of 29.1%. I arcsine transformed this data and then analyzed 

it by lsmeans ANOVA using PROC GLM of SAS. In this situation, the difference between group 

1 and 2 was nearly statistically significant, with a P=0.0569. Yet, there is no difference between 

these groups. This would have created a Type I error and illustrates just how dangerous it is to 

utilize only one droplet of embryos per treatment per week, especially with a low number of 

replicates. 

Next, I analyzed the whole of group 1 and 2, to examine what happens when a sufficient 

number of droplets are used. Now, group 1 had an ‘n’ of 380 zygotes from 15 drops, and a mean 

blastocyst formation rate of 28.3%. Group 2 had 406 zygotes from 16 drops, and an average rate 

of 27.2%. When analyzed by ANOVA in the same way, there no longer was a difference 

(P=0.26), as there should be. You might be asking then, is this variance just a problem with our 

lab? I do not think so, as I will explain in the next paragraph. 

I quickly scanned the literature for recent studies in other laboratories which produced 

IVP bovine blastocysts and reported their mean, SEM or STD and number of replicates, and 

compared their mean and STD to mine. In my data which I have been discussing here, my 

average blastocyst formation percentage was 24%, with a standard deviation of 7%. In the first 

study I looked at, which was published by Zolini and colleagues at the University of Florida [9], 
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their mean blastocyst percentage for their controls was 23%, and I calculated their STD to be 

5%. In a second study, dos Santos and colleagues in Brazil had a mean control blastocyst 

percentage of 26%, and a STD of 5% [347]. Finally, I looked at one more study for good 

measure, this one performed by Cavalcanti and colleagues in Brazil. They reported a control 

blastocyst percentage of 34%, and a STD of 10% [348]. Our mean of 24% and STD of 7% is 

very similar to these numbers. So, I conclude that this variation in blastocyst production is 

normal for bovine IVP embryos. Therefore, all of us as researchers need to be careful to plan 

appropriately for it. We, in our own lab, regularly utilize the Tukey adjustment after ANOVA on 

blastocyst formation data, which is a very stringent honestly significant difference test, in effort 

to avoid this issue.  

So, the question now is, what ‘n’ is sufficient? Well, this will depend on the methods 

used to calculate the percent of blastocyst formed (experimental unit of droplet or replicate, or 

blastocyst formation out of cleaved or putative zygotes), as these differences will affect your 

mean and STD. One thing is very important though: at least 2 droplets per treatment per replicate 

is a necessity. To give an example of what ‘n’ is needed for blastocyst formation studies, I 

generated a table illustrating what ‘n’ would be needed to detect increases of 5, 10, 15 or 20% in 

the treatment group utilizing means and STDs from our data (See Table A-1). To do this, I 

utilized a free online software (https://clincalc.com/stats/samplesize.aspx), and set study group 

design to “Two independent study groups”, primary endpoint was set to “Continuous”, the 

enrollment ratio was 1, alpha was 0.05, and the power was 80%. I did this for all four analysis 

methods: blastocyst formation out of zygotes by droplet or week, and blastocyst formation out of 

cleaved embryos by droplet or week. I hope that this information will be useful for others who 

are currently planning or conducting experiments. I urge reviewers and editors to scrutinize 

https://clincalc.com/stats/samplesize.aspx
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manuscripts which utilize experimental units below these numbers, however the actual ‘n’ 

needed may differ depending on a study’s actual mean and STD. 

To finish, I must also discuss the method of analyzing blastocyst formation as binomial 

data. While this has been a very common practice, I do not believe it is appropriate, unless 

individually cultured embryos are being analyzed, or if the total number of zygotes per treatment 

is large (multiple thousands). Binomial analysis is inappropriate for group cultured embryos 

because each droplet of media and the group of embryos within it will be different. Binomial 

analysis cannot account for this nor the natural and chaotic variation of IVP bovine blastocyst 

formation. I also analyzed our “small n” data of group 1 and 2 with a Chi-square (PROC FREQ 

in SAS), and found that the groups were different (P=0.02), even though they aren’t. Thus, I urge 

researchers to minimize binomial analyses, and urge reviewers and editors to be scrutinous of 

this method. 
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Table A-1. Experimental units for analyzing bovine blastocyst formation. 

Table A-1 

Calculations out of Zygotes 
Analysis by Droplet, For 2 Groups (1 treatment, 1 control) 

Mean 27  

STD 12  

% Increase in 
Treatment 

Experimental Unit Needed/Group 
(Droplets) 

At 25 embryos/well 

5% 90 2,250 zygotes/group 

10% 23 575 zygotes/group 

15% 10 250 zygotes/group 

20% 6 150 zygotes/group 

Analysis by Week, For 2 Groups (1 treatment, 1 control) 

Mean 24  

STD 7  

% Increase in 
Treatment 

Experimental Unit Needed/Group 
(Weeks) 

At a minimum of 2 drops of 
25 zygotes/week 

5% 31 1,550 zygotes/group 

10% 8 400 zygotes/group 

15% 3 150 zygotes/group 

20% 2 100 zygotes/group 

Calculations out of Cleaved 

Analysis by Droplet, For 2 Groups (1 treatment, 1 control) 

Mean 31  

STD 13  

% Increase in 
Treatment 

Experimental Unit Needed/Group 
(Droplets) 

At 25 embryos/well  

5% 106 2,650 zygotes/group 

10% 27 675 zygotes/group 

15% 12 300 zygotes/group 

20% 7 175 zygotes/group 

Analysis by Week, For 2 Groups (1 treatment, 1 control) 

Mean 28  

STD 8  

% Increase in 
Treatment 

Experimental Unit Needed/Group 
(Weeks) 

At a minimum of 2 drops of 
25 zygotes/week  

5% 40 2,000 zygotes/group 

10% 10 500 zygotes/group 

15% 4 200 zygotes/group 

20% 3 150 zygotes/group 
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This information was generated using the stated means and STDs generated by my blastocyst 

formation data in Appendix A. A free online software found at 

https://clincalc.com/stats/samplesize.aspx was used to generate the experimental units needed. In 

this software, study group design was set to “Two independent study groups”, primary endpoint 

was set to “Continuous”, the enrollment ratio was 1, alpha was 0.05, and the power was 80% 

  

https://clincalc.com/stats/samplesize.aspx
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Appendix B: Embryo Treatment by Culture Drop Injection 

Procedure with calculation example 

1. Determine the total dilution needed. I.e. 1:100, 1:1000, etc. 

2. Determine the amount that will be injected into the existing droplet to determine the total 

drop volume after injection. 

3. Divide the #1 by #3 to figure out the needed dilution before injection. 

a. Example: Stock IL6 is 10 µg/ml and want to make drops of 100 ng/ml 

b. 10 µg/ml = 10,000 ng/ml 

i. 10,000/100 = 100 

ii. So overall a 1:100 dilution will be needed (answer to #1) 

c. Will be doing a 2 µl injection into a 50 µl drop. This is a 2:52 then or 1:26. 

(answer to #2) 

d. Divide 100/26 = 3.85 

i. So, a 1:3.85 dilution is needed before injection 

4. Dilute treatment as needed in cryovials, and place in incubator with a loose cap for at 

least 30 minutes before use. 

5. Add determined amount to each drop, and carefully swirl the tip around in the drop to 

mix. 

  



217 

 

Appendix C: Removing the Zona Pellucida & Snap-freezing Bovine 

Embryos 

Materials Needed: 

All materials must be sterile! 

0.2 or 1.5 ml Tubes  

35 mm plates 

4 well Nunc Plates 

Mineral or Paraffin oil 

2% [w/v] Protease in Dulbecco’s PBS (stored in single use aliquots at -20°C) 

DPBS with 0.2% [w/v] PVP (PBS-PVP) 

Liquid Nitrogen and Dewar Flask 

Wiretrol 

Water 

Zona Pellucida Removal Instructions: 

About 1 hours prior to working with embryos: 

1. Thaw 2% Protease by placing upright in incubator or on slide warmer. 

2. Remove 2% protease from heater after thawed. 

a. Be careful to keep upright and do not allow the precipitate to mix! 

3. Carefully pipet 30-40 µl drops of protease solution onto a 35 mm plate.  

a. Avoid pulling up the precipitate as much as possible 

b. It will be impossible to avoid it completely 

4. Cover with oil. 

5. Make 4 well PBS-PVP wash plates. 

To remove the zona pellucida: 

6. Remove embryos from culture droplet and place in protease droplet.  

7. Watch carefully under microscope and remove as soon as the zona pellucida is gone. 



218 

 

a. Most will take 15-30 seconds, though some take longer. 

8. Wash 3-4 times in PBS-PVP. 

Snap-Freezing Instructions: 

About 15 minutes prior to working with embryos: 

1. Fill each of the 4 wells of 1 nunc plate per embryo treatment group with 500 µl PBS-

PVP/well. 

2. Pipette 4 µl of PBS-PVP or water into the bottom of each tube to be used for snap-

freezing. (0.2 or 1.5 ml) 

a. It is very important that the drop stays at the bottom of the tube! 

3. Set plate and tubes at room temperature. 

4. Wipe the wire of a Wiretrol with ethanol before adding the glass capillary. 

5. Wipe work surfaces with ethanol. 

a. This is mainly important if the embryos will be used for RNA isolation. 

6. Fill a Dewar flask partially with liquid nitrogen. 

When working with embryos: 

7. Remove zona, if needed, as described above. 

8. Wash embryos through 4 washes of PBS-PVP. 

a. Gently swirl for a few seconds for each wash. 

b. Be careful to avoid any kind of debris, including scratching the plate. 

9. Carefully pull the needed embryos into <1 µl in Wiretrol. 

a. The white line indicates 5 µl.  

10. Place the embryos in the droplet of PBS-PVP in the bottom of a tube. 

a. The tip of the Wiretrol MUST be submerged in the drop, but do not place it up 

against the plastic, or you will smash the embryos! 

b. The embryos will stick to the Wiretrol and not come out if you do not stick the 

Wiretrol in the drop. 

11. Partially submerge just the bottom of the tube in liquid nitrogen.  

a. Hold it carefully with fingers, but do not lean over the tube. 

i. Tubes can explode if liquid nitrogen gets into the tube. 
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b. Do not let the cap become submerged to avoid liquid nitrogen getting in the tube. 

i. Only the portion of the tube containing the droplet needs to be submerged. 

12. Hold for about 10 seconds. 

13. Quickly transfer the tube to a container in the -80°C. 

14. Repeat as needed. 
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Appendix D: Immunolocalization Protocols for SOX2, Cleaved 

Caspase 3, Ki67, Tead4, GATA6, NANOG and CDX2 in Bovine 

Preimplantation Embryos 

Solutions to Prep Prior to Staining 

Universal Solutions 

1. PBS-PVP (0.2%) 

a. 0.2g polyvinyl pyrrolidone in 100ml Dulbecco’s PBS (DPBS) 

2. 4% Paraformaldehyde 

a. From 16% stock (Thermofisher #28906), 1ml in 3ml PBS-PVP 

b. Best used fresh, but ok for 1 week. 

c. Store at room temp, protected from light. 

3. DAPI Nuclear Stain 

a. 1 μl stock (1 μg/ml) in 1ml PBS/PVP 

b. Prepare daily immediately before use 

4. Antibody Buffer 

a. 100 µl Horse Serum in 9.9 ml DPBS 

b. Make 1ml aliquots and freeze.  

c. Thaw to use, meanwhile store at 4°C, discard after 24 hours. 

5. Wash Buffer 

a. 25 μl Tween20 and 0.025g BSA to 25ml DPBS. 

6. 10% Horse Serum Blocking Buffer 

a. 1ml Horse Serum in 9ml DPBS 

b. Make 1ml aliquots and freeze. 

c. Thaw to use, meanwhile store at 4°C, discard after 24 hours. 

7. 10% Slowfade (Optional; Only necessary for samples which may be stained hours before 

they are imaged) 

a. 10 µl Slowfade in 90 µl PBS-PVP 

Permeabilizations Solutions – Prep at least one day in advance 
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8. 0.25% Triton-X 

a. 0.25ml Triton X-100 in 100ml DPBS 

9. 0.5% Triton-X 

a. 0.5ml Triton-X in 100ml DPBS 

Antibodies 

Primary Company: Catalog# Dilution Host Isotype Secondary Match 

MatchAntibody 
SOX2 

ThermoFisher: 14-

9811-80 
1:100 Rat Monoclonal IgG2a, kappa 

Any Anti-Rat IgG or IgG2a, 

kappa 

Cleaved 

Caspase-3 

Cell Signaling 

Technology: 9664S 
1:100 Rabbit Polyclonal IgG Any Anti-Rabbit IgG 

Ki67 
Thermofisher; 14-

5698-80 
1:500 Rat Monoclonal IgG2b Any Anti Rat IgG or IgG2b 

Tead4 

Abcam; ab50945* 

discontinued. Try 

Ab151274 

1:100 Rabbit Polyclonal IgG Any Anti-Rabbit IgG 

GATA6 
Cell Signaling 

Technology; 5851T 
1:500 Rabbit Polyclonal IgG Any Anti-Rabbit IgG 

NANOG 
eBioscience; 14-5768-

82 
1:200 Mouse Monoclonal IgG1 

Any Anti-Mouse IgG or 

IgG1 

CDX2 Biogenex; AM392-5M Use as is Mouse Monoclonal IgG1 
Any Anti-Mouse IgG or 

IgG1 

 

1. For Secondary Antibody Selection: 

a. Thermofisher’s Donkey Alexafluors work well. Use at 1:200. Goat antibodies 

also work, though can be a bit noisy, presumably because of bovine and caprine 

similarity. 

2. If targeting 2-3 of these proteins, the primaries and secondaries can be mixed if they are 

different host or isotypes. Different isotypes may be used together so long as the 

secondaries are specific to those isotypes (i.e. not general IgG). 

Plates Needed 

1. 2x 96 well plates: one for wash steps, one for antibody/DAPI incubations 

a. Use 30-200 μl volumes.  

b. For wash steps, designate the plate for use only with a single protocol.  

i. These plates may be reused multiple times (washing with water and drying 

in between).  
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c. For the Antibody/DAPI plate 

i. Each well should NOT be reused. 

ii. Mark each well after use and toss plate after all have been used.  

2. 1x 4 well plates: for PFA  

a. PFA plates can be reused a few times. 

b. 400-600 µl/well 

Protocol 

Fixation 

1. Wash embryos twice in PBS-PVP 

2. Using a 4 well plate, place the embryos in 4% PFA. Incubate for 20 minutes at room 

temperature. 

3. Wash embryos 3 times with new PBS-PVP.  

4. Use immediately, or store at 4°C in PBS-PVP for up to 7 days.  

Permeabilization  

1. Use method 1 or 2, depending on the antibody: 

a. Option 1: For SOX2, Cleaved Caspase-3, ki67, CDX2, or Tead4: 

i. Place embryos in 0.25% Triton-X and incubate for 20 min at room 

temperature. 

b. Option 2: For GATA6 or NANOG: 

i. Place embryos in 0.5% Triton-X and incubate for 30 min at room 

temperature. 

1. Less-aggressive protocols may also work. Never tried. 

2. Wash embryos twice with wash buffer. 

Blocking 

1. Place embryos in blocking buffer and incubate for 1 hour at room temp. 

Antibodies 

1. Place embryos in antibody solution and incubate 1 hour at RT to overnight at 4°C. 

a. Use 25-50 μl amounts, as antibody is expensive. 

2. Wash 3 times with wash buffer. 
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3. Start dark room work. Place embryos in secondary antibody and incubate 1 hour at room 

temp. 

4. Wash embryos 3 times with wash buffer. 

DAPI 

1. Place embryos in DAPI solution. Incubate for 5 minutes at room temperature. 

2. Place embryos in 10% Slow fade or PBS-PVP. 

a. Slow fade is only needed if imaging will be hours-days after slides are made. 

Slide Mounting 

1. Using a small paint brush, line cover slip with a thin layer of petroleum jelly. 

2. Place single embryos in small drops in a line inside the jelly square. 

a. Recommended to do 8 max per slide. 

3. Carefully lower the coverslip on to the slide 

a. Watch carefully under a microscope! 

b. Mark embryo’s location GENTLY with a fine tip BLACK sharpie. 

i. Colored sharpies will mess with fluorescence. 

4. Seal with nail polish. 
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Appendix E: Immunolocalization Protocols for pSTAT3Y705 and its 

Combination with GATA6, NANOG or CDX2 in Bovine 

Preimplantation Embryos 

Solutions to Prep Prior to Staining 

1. PBS-PVP (0.2%) 

a. 0.2g polyvinyl pyrrolidone in 100ml Dulbecco’s PBS (DPBS) 

2. 4% Paraformaldehyde 

a. From 16% stock (Thermofisher #28906), 1ml in 3ml PBS-PVP 

b. Best used fresh, but ok for 1 week. 

c. Store at room temp, protected from light. 

3. DAPI Nuclear Stain 

a. 1 μl stock (1 μg/ml) in 1ml PBS/PVP 

b. Prepare daily immediately before use 

4. Antibody Buffer 

a. 100 µl Horse Serum in 9.9 ml DPBS 

b. Make 1ml aliquots and freeze.  

c. Thaw to use, meanwhile store at 4°C, discard after 24 hours. 

5. Wash Buffer 

a. 25 μl Tween20 and 0.025g BSA to 25ml DPBS. 

6. 10% Horse Serum Blocking Buffer with Triton-X 

a. 1ml Horse Serum in 9ml DPBS 

b. Make 1ml aliquots and freeze. 

i. Thaw to use, meanwhile store at 4°C, discard after 24 hours. 

c. Add 1-5 µl Triton-X, allow to dissolve.  

7. 70% Ethanol 

8. 10% Slowfade (Optional; Only necessary for samples which may be stained hours before 

they are imaged) 

a. 10 µl Slowfade in 90 µl PBS-PVP 
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Antibodies 

Primary Company: Catalog# Dilution Host Isotype Secondary Match 

MatchAntibody pSTAT3Y705 

option 1 

Cell Signaling 

Technologies; 9145T 
1:100 Rabbit Polyclonal IgG Any Anti-Rabbit IgG 

pSTAT3Y705 

option 2 

Santa Cruz Biotech; sc-

8059 
1:100 Mouse Monoclonal IgG2b 

Any Anti-Mouse IgG or 

IgG2b 

NANOG 
eBioscience; 14-5768-

82 
1:200 

Mouse Monoclonal IgG1, 

kappa 

Any Anti-Mouse IgG or 

IgG1, kappa 

GATA6 
Cell Signaling 

Technology; 5851T 
1:500 Rabbit Polyclonal IgG Any Anti-Rabbit IgG 

CDX2 Biogenex; AM392-5M Use as is 
Mouse Monoclonal IgG1, 

kappa 

Any Anti-Mouse IgG or 

IgG1, kappa 

 

1. For Secondary Antibody Selection: 

a. Thermofisher’s Donkey Alexafluors work well. Use at 1:200. Goat antibodies 

also work, though can be a bit noisy, presumably because of bovine and caprine 

similarity. 

2. For pSTAT3Y705 use only: option 1 is recommended (brighter staining). 

3. For staining with NANOG, GATA6 or CDX2: 

a. For NANOG: Pair with pSTAT3Y705 option 1 

b. For GATA6: Pair with pSTAT3Y705 option 2 

c. For CDX2: Pair with pSTAT3Y705 option 1 

d. Using the combinations in a a,b or c, the primary and secondary antibodies can be 

mixed. 

Plates Needed 

1. 2x 96 well plates: one for wash steps, one for antibody/DAPI incubations 

a. Use 30-200 μl volumes.  

b. For wash steps, designate the plate for use only with a single protocol.  

i. These plates may be reused multiple times (washing with water and drying 

in between).  

ii. Using different antibodies may contaminate samples. 

c. For the Antibody/DAPI plate 

i. Each well should NOT be reused. 

ii. Mark each well after use and toss plate after all have been used.  
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2. 2x 4 well plates 

a. 1 for PFA  

i. PFA plates can be reused a few times. 

ii. 400-600 µl/well 

b. 1 for 70% Ethanol 

i. Can be reused 

ii. 400-600 µl/well 

Protocol 

Fixation 

1. Wash embryos twice in PBS-PVP 

2. Using a 4 well plate, place the embryos in 4% PFA. Incubate for 20 minutes at room 

temperature. 

3. Wash embryos 3 times with new PBS-PVP.  

4. Use immediately, or store at 4°C in PBS-PVP for up to 7 days.  

Permeabilization & Lipid Removal 

1. Using a 4 well plate, place embryos in 70% ethanol, and incubate for 5-10 minutes.  

2. Quickly wash once in blocking buffer. 

a. PBS-PVP only will cause the embryos to float, and they will be difficult to pick 

up. 

b. Use only blocking buffer with Triton-X! 

c. BE VERY CAREFUL ON THIS STEP! The embryos ‘jump’ when moved out of 

ethanol, and it is very easy to lose an embryo. Count them to be sure you have 

them all. Wash the well 1-2 times with blocking buffer if needed. 

3. Wash twice in Wash Buffer. 

Blocking 

1. Place embryos in blocking buffer and incubate for 1 hour at room temp. 

Antibodies 

1. Place embryos in antibody solution and incubate 1 hour at RT to overnight at 4°C. 

a. Use 25-50 μl amounts, as antibody is expensive. 
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2. Wash 3 times with wash buffer. 

3. Start dark room work. Place embryos in secondary antibody and incubate 1 hour at room 

temp. 

4. Wash embryos 3 times with wash buffer. 

DAPI 

1. Place embryos in DAPI solution. Incubate for 5 minutes at room temperature. 

2. Place embryos in 10% Slow fade. 

Slide Mounting 

1. Using a small paint brush, line cover slip with a thin layer of petroleum jelly. 

2. Place single embryos in small drops in a line inside the jelly square. 

a. Recommended to do 8 max per slide. 

3. Carefully lower the coverslip on to the slide 

a. Watch carefully under a microscope! 

b. Mark embryo’s location GENTLY with a fine tip BLACK sharpie. 

i. Colored sharpies will mess with fluorescence. 

4. Seal with nail polish. 
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Appendix F: Immunolocalization Protocols for GATA6, NANOG 

and CDX2 in Bovine Preimplantation Embryos 

Solutions to Prep Prior to Staining 

1. PBS-PVP (0.2%) 

a. 0.2g polyvinyl pyrrolidone in 100ml Dulbecco’s PBS (DPBS) 

2. 4% Paraformaldehyde 

a. From 16% stock (Thermofisher #28906), 1ml in 3ml PBS-PVP 

b. Best used fresh, but ok for 1 week. 

c. Store at room temp, protected from light. 

3. DAPI Nuclear Stain 

a. 1 μl stock (1 μg/ml) in 1ml PBS/PVP 

b. Prepare daily immediately before use 

4. Antibody Buffer 

a. 100 µl Horse Serum in 9.9 ml DPBS 

b. Make 1ml aliquots and freeze.  

c. Thaw to use, meanwhile store at 4°C, discard after 24 hours. 

5. Wash Buffer 

a. 25 μl Tween20 and 0.025g BSA to 25ml DPBS. 

6. 10% Horse Serum Blocking Buffer 

a. 1ml Horse Serum in 9ml DPBS 

b. Make 1ml aliquots and freeze. 

c. Thaw to use, meanwhile store at 4°C, discard after 24 hours. 

7. 10% Slowfade (Optional; Only necessary for samples which may be stained hours before 

they are imaged) 

a. 10 µl Slowfade in 90 µl PBS-PVP 

8. 0.5% Triton-X Permeabilization Solution 

a. 0.5ml Triton-X in 100ml DPBS 
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Antibodies 

Primary Company: Catalog# Dilution Host Isotype Secondary Match 

MatchAntibody 
GATA6 

Cell Signaling 

Technology; 5851T 
1:500 Rabbit Polyclonal IgG Any Anti-Rabbit IgG 

NANOG 
eBioscience; 14-5768-

82 
1:200 

Mouse Monoclonal IgG1, 

kappa 

Any Anti-Mouse IgG or 

IgG1, kappa 

CDX2 Biogenex; AM392-5M Use as is 
Mouse Monoclonal IgG1, 

kappa 

Any Anti-Mouse IgG or 

IgG1, kappa 

 

1. For Secondary Antibody Selection: 

a. Thermofisher’s Donkey Alexafluors work well. Use at 1:200. Goat antibodies 

also work, though can be a bit noisy, presumably because of bovine and caprine 

similarity. 

b. Use 488, 555 and 647 antibodies. 

2. Beware, the NANOG and CDX2 antibodies have host isotype overlap. This requires a 

protocol with two rounds of primary and secondary antibody incubations, described 

below. 

Plates Needed 

1. 2x 96 well plates: one for wash steps, one for antibody/DAPI incubations 

a. Use 30-200 μl volumes.  

b. For wash steps, designate the plate for use only with a single protocol.  

i. These plates may be reused multiple times (washing with water and drying 

in between).  

ii. Using different antibodies may contaminate samples. 

c. For the Antibody/DAPI plate 

i. Each well should NOT be reused. 

ii. Mark each well after use and toss plate after all have been used.  

2. 1x 4 well plates: for PFA  

a. PFA plates can be reused a few times. 

b. 400-600 µl/well 
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Protocol 

Fixation 

1. Wash embryos twice in PBS-PVP 

2. Using a 4 well plate, place the embryos in 4% PFA. Incubate for 20 minutes at room 

temperature. 

3. Wash embryos 3 times with new PBS-PVP.  

4. Use immediately, or store at 4°C in PBS-PVP for up to 7 days.  

Permeabilization  

1. Place embryos in 0.5% Triton-X permeabilization buffer for 30 minutes. 

2. Wash 2 times with wash buffer.  

Blocking 

1. Place embryos in blocking buffer and incubate for 1 hour at room temp. 

Antibodies 

1. Place embryos in a primary antibody mix of NANOG and GATA6. Incubate for 1 hour at 

room temp or overnight at 4C*. 

a. 1.25 µl NANOG, 0.25 µl GATA6 in 248.5 µl antibody buffer 

b. Overnight at 4°C increases nonspecific staining of NANOG, so it is preferable to 

do 1 hour at room temp. 

2. Wash 3-6 times with wash buffer. 

3. Start dark room work. Place embryos in mix of 2 secondary antibodies and incubate 1 

hour at room temp. 

a. 1:200 for both secondaries. 

4. Wash embryos 3-6 times with wash buffer. 

5. Place embryos in CDX2 antibody solution. Incubate for 1 hour at room temp. 

6. Wash 3-6 times with wash buffer. 

7. Place embryos in secondary antibody solution and incubate 1 hour at room temp. 

a. Use the remaining anti-mouse alexafluor at 1:500. 

8. Wash embryos 3-6 times with wash buffer. 
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DAPI 

1. Place embryos in DAPI solution. Incubate for 5 minutes at room temperature. 

2. Place embryos in 10% Slow fade. 

Slide Mounting 

1. Using a small paint brush, line cover slip with a thin layer of petroleum jelly. 

2. Place single embryos in small drops in a line inside the jelly square. 

a. Recommended to do 8 max per slide. 

3. Carefully lower the coverslip on to the slide 

a. Watch carefully under a microscope! 

b. Mark embryo’s location GENTLY with a fine tip BLACK sharpie. 

i. Colored sharpies will mess with fluorescence. 

4. Seal with nail polish. 

 

 

 

 

 


