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Abstract 

Females experience reproductive plasticity in several situations.  Under severe stress, 

females can experience ova-implantation failure.  In the presence of unfamiliar males, 

females can also experience implantation failure (the Bruce effect), or hastened sexual 

maturation (the Vandenbergh effect). These physiological events (sexual maturation and 

implantation failure) are also induced by 17β-estradiol (E2).  Male mice excrete E2 in their 

urine and direct it toward females; furthermore, stress can increase endogenous E2 in 

females.  Accordingly, I explored the role of male urinary E2 in the Bruce and 

Vandenbergh effects, and examined endogenous E2 and progesterone (P4) during stress-

induced implantation failure in mice.  I showed that a male mouse’s ability to induce the 

Bruce and Vandenbergh effects depends on his urinary E2, as castration removed this 

ability, and injections of E2 restored it and urinary E2 levels.  I also developed urinary 

measurements of the stress hormone, corticosterone, for use in subsequent stress studies.  

I showed that serum and urinary corticosterone follow a similar circadian rhythm, and 

that urinary corticosterone responds appropriately to acute stress in male mice.  Also, 

urinary and serum corticosterone, P4, and E2 in female mice show similar responses to 

stress, with slightly different time courses.  Lastly, I showed that rat-exposure is stressful 

and causes implantation failure in female mice.  Furthermore, P4 is elevated in females 

maintaining their pregnancies, and suppressed in females losing their pregnancies, during 

stress.  E2 is elevated in stress, particularly in females losing their pregnancies.  

Exogenous P4 did not mitigate stress-induced pregnancy failure, unless it was combined 

with a low dose of E2.  Taken together with previous research, I suggest that exogenous 
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and endogenous E2 contribute to reproductive plasticity in female mice, particularly their 

ability to abandon early pregnancy.  Additionally, I suggest that serum and urinary steroid 

measures in response to stress have value under various experimental circumstances. 
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Overview 

A common concept in evolutionary biology is that of the choosy female and the 

eager male. While this pattern is not followed in all species, it is prevalent in those with 

internal fertilization and female-dominant parental care.  These two characteristics are 

present in the vast majority of mammalian species (Kleiman 1977). Most mammalian 

males need only provide relatively inexpensive sperm in order to increase their fitness.  

Mammalian females, on the other hand, are saddled with the energetic burdens of creating 

large, nutrient-rich ova, gestating, lactating, and providing other maternal care necessary 

to ensure offspring survival to reproductive age (Kleiman 1977).  Consequently, a male 

can abandon a female after insemination, because the female will provide all of the 

resources and care required for his offspring to survive and pass his genes on to future 

generations.  Males in most mammalian species where there is no pair-bonding or 

paternal care may increase their lifetime fitness best by following a “quantity over 

quality” strategy, inseminating as many females as possible (Trivers 1972).  Most females 

increase their lifetime fitness best by following the opposite strategy, mating with only 

the highest quality of available males, thereby increasing the probability that their 

energetic investment is not wasted on unhealthy or subpar offspring that may not even 

survive to reproduce themselves (Trivers 1972).  

The unequal investment in parental care between the sexes, with females bearing 

most of the burden, means that it might be beneficial for females to be reproductively 

plastic.  Certainly, males can be reproductively plastic as well, particularly in their mating 

strategies (Gross 1996).  However, throughout this thesis, I define reproductive plasticity 
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in females as their ability to alter their reproductive strategies post-fertilization. It could 

be adaptive for females to be flexible in their parental commitment depending on various 

environmental variables such as the identity of surrounding conspecifics, the presence of 

predatory heterospecifics, climate, and resource availability, to name a few.  One way in 

which females are often reproductively plastic is in their ability to abandon early 

pregnancy when non-sire males are present (perhaps to avoid infanticide that may occur if 

pregnancy was carried to term, e.g., Hrdy 1979, Labov 1981, Roberts et al. 2012), or 

when stress is experienced (perhaps a signal of reduced probability of maternal or 

offspring survival under current poor environmental conditions, e.g., Wingfield et al. 

1998).   Males may have evolved to take advantage of this female plasticity under some 

circumstances (Hrdy 1979, Schwagmeyer 1979).  For instance, in some species including 

several rodents, a male has the capacity to disrupt pregnancies that he did not sire in 

surrounding females (possibly to bring females back into estrus speedily so he can 

inseminate them himself, e.g., Mallory & Brooks 1978). A male may also hasten the 

process of sexual maturation in juvenile females (possibly to increase the availability of 

females for insemination, e.g., Vandenbergh 1971). This sets the stage for several 

phenomena seen in mice (Mus) and some other species, including pheromonal effects 

such as disruption of blastocyst implantation and acceleration of female puberty, and the 

endocrine effect of stress-induced pregnancy failure.  Broadly, in this thesis I examine 

female mouse reproductive plasticity in 2 situations: 1) in the presence of unfamiliar 

males, and 2) in the presence of a predator, and I examine the physiological 
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underpinnings of such plasticity, with a focus on adrenal and gonadal steroids, 

particularly estrogens. 

 

Steroid Hormones 

 Steroids are a class of hormone synthesized and released into the bloodstream by 

the major endocrine glands: the gonads (the ovaries and testes) and the adrenal cortex (the 

outer shell of the adrenal gland).  Steroids are divided into 5 classes: the 

mineralocorticoids (including aldosterone), the glucocorticoids (GCs, including cortisol 

and corticosterone), the progestins (including progesterone [P4]), the androgens 

(including testosterone [T5]), and the estrogens (including 17β-estradiol [E2]).  Each 

steroid hormone in each class is structurally distinct except for its core, the steroid 

backbone common to all steroids, which consists of three 6-carbon rings and one 5-

carbon ring. Since steroids are small and lipophilic, they can easily pass through the cell 

phospholipid bilayer.  As a result, steroids produce most of their effects via intracellular 

receptors (Walters 1985).  Once bound by a steroid in the cytosol, the steroid/receptor 

unit moves to the nucleus and acts as a transcription factor, binding to hormone response 

elements on DNA and upregulating the transcription of specific genes (Walters 1985, 

Beato et al. 1995, Mangelsforf et al. 1995). 

The physiological and behavioural effects of steroid hormones vary widely. 

Steroids are involved in the regulation of parental (Wynne-Edwards & Reburn 2000, 

Saltzman & Maestripieri 2011), sexual (Feder 1984), and aggressive (Lonstein & 

Gammie 2002) behaviours, the maintenance of pregnancy (Schindler 2005), the initiation 
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of parturition (Nathanielsz 1998), and the upregulation or suppression of immune 

function (Sapolsky et al. 2000), among many other processes. Despite the variety of 

physiological and behavioural effects of steroid hormones, all steroids arise from the 

modification of the same molecule, cholesterol, through several enzymatic steps (Payne 

& Hales 2004).  In fact, the steroid biosynthetic pathway is essentially a series of 

enzymatic reactions leading from one steroid to another by cleaving the appropriate 

molecules from the steroid backbone. 

Depending on the presence or absence of specific enzymes, various endocrine 

glands synthesize different steroid hormones.  Classically, the steroids are grouped into 

two categories: the sex steroids (e.g., T5, P4, and E2) released from the gonads, and the 

adrenal steroids (e.g., aldosterone and the GCs cortisol and corticosterone) released from 

the adrenal glands. The gonads do not possess the enzymes necessary to synthesize 

adrenal steroids, but the adrenal glands can synthesize sex steroids including P4, and the 

androgens androstenedione and dehydroepiandrostenedione (DHEA) (Payne & Hales 

2004).  Estrogens, being the smallest of the steroid hormones, are located at the end of the 

steroid biosynthetic pathway.  Their immediate precursors are the androgens (Payne & 

Hales 2004).  One important enzymatic step is the aromatization of T5 to E2 by the 

enzyme aromatase (Simpson et al. 1994).  The direct conversion of T5 to E2 has led to the 

discovery that some traditionally male characteristics regulated by T5 are actually only 

indirectly so regulated, with direct effects being attributed to E2 (e.g., masculinization of 

the brain: McCarthy 2008).  This regulation of the synthesis and release of steroids 
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including P4, E2, and the GCs is controlled by signals from the hypothalamus and 

pituitary. 

 

The Hypothalamic-Pituitary-Gonadal Axis 

Reproduction in both male and female mammals is ultimately controlled by the 

hypothalamic-pituitary-gonadal (HPG) axis.  Communication between the hypothalamus, 

pituitary, and ovaries is essential for all major reproductive milestones in females: sexual 

maturation (Ojeda & Urbanski 1988), estrous/menstrual cycling leading to ovulation 

(Freeman 1988, Knobil & Hotchkiss 1988), and pregnancy (Niswender & Nett 1988). 

The major effectors of the HPG axis are kisspeptin and gonadotropin-releasing hormone 

(GnRH) from the hypothalamus, the gonadotropins luteinizing hormone (LH) and 

follicle-stimulating hormone (FSH) from the gonadotrope cells of the anterior pituitary, 

and the steroid hormones P4 and E2 from the ovaries.   

Generally, kisspeptin stimulates the pulsatile release of GnRH (Dungan et al. 

2006), which in turn acts at the anterior pituitary gonadotropes to prompt the secretion of 

LH and FSH (Schally et al. 1973, Conn & Crowley 1990).  These gonadotropins 

stimulate the cells of the follicles of the ovaries to release the sex steroids P4 and E2 

(Jamnongjit & Hammes 2006).  Over most of the rodent estrous cycle, the HPG axis 

functions in a classic negative feedback fashion, with E2 feeding back to inhibit kisspeptin 

(and therefore indirectly inhibiting GnRH and the gonadotropins) in the arcuate nucleus 

of the hypothalamus (Dungan et al. 2006).  However, during the afternoon of proestrus 

(the day before ovulation and sexual receptivity in rodents), E2 feeds back to the 
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anteroventral periventricular nucleus of the hypothalamus in a positive feedback fashion 

to stimulate kisspeptin, all of which ultimately results in a surge of LH and culminates in 

ovulation (Kauffman et al. 2007, Smith 2008). If mating does not occur at this time, E2 

and P4 levels fall back to baseline levels and the cycle continues anew.  However, if the 

ova shed are fertilized, P4 remains elevated to support pregnancy (Freeman 1988). 

 

The Hypothalamic-Pituitary-Adrenal Axis 

 Like sex steroid release from the ovaries, the release of GCs from the adrenal 

glands is controlled by signals from the hypothalamus and pituitary.  Corticotropin-

releasing hormone (CRH) released from the hypothalamus stimulates pituitary 

corticotropes to release adrenocorticotropic hormone (ACTH), which in turn acts at the 

adrenal cortex to initiate GC synthesis and secretion.  The synthesis and secretion of these 

hormones, particularly the GCs, display a distinct circadian pattern, with levels increasing 

in conjunction with the start of the activity cycle (corresponding to the morning for 

diurnal species like humans, and the evening for nocturnal species like mice and rats), and 

decreasing continuously until reaching a trough at the beginning of the sleep cycle (the 

evening for diurnal species, and the morning for nocturnal species) (Dickmeis 2009).  As 

well as displaying a distinct circadian pattern, the hypothalamic-pituitary-adrenal (HPA) 

axis displays a distinct response to stress. 

When faced with a stressor (any perceived or real challenge to homeostasis), an 

individual mounts a highly stereotyped stress response, mediated partly by the HPA axis. 

Almost immediately after the perception of stress, CRH is released from the 
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hypothalamus, leading to increased ACTH from the anterior pituitary, and ultimately to 

increased GCs (cortisol or corticosterone) from the adrenal cortex (Sapolsky et al. 2000). 

The stress response is generally considered adaptive, allowing an individual to mobilize 

resources, escape threat, and return to homeostasis (Wingfield et al. 1998, but see 

Breuner et al. 2008).  Indeed, without the ability to mount an appropriate GC response to 

stress, the individual is in an extremely fragile state (e.g., Addison’s disease, Oelkers 

1996).  However, the actions of GCs themselves, when remaining high (for instance, in 

situations of chronic stress), can be detrimental (Sapolsky et al. 1986, 2000).  As such, in 

the young, healthy animal, GC levels in response to a stressor are tightly regulated by 

negative feedback to the hypothalamus (decreasing CRH) and pituitary (decreasing 

ACTH).  This is not so in the aged animal: after a lifetime of exposure to stressors, the 

mechanisms of GC negative feedback break down, leading to a prolonged increase in 

GCs during stress and even hastening the aging process in a positive feedback loop 

(Sapolsky et al. 1986). 

 

Female Sexual Maturation 

 The process through which juvenile females gain the capacity to reproduce 

(puberty, or sexual maturation) is highly complex, being influenced by hormonal (Ojeda 

& Urbanski 1988), genetic (Drickamer 1981), and environmental (Ellis & Garber 2000, 

Nebesio & Pescovitz 2005) factors.  Sexual maturation in females is characterized by an 

awakening of the HPG axis.  The first sign of this is a change in the pattern of LH 

secretion, with increased pulse amplitude and mean concentrations of LH occurring in the 
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afternoon in female rats (diurnal pattern; Urbanski & Ojeda 1985a) or overnight in human 

girls (nocturnal pattern; Goji 1993).  The ovary matures, and LH receptor content and 

sensitivity to gonadotropins increases (Peluso et al. 1976, Ojeda & Urbanski 1988).  This 

may then allow the diurnal pulses of LH to stimulate ovarian steroidogenesis of E2 and P4 

in sufficient amounts to lead to the first preovulatory gonadotropin surge via E2 positive 

feedback to the hypothalamus (Urbanski & Ojeda 1985b). 

It is largely assumed that these LH pulses are driven by GnRH release from the 

hypothalamus, since GnRH is a potent stimulator of LH, and increases in GnRH during 

puberty have been noted (Terasawa et al. 1999, Ebling 2005).  Indeed, administration of 

GnRH in pulses that produce a profile of LH similar to that seen during the pubertal 

transition causes the onset of precocious puberty in female rats (Urbanski & Ojeda 1987).  

Moreover, excitatory activation of GnRH neurons itself initiates puberty (Urbanski & 

Ojeda 1987), leading to the hypothesis that some factor upstream of GnRH may be 

involved in the onset of sexual maturation.  This factor remained unknown until recently.   

It is now generally well accepted that a driving force initiating the awakening of 

the HPG axis in puberty is kisspeptin and its receptor, G protein-coupled receptor 54 

(GPR54) (Dungan et al. 2006, Smith 2008).  Humans and mice lacking functional GPR54 

fail to mature sexually, with females having abnormally low gonadotropin and E2 levels 

leading to acyclicity and infertility (de Roux et al. 2003, Seminara et al. 2003).  On the 

other hand, increased kisspeptin activity can result in precocious puberty: in one case 

study, a mutation in GPR54 leading to prolonged activation by kisspeptin was 

hypothesized as the cause of a young girl’s precocious puberty (Teles et al. 2008).  This 
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early sexual maturation can be attained experimentally in immature female rats by central 

administration of kisspeptin (Navarro et al. 2004a).   

During normal maturation, there is a distinct pattern in the development of the 

kisspeptin/GPR54 system, with an apparent increase in the sensitivity of hypothalamic 

neuronal circuitry to kisspeptin. For instance, the percentage of GnRH neurons firing in 

response to kisspeptin increases from 27% in juvenile rats to 44% in pubertal rats to 90% 

in adult rats, and maximal circulating LH levels can be reached with lower doses of 

kisspeptin in adult animals compared to juveniles (Han et al. 2005).  There is also a 

distinct pattern in the expression of GPR54 gene and kisspeptin gene and peptide 

expression in the hypothalamus during sexual maturation, with increases seen in rats 

(Navarro et al. 2004b), mice (Mayer et al. 2010), and rhesus macaques (Shahab et al. 

2005) as they mature.  The pubertal upregulation of kisspeptin in female mice may in part 

be under the control of E2, since mice lacking estrogen receptor alpha (ERα, a major 

estrogen receptor) specifically in kisspeptin-immunoreactive neurons do not experience a 

normal increase in kisspeptin during maturation.  Moreover, these mice have abnormal 

sexual development and are acyclic (Mayer et al. 2010), indicating the importance of E2 

in female sexual maturation. 

E2 plays an essential role in female puberty, including the sexual maturation of the 

reproductive tract (Alonso & Rosenfield 2002). Exposure to E2 or estrogen-mimicking 

substances (xenoestrogens) can cause precocious puberty in humans and rodents (Feuillan 

et al. 1999, Partsch & Sippell 2001, Rasier et al. 2006). There are several measures used 

as biomarkers of sexual maturity in rodents, including onset of sexual behaviour and 
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vaginal opening, uterine weight, and circulating LH and E2 levels (e.g., Navarro et al. 

2004a, Khan et al. 2008a, 2008b), many of which are biomarkers of estrogenic activity.  

Sexual behaviour in female rodents occurs only around the time of ovulation (estrus), and 

is due to high levels of E2 against a backdrop of increasing P4 (Beach 1976). In the mature 

ovariectomized (OVX) rat, administration of both E2 and P4 is necessary to stimulate 

sexual behaviour similar to that seen during estrus (Powers 1970), although sufficient 

levels of E2 alone can stimulate sexual behaviour (Davidson et al. 1968). Vaginal opening 

occurs at the attainment of estrus due to rises in E2, and is therefore used as a sign of 

sexual maturity and estrogenic activity (Reel et al. 1996, Rasier et al. 2006).  Uterine 

changes occur during sexual maturation as well, including increased endometrial 

thickness and change in shape in girls (Bridges et al. 1996) and increased weight in 

female mice (Ogasawara et al. 1983).  This increased uterine weight during sexual 

maturation is thought to be due to increasing levels of E2 seen during puberty, since it 

does not occur in the absence of the ovaries (Ogasawara et al. 1983).  Indeed, it is well 

known that E2 promotes growth of the uterus, since administration of the steroid increases 

uterine weight (Davidson et al. 1968, Ogasawara et al. 1983).  E2 stimulates uterine 

growth in puberty by reducing cell cycle length (Quarmby & Korach 1984) thereby 

increasing mitotic cell division (Ogasawara et al. 1983), and also by signaling through the 

uterotrophic insulin-like growth factor-1 (IGF-1)/IGF-1 receptor system (Murphy & 

Ghahary 1990, Zhu & Pollard 2007). 
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Pregnancy and Implantation 

 After a successful mating during estrus coinciding with ovulation and resulting in 

the fertilization of ova in the female reproductive tract, several events must occur for 

pregnancy to progress.  The corpus luteum (an endocrine gland in the ovaries formed 

from cells of the ovulated follicle) must remain functional in the mated female and secrete 

sufficient quantities of P4 necessary for the maintenance of pregnancy (Niswender & Nett 

1988).  Early studies of the importance of the corpus luteum for pregnancy in mice 

showed that ovariectomy in mid- to late-gestation leads to pregnancy failure (Harris 1927, 

Parkes 1928) unless P4 is replaced (Rubenstein & Forbes 1963, Milligan & Finn 1997).  

The fertilized ova must undergo mitotic cell division while travelling through the oviduct 

to the uterus, and develop into blastocysts that are capable of implanting into the uterine 

wall to establish physical maternal-fetal connection (Wang & Dey 2006).  Concurrently, 

the uterine wall must undergo decidualization, a complex process dependent upon E2 and 

P4 (Ramathal et al. 2010), involving transformation of the uterine cells to produce a 

thickened endometrium (Cross et al. 1994), increased vascular permeability (Weitlauf 

1988) and to facilitate the upregulation of immune cells (Croy et al. 2002).  The product 

of decidualization, the decidua, is thought to support early pregnancy and embryonic as 

well as placental development (Croy et al. 2002, Ramathal et al. 2010). Upon 

implantation and decidualization, the outer layer of the blastocyst, the trophectoderm, 

begins to develop into the placenta, which is essential for the transport of nutrients 

between the mother and fetus, and therefore the healthy growth and development of the 

fetus to term (Cross et al. 1994). 
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 There is particular interest in the process of blastocyst implantation into the 

uterine wall, perhaps because it is the initiation of the physical maternal-fetal connection 

that ultimately leads to the development of a new individual.  Implantation itself is 

extremely complex, and involves multiple hormonal, immune and genetic components 

(Dey et al. 2004).  Except for a brief period of time, the uterus is a hostile environment 

for the blastocyst, preventing attachment from occurring (Paria et al. 2002, Wang & Dey 

2006). It is during this brief window of uterine receptivity that the blastocyst and uterine 

wall come into contact and implantation can begin (Dey et al. 2004).  If the blastocyst 

does not arrive in the uterus during the window of receptivity, implantation may fail since 

the uterus quickly shifts into a refractory state that is damaging to the blastocyst and 

incompatible with implantation (Wang & Dey 2006).  Thus, the development of the 

uterus, and the development of the fertilized ova into blastocysts as they travel through 

the reproductive tract, must be exquisitely timed so that the blastocysts arrive at the 

uterine wall during the window of receptivity in order for successful implantation to 

occur (Wang & Dey 2006).   

Implantation is dependent on E2 and P4 in the mouse (Dey et al. 2004), failing in 

the absence of P4 (Huet-Hudson & Dey 1990) or in the absence of E2 signaling (Curtis 

Hewitt et al. 2002).  It can occur normally in OVX females only when both P4 and E2 are 

administered (Humphrey 1967, Moore Smith & Biggers 1968).  In the mouse, 

implantation begins on day 3 of pregnancy, when the day of mating is considered day 0 

(Dey et al. 2004).  When the natural rise of E2 seen in females on day 3 of pregnancy is 

prevented, implantation is inhibited (McCormack & Greenwald 1974), indicating the 
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importance of E2 in this process.  In particular, E2 is necessary to bring the P4-primed 

uterus into its receptive state (Dey et al. 2004, Paria et al. 2002). 

Although E2 is necessary for implantation in mice, it can also, paradoxically, 

disrupt implantation (deCatanzaro et al. 1991) through several mechanisms.  Low doses 

of E2 can extend the window of receptivity to blastocyst implantation in P4-primed uteri; 

however, doses of E2 slightly above this can prematurely close the window, bringing the 

uterus into a refractory state early and preventing implantation (Ma et al. 2003).  This E2-

induced refractory state is associated with, and possibly caused by, an abnormal or a 

complete lack of expression of several genes in the uterus involved in implantation (Ma et 

al. 2003).   

Implantation failure caused by supra-optimal levels of E2 can also be a result of 

altered blastocyst transport through the reproductive tract.  Given the importance of 

synchronous development of the blastocyst and uterine wall to the establishment of 

implantation, any alteration of the transport of blastocysts may result in their untimely 

arrival into the uterus and therefore in implantation failure.  Depending on the dose and 

species examined, E2 can increase (Burdick & Whitney 1937, Banik & Pincus 1964, 

Greenwald 1967) or decrease (Greenwald 1967, Humphrey & Martin 1968) the rate of 

transport through the reproductive tract.  Increased transport often results in expulsion of 

fertilized ova from the female (Banik & Pincus 1964), whereas decreased transport results 

in retention of ova in the oviducts (Greenwald 1967).   

Finally, elevated levels of E2 may also disrupt implantation by preventing 

adhesion of the blastocyst to the uterine wall, and of the uterine walls to each other 
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around the blastocyst, resulting in failure of the uterine lumen (the space in the uterus) to 

close.  Adhesion molecules belonging to the cadherin family, including epithelial-

cadherin (e-cadherin) have several functions, including promoting and maintaining 

adhesion between cells (Rowlands et al. 2000).  During normal implantation, e-cadherin 

is increased in the apical surface of uterine epithelial cells (Slater et al. 2002), specifically 

at the points of implantation (Jha et al. 2006).  Increased e-cadherin promotes enhanced 

endometrial receptivity for blastocyst attachment (Rahnama et al. 2009), and may be 

involved in the adhesion of opposing uterine walls to each other, resulting in luminal 

closure around implanting blastocysts (Hyland et al. 1998). E2 can decrease the 

expression of e-cadherin in reproductive tissues (Potter et al. 1996, Oesterreich et al. 

2003, Jha et al. 2006), and can also cause an influx of fluid into the uterine lumen (Salleh 

et al. 2005).  Both of these estrogenic processes together may prevent uterine luminal 

closure and blastocyst attachment, leading to implantation failure. 

 

Male-Induced Changes in Female Reproductive Development and Pregnancy 

 Communication between conspecifics can occur through many means including 

visual, auditory, and olfactory.  Pheromones are chemicals released from one individual 

and received by another, and can be classified as either signaling or priming 

(Vandenbergh 1988).  Signaling pheromones result in an immediate behavioural change 

in the recipient individual (e.g., male attraction to a female in estrus), whereas priming 

pheromones result in a long-term physiological change in the recipient individual (e.g., 
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sexual maturation in juvenile females) (Vandenbergh 1988).  Two of the most studied 

priming pheromonal effects in mice are the Vandenbergh and the Bruce effects. 

The Vandenbergh Effect: Acceleration of Female Sexual Maturation 

 The Vandenbergh effect was first described in the mouse by John Vandenbergh in 

the 1960s, when he noted that juvenile females housed with an adult male became 

sexually mature earlier than juveniles housed in the absence of a male (Vandenbergh 

1967).  Although he first quantified sexual maturation by the age at which the females 

attained vaginal opening, first estrus, and first mating, other typical measures of the 

Vandenbergh effect include increased uterine weight (Lombardi & Vandenbergh 1977, 

Khan et al. 2008b) and sexual behaviour (Khan et al. 2008a).  Shortly thereafter, 

Vandenbergh discovered that direct contact between the juvenile female and adult male 

was not necessary, as females became sexually mature when housed with a male behind a 

wire-mesh grid preventing physical contact, and even when housed only with a male’s 

soiled bedding (Vandenbergh 1969).  It is now known that the signal inducing sexual 

maturation in juvenile females is in adult male urine, since exposure of juvenile females 

to adult male urine alone is sufficient to induce the Vandenbergh effect (Colby & 

Vandenbergh 1974).  Moreover, this urinary pheromone is androgen-dependent, as urine 

from castrated males does not accelerate sexual maturation in females (Colby & 

Vandenbergh 1974), but urine from castrated males given exogenous T5 does (Lombardi 

et al. 1976).  Since its initial description in mice, the Vandenbergh effect has been 

observed in several other species, including rats (Vandenbergh 1976), prairie voles 

(Carter et al. 1980), field voles (Spears & Clarke 1986), Djungarian hamsters (Reasner & 



Ph.D. Thesis – J.B. Thorpe                McMaster – Psychology, Neuroscience & Behaviour 

 17 

Johnston 1987), lemmings (Hasler & Banks 1975), opossums (Harder & Jackson 2005), 

cows (Izard & Vandenbergh 1982), and pigs (Brooks & Cole 1970). 

 There are several proposed urinary constituents that contribute to a male’s 

capacity to induce sexual maturation in juvenile females (Petrulis 2013).  Most of these 

are ligands in the urine found bound to major urinary proteins (MUPs) (Novotny et al. 

1999).  Two such ligands, α farnesene and β farnesene, are chemicals produced by the 

male preputial glands (Novotny et al. 1990).  That there are multiple components of male 

urine that can induce the Vandenbergh effect is evidenced by the fact that 

preputialectomized male mice are still capable of hastening sexual maturation in nearby 

juvenile females (Khan et al. 2009).  Since E2 can stimulate precocious puberty in 

females, just as the urinary pheromone from adult males can, it is possible that male 

urinary E2 also contributes to male-induced sexual maturation of juvenile females.   

Radiolabelled E2 injected into adult male mice appears in their urine within 

minutes (Guzzo et al. 2010), and can be seen in a cohabiting juvenile female’s brain and 

reproductive tract, likely gaining entry through her nose and skin (Guzzo et al. 2012).  

Pre-treatment of adult females with unlabeled E2 reduces radioactivity in the uterus, 

suggesting that the radiolabelled E2 in male urine is binding to estrogen receptors and is 

therefore biologically active (Guzzo et al. 2010, 2013).  Urination is a social response in 

mice, with male urination increasing particularly in the presence of females (Reynolds 

1971). Male mice experience increased circulating T5 in the presence of unfamiliar 

females (Macrides et al. 1975).  This could lead to increases in circulating E2 (aromatized 

from T5) and subsequently increased urinary E2. Male mice housed with juvenile females 
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experience increased urinary E2, and aim their urine toward the female (Beaton et al. 

2006, deCatanzaro et al. 2009).  Interestingly, female voles experience increased serum 

E2 when in the presence of males, which is hypothesized to lead to sexual maturation 

(Cohen-Parsons & Carter 1986).  It is not known whether this E2 is endogenous, from the 

male, or both. Since steroids easily pass through the skin (Guzzo et al. 2012), it is 

possible that E2 in male urine is absorbed by juvenile females, thus contributing to 

precocious puberty in the Vandenbergh effect. 

The Bruce Effect: Disruption of Early Pregnancy 

 Hilda Bruce first described the phenomenon of pregnancy disruption in 

inseminated female mice caused by housing them with a non-sire male (Bruce 1959).  

Several indicators of pregnancy disruption in females induced by strange (non-sire) males 

have been used, including a return to estrous cycling (Bruce 1960, Dominic 1966), the 

absence of parturition (Beaton & deCatanzaro 2005), and a decrease in uterine 

implantation sites (Keverne & de la Riva 1982).  Much like the Vandenbergh effect, the 

Bruce effect is induced by a chemical in male urine (Dominic 1966) that disappears after 

castration (Bruce 1965), and reappears if the male is treated with T5 (deCatanzaro & 

Storey 1989).  While it is most widely known in the house mouse, the Bruce effect has 

also been reported in deer mice (Bronson & Eleftheriou 1963), meadow voles (Clulow & 

Langford 1971), Mongolian gerbils (Rohrbach 1982) and the wild gelada baboon 

(Roberts et al. 2012).  

 There is much interest in identifying the mechanism by which male urine disrupts 

pregnancy. A prominent hypothesis involves the formation of an olfactory memory of the 
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sire by the mated female (Brennan 2004).  The ability of an inseminated female to 

“recognize” the sire prevents him from blocking her pregnancy, whereas unfamiliar males 

produce a Bruce effect (Brennan 2009).  Individual recognition in mice may be mediated 

through the major histocompatibility complex (MHC) or MUPs in the urine, both of 

which can vary between unrelated individuals (Brennan & Peele 2003).  Chemosignals 

bound to either the MHC or MUPs in unfamiliar male urine are suggested to enter the 

female through her vomeronasal organ, cause a surge of dopamine in the arcuate nucleus 

which then decreases prolactin release from the pituitary, leading to the degradation of the 

corpora lutea and a subsequent drop in P4, resulting in pregnancy loss (Brennan 2004).  It 

is also possible that, in conjunction with a female’s behaviour based on the identity of the 

male (sire or novel), E2 in the male’s urine enters the inseminated female’s system and 

contributes to pregnancy failure in the Bruce effect. 

 Recently inseminated females approach and investigate a strange male much more 

than their own sire when given the choice (deCatanzaro & Murji 2004).  Additionally, 

when present, the sire will prevent a female from investigating the other male, leading to 

reduced incidence of pregnancy block (deCatanzaro & Murji 2004).  It is possible that 

females investigate unfamiliar males with MHC or MUP complexes different from their 

sire.  By investigating unfamiliar males, inseminated females may then absorb E2 found 

in their urine, leading to disruption of implantation (deCatanzaro 2011).  Like juvenile 

females, inseminated females housed with unfamiliar males injected with radiolabelled E2 

absorb it into their brains and reproductive tracts (Guzzo et al. 2012).  Furthermore, 

manipulating male urinary E2 can change his capacity to block pregnancy in inseminated 
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females.  Castration (Vella & deCatanzaro 2001) or aromatase inhibition plus a 

phytoestrogen-free diet (Beaton & deCatanzaro 2005) reduces males’ urinary E2 and their 

ability to produce a Bruce effect.  Furthermore, like those in the presence of juvenile 

females, males housed in close proximity to inseminated females experience increased 

urinary E2 (deCatanzaro et al. 2006).  Interestingly, sires themselves do not experience 

the same increase in urinary E2 when housed with their mates, and novel males only 

experience an increase in E2 in the presence of an inseminated female when her sire is 

absent (deCatanzaro et al. 2006).  This lack of an E2 rise in strange males when the sire is 

present could contribute to the sire protection effect (Murji & deCatanzaro 2004).  

Several mechanisms by which E2 disrupts implantation have been discussed, and it is 

hypothesized that E2 present in novel male urine may contribute to the Bruce effect 

through these mechanisms. 

 

Stress-Induced Reproductive Suppression 

 The stress response facilitates escape from immediate danger, thereby potentially 

increasing survival. GCs released in stress mobilize energetic resources by increasing 

circulating glucose, and also increase blood pressure and cardiac output, all of which 

presumably facilitate escape from the stressor (Sapolsky et al. 2000).  Another 

characteristic of the stress response is the inhibition of physiological systems unnecessary 

for immediate survival, such as digestion, growth, and reproduction (Wingfield & 

Sapolsky 2003, Sapolsky 2004).  These long-term processes are energetically costly and 

therefore are generally considered maladaptive in the short-term during stress (Sapolsky 
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2004).  Indeed, the energetic demands of gestation and lactation may not allow a female 

to use her energy stores maximally to escape a threat.  Moreover, rearing young under 

stressful conditions may not be conducive to either maternal or offspring survival.  Thus, 

forestalling reproduction until more favourable conditions arise is considered to be 

adaptive (Wingfield & Sapolsky 2003). 

 There are several ways in which stress suppresses reproduction. Stress causes 

decreased gonadotropin levels (Rivier et al. 1986, Sapolsky & Krey 1988, Norman & 

Smith 1992, Breen et al. 2007), indicating a suppression of the HPG axis, which could 

originate at the hypothalamic or pituitary level. CRH released in stress can suppress the 

HPG axis by acting at the level of the hypothalamus.  CRH suppresses both kisspeptin 

gene and GPR54 expression (Kinsey-Jones et al. 2008), which would presumably lead to 

decreased GnRH release.  Interestingly, CRH infusion into immature female rats delays 

sexual maturation (Kinsey-Jones et al. 2010), perhaps by suppressing the kisspeptin 

system.  CRH may also directly suppress GnRH: GnRH neurons express CRH receptors 

(Kinsey-Jones et al. 2006), and CRH administration reduces GnRH levels (Rivest et al. 

1993).  

GCs released in stress suppress the HPG axis at the hypothalamic, pituitary and 

gonadal levels.  GCs reduce gonadotropin release from the pituitary partly by reducing 

gonadotrope sensitivity to GnRH stimulation (Breen & Karsch 2004).  GCs may also 

inhibit the HPG axis by stimulating the release of gonadotropin-inhibitory hormone, a 

recently discovered hypothalamic peptide that is involved in suppression of GnRH and 

gonadotropins (Kirby et al. 2009).  Finally, GCs can render the gonads hyposensitive to 
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the stimulatory effects of gonadotropins, thereby reducing sex steroid production and 

release (Charpenet et al. 1982, Sapolsky 1985, Michael et al. 1993).  Given the 

importance of the HPG axis hormones to reproduction, suppression at any level by stress 

can result in reduced spermatogenesis in males, impaired sexual behaviour in males and 

females, and reduced cyclicity leading to anovulation in females (McGrady 1984, Negro-

Vilar 1993, Wingfield & Sapolsky 2003). 

 The above mechanisms of stress-induced reproductive suppression result in 

disruptions of hormone cycling and sexual behaviour.  However, reproductive 

suppression can also occur in female mammals after successful mating has already 

occurred.  A severe stressor encountered after insemination likely indicates that the 

current environment is not conducive to maternal or offspring survival.  Termination of 

pregnancy in the peri-implantation period due to stress has been reported (deCatanzaro & 

MacNiven 1992, deCatanzaro 2011).  Failure of early pregnancy to proceed to term can 

be caused by several physical and psychological stressors, including overcrowding 

(Helmreich 1960), restraint (Euker & Riegle 1973, Wiebold et al. 1986), social 

subordination (Huck et al. 1988), loud noise (Joachim et al. 2003), heat (Garcia-Ispierto 

et al. 2006), and predator exposure (deCatanzaro 1988).  While stress is closely 

associated with increased GCs, it is not the direct action of these steroids that causes 

pregnancy to fail (deCatanzaro et al. 1991).  Instead, it appears to be a modulation of the 

sex steroids E2 and P4 in stress that disrupts early pregnancy.   

Implantation is sensitive to the ratio of circulating E2 and P4: elevated E2 relative 

to P4 is associated with implantation failure in humans and mice (Gidley-Baird et al. 
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1986, Safro et al. 1990).  In pregnant females, P4 is decreased in stress and this decrease 

is associated with loss of pregnancy (Parker & Douglas 2009).  Administration of P4 or 

progestin analogues, or blocking the conversion of P4 to corticosterone can protect against 

stress-induced pregnancy loss (MacNiven & deCatanzaro 1990, Joachim et al. 2003).  

There are several reports of E2 rising in response to stress (MacNiven et al. 1992, Shors et 

al. 1999, Misdrahi et al. 2005, Agrawal et al. 2011).  Although the source of this E2 is 

unknown (adrenal, ovarian, or other), it appears to contribute to stress-induced pregnancy 

loss, since antibodies to E2 can mitigate pregnancy failure in stressed mice (deCatanzaro 

et al. 1994).  Given the known detrimental effects of E2 on implantation, it is possible that 

rises in E2 caused by stress experienced shortly after insemination, along with decreases 

in P4, contribute to stress-induced reproductive suppression in pregnant females. 

 

Objectives and Overview 

 The objectives of this thesis are fourfold: 1) to determine whether male estrogens 

are involved in the Bruce and Vandenbergh effects; 2) to develop urinary and serum 

immunoassays that allow documentation of adrenal and gonadal steroid responses to 

stress in male and female mice; 3) to assess the relative merit of urinary and serum steroid 

immunoassays in studies of stress; and 4) to determine whether indirect rat exposure 

constitutes a robust stressor in inseminated female mice capable of disrupting 

implantation, and to examine E2 and P4 dynamics surrounding such stress-induced 

pregnancy loss. 
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 In Chapter 2, I examine the role of male E2 in implantation failure (the Bruce 

effect) and sexual maturation (the Vandenbergh effect) induced in nearby female mice.  

The following two chapters are methodological descriptions of urinary and serum 

immunoassays.  In Chapter 3, I document the circadian rhythm and acute stress response 

of corticosterone in urine and serum of male mice.  Here, I also document the urinary 

circadian rhythm of T5, and its response to acute physical stress.  In Chapter 4, I 

document the time course of adrenocortical corticosterone, P4, and E2 response to acute, 

mild, stress in female mouse urine and serum.  In Chapter 5, I examine several responses 

of inseminated female mice to predator exposure during the first 5 days of pregnancy: 

corticosterone, P4, and E2 levels, behavioural avoidance, and the number of blastocyst 

implantation sites in the uterus.  Here, I also examine the implantation response to various 

doses of E2 and P4 administered in the presence or absence of predator stress.  In Chapter 

6, I summarize and discuss the results of Chapters 2-5, and suggest areas of future 

research. 

 

Chapter 2: Thorpe JB, deCatanzaro D 2012 Oestradiol treatment restores the capacity 

of castrated males to induce both the Vandenbergh and the Bruce effects in mice (Mus 

musculus). Reproduction 143 123-132. 

Abstract: Androgen-dependent urinary constituents from males hasten reproductive 

maturation (the Vandenbergh effect) and disrupt peri-implantation pregnancy (the Bruce 

effect) in nearby females. Each of these effects can be mimicked in socially isolated 

females by direct administration of exogenous oestrogens. The current experiments were 
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designed to determine the role of males’ urinary 17β-oestradiol (E2) in their capacities to 

induce these effects. A preliminary experiment showed that both males on a phyto-

oestrogen-rich soy-based diet and those on a phyto-oestrogen-free diet could induce both 

effects. For subsequent experiments, males were castrated and treated with either oil 

vehicle or E2. Enzyme immunoassay was conducted on non-invasively collected urine 

samples from these males. Concentrations of urinary testosterone were subnormal in both 

conditions, but urinary E2 was restored to the normal range for intact males in castrates 

given E2. Urinary creatinine was also quantified as a measure of hydration and was 

significantly reduced in males treated with E2. Castration diminished the capacity of 

males to promote growth of the immature uterus and also their capacity to disrupt 

blastocyst implantation in inseminated females. Injections of E2 to castrated males 

restored both capacities. These data converge with other studies indicating that E2 is the 

main constituent of male urine responsible for induction of both the Vandenbergh and the 

Bruce effects. 

 

Chapter 3: Thorpe JB, Rajabi N, deCatanzaro D 2012 Circadian rhythm and response 

to an acute stressor of urinary corticosterone, testosterone, and creatinine in adult male 

mice. Hormone and Metabolic Research 44 429-435. 

Abstract: In small laboratory species, steroid measures can be obtained more frequently 

and less invasively from urine than blood. Insofar as urinary levels reflect systemic levels, 

they could provide advantages particularly for measurement of glucocorticoids, whose 

blood levels react rapidly to handling and stress. In Experiment 1, urinary samples were 
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collected from male mice every second hour over a 14:10 h light:dark cycle. Samples 

were analyzed via enzyme immunoassay for corticosterone, testosterone, and creatinine. 

Corticosterone had peak concentrations 1 h after light offset and a trough 1 h after light 

onset. Testosterone showed peak concentrations 5-7 h after light onset and lowest 

concentrations during the dark phase of the cycle. Creatinine showed some variation over 

the light-dark cycle, but steroid measures showed similar trends with and without 

adjustment for creatinine. In Experiment 2, mice were stressed via an injection at times 

close to the determined peak and trough levels of corticosterone. In urinary samples taken 

90 min after injection, corticosterone was significantly higher in injected animals at both 

times relative to levels in control animals, but testosterone was unaffected by injection 

stress. In Experiment 3, serum and urine samples were collected from mice every sixth 

hour across the diurnal cycle. Corticosterone peaked in urine and serum immediately after 

light offset, and urinary measures predicted those in serum. These data indicate that 

urinary corticosterone reflects systemic levels in mice, document circadian variation in 

urinary testosterone, and indicate that circadian variation in creatinine is minimal, but 

potentially relevant in stressed animals. 

 

Chapter 4: Thorpe JB, Gould KE, deCatanzaro D (submitted) Circulating and urinary 

adrenal steroids in response to acute, mild stress in female mice (Mus musculus). 

Abstract: During acute stress, glucocorticoids and progesterone from the adrenal gland 

are upregulated. Estradiol may also rise, although its origin is unknown. In studies of 

stress, it can be difficult to obtain blood rapidly enough to avoid confounding steroid 
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measures. In such cases, non-invasive urinary steroid measures may be more appropriate 

insofar as they reflect systemic steroid levels. The current study was designed to examine 

the urinary steroid response to an acute, mild stressor in female mice, and to compare 

serum and urinary steroid responses to this mild stressor. In Experiment 1, we profiled 

urinary corticosterone, progesterone, and estradiol in ovariectomized female mice at 11 

time points following a one-hour stressor (placement on an elevated platform). This 

increased urinary corticosterone for 3 hours and urinary progesterone for 4 hours after 

stressor offset. In Experiment 2, terminal blood and urine samples were obtained at 0, 2, 

4, and 6 hours after the stressor offset. Stressed females showed increased serum 

corticosterone and progesterone immediately after the stressor offset. Urinary levels of 

corticosterone were increased at both 0 and 2 hours post-stress, while those of 

progesterone trended toward increases 2-6 hours after stress offset. Neither serum nor 

urinary estradiol was significantly influenced by stress. Urinary measures generally 

reflected systemic measures, however with a different time course resulting in a longer 

return to baseline. We suggest that the relative value of serum or urinary steroid measures 

in mice depends upon the experimental design. 

 

 

Chapter 5: Thorpe JB, Burgess PS, Sadkowski M, deCatanzaro D (In Press) 

Estrogen-progesterone balance in the context of blastocyst implantation failure induced 

by predator stress. Psychoneuroendocrinology. 

Abstract: Diverse stressors can disrupt blastocyst implantation in inseminated female 

mammals.  Stress-induced implantation failure can be mimicked by minute doses of 
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exogenous estradiol, and some evidence indicates that it may be mitigated by exogenous 

progesterone.  In Experiment 1, we showed that acute exposure to a rat across a wire-

mesh grid caused elevation of corticosterone and progesterone.   In Experiment 2, we 

showed that exposure of inseminated mice to rats across a grid during gestation days 1-5 

was associated with avoidance of proximity to the grid and a significantly reduced 

number of implantation sites on gestation day 6.  Rat-exposure also resulted in elevated 

progesterone levels in females that maintained their pregnancies, and elevated estradiol 

levels in females that lost their pregnancies. In Experiment 3, we investigated whether 

exogenous progesterone, estradiol, or a combination of both could influence implantation 

failure induced by rat-exposure stress.  Treatment with 100ng estradiol per day on 

gestation days 1-5 induced a complete absence of implantation sites on gestation day 6, 

regardless of the presence or absence of the stressor.  Administration of 500µg 

progesterone per day was insufficient to prevent the stress-induced pregnancy loss.  

However, 500µg progesterone plus 10ng estradiol per day did prevent implantation 

failure in rat-exposed females.  These findings are consistent with the hypothesis that 

estradiol elevations contribute to stress-induced pregnancy loss, but show paradoxically 

that low doses of estradiol can act together with progesterone to mitigate stress-induced 

pregnancy loss. 
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Abstract 

Androgen-dependent urinary constituents from males hasten reproductive 

maturation (the Vandenbergh effect) and disrupt peri-implantation pregnancy (the Bruce 

effect) in nearby females. Each of these effects can be mimicked in socially isolated 

females by direct administration of exogenous oestrogens. The current experiments were 

designed to determine the role of males’ urinary 17β-oestradiol (E2) in their capacities to 

induce these effects. A preliminary experiment showed that both males on a phyto-

oestrogen-rich soy-based diet and those on a phyto-oestrogen-free diet could induce both 

effects. For subsequent experiments, males were castrated and treated with either oil 

vehicle or E2. Enzyme immunoassay was conducted on non-invasively collected urine 

samples from these males. Concentrations of urinary testosterone were subnormal in both 

conditions, but urinary E2 was restored to the normal range for intact males in castrates 

given E2. Urinary creatinine was also quantified as a measure of hydration and was 

significantly reduced in males treated with E2. Castration diminished the capacity of 

males to promote growth of the immature uterus and also their capacity to disrupt 

blastocyst implantation in inseminated females. Injections of E2 to castrated males 

restored both capacities. These data converge with other studies indicating that E2 is the 

main constituent of male urine responsible for induction of both the Vandenbergh and the 

Bruce effects. 
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Introduction 

 A female’s reproductive physiology can be profoundly impacted by nearby males. 

Of particular interest are the abilities of adult males to hasten reproductive maturation in 

developing females (Vandenbergh 1967) and to disrupt peri-implantation pregnancy 

(Bruce 1960). These phenomena, termed the Vandenbergh and Bruce effects, 

respectively, have been studied extensively and are best known in house mice (e.g. Bruce 

1960, Vandenbergh 1967, Drickamer 1983). The Vandenbergh effect has also been 

observed in deer mice (Teague & Bradley 1978), voles (Lepri & Vandenbergh 1986), 

hamsters (Reasner & Johnston 1988), lemmings (Hasler & Banks 1975), opossums 

(Harder & Jackson 2003), pigs (Brooks & Cole 1970) and cows (Izard & Vandenbergh 

1982). The Bruce effect has also been reported in deer mice (Bronson & Eleftheriou 

1963), voles (Clulow & Langford 1971) and gerbils (Rohrbach 1982). The current study 

was designed to explore the hypothesis that males’ urinary oestradiol (E2) is critical for 

their capacities to accelerate female reproductive maturation and to disrupt blastocyst 

implantation. 

 It is well established that the Vandenbergh and Bruce effects are attributable to 

urinary constituents passed from males to nearby females. These constituents are 

androgen dependent, since castrated males lose their abilities to hasten reproductive 

maturation and disrupt implantation in nearby females (Bruce 1965, Colby & 

Vandenbergh 1974, Vella & deCatanzaro 2001), and androgen replacement restores these 

abilities (Lombardi et al. 1976, deCatanzaro & Storey 1989). Along with testosterone, E2 

is decreased after castration (Vella & deCatanzaro 2001), and since testosterone is readily 
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converted to E2 by aromatase (Simpson et al. 2002), androgen replacement in previous 

studies could have its influences through E2. Injections of E2 benzoate can promote 

reproductive maturity in juvenile females (Bronson 1975), and E2 given to inseminated 

females can disrupt blastocyst implantation (deCatanzaro et al. 2001, 2006), in both cases 

mimicking the effects of male exposure. Moreover, when inseminated females are nasally 

administered urine from males given radiolabelled E2, radioactivity can be detected in the 

females’ uteri and brains (Guzzo et al. 2010). Both females’ reproductive maturation and 

blastocyst implantation are highly sensitive to oestrogens. Oestrogens drive growth of the 

uterus in juveniles (Ogasawara et al. 1983, Quarmby & Korach 1984), and although 

oestrogens are critical for preparing the uterus for implantation, small elevations above 

optimal levels can completely disrupt implantation (deCatanzaro et al. 2001, Ma et al. 

2003). Collectively, these data suggest that E2 could be the urinary “pheromone” 

responsible for both the Vandenbergh and Bruce effects. 

 Biologically active unconjugated sex steroids have been quantified in urine of 

mice and largely reflect systemic steroid fluctuations (Muir et al. 2001, Vella & 

deCatanzaro 2001, deCatanzaro et al. 2003, 2004). An increase in urinary E2 

concentration is seen in adult male mice after they have been housed for a few days in 

proximity to either juvenile or recently inseminated females (Beaton et al. 2006, 

deCatanzaro et al. 2006, 2009). The presence of females causes males to consume more 

water, urinate more and direct their urine towards females (deCatanzaro et al. 2009). Sex 

steroids are lipophilic and have low molecular weight (e.g. E2, 272.4 Da) and therefore 

easily pass from the skin or nasal area into circulation where they can bind to receptors in 
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the uterus, ovaries and brain (Waddell & O’Leary 2002, Guzzo et al. 2010). Thus, early 

reproductive maturation and disruption of peri-implantation gestation in male-exposed 

females may be due in part to absorption by females of male-excreted oestrogens. 

 The purpose of this study was to determine whether the Vandenbergh effect is 

mediated by oestrogens in male urine and to confirm that the same is true for the Bruce 

effect. A preliminary experiment was designed to compare the capacities of males to 

induce the Vandenbergh and Bruce effects when they were fed either a common 

laboratory soy-based diet or a phyto-oestrogen-free diet. This was based on evidence that 

dietary phyto-oestrogens can influence measures of urinary E2 and possibly the Bruce 

effect (Beaton & deCatanzaro 2005) and evidence that they can also influence female 

reproductive maturation (Whitten & Naftolin 1992, Thigpen et al. 2003, Khan et al. 

2008a,b). Subsequent experiments were conducted with all males on a phyto-oestrogen-

free diet, used several weeks after castration in order to diminish baseline urinary 

testosterone and E2 (Vella & deCatanzaro 2001). Some of these castrated males were 

given replacement injections of E2, while control males were given oil vehicle injections, 

and their urinary E2 and testosterone levels were then compared. We exposed juvenile 

females to males in the two conditions, and then measured these females’ uterine and 

ovarian mass as an indication of the Vandenbergh effect. We also exposed recently 

inseminated females to males in the two conditions and counted the number of 

intrauterine implantation sites on day 6 of gestation. The number of implantation sites is 

one traditional measure of the Bruce effect (e.g. Keverne & de la Riva 1982), and it is an 
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indicator of gestational failure during the pre-implantation period that is not confounded 

by post-implantation influences (Berger et al. 2008). 

 

Results 

 Initially, we compared the influences of males maintained on diets that were either 

soy based (rich in phyto-oestrogens) or phyto-oestrogen free. Phyto-oestrogen content of 

males’ diet did not strongly influence their capacity to hasten reproductive maturity in 

juvenile females exposed to them and their excretions through a wire-mesh grid (Table 1). 

Combined uterine and ovarian wet mass, F(2,47) = 3.63 P = 0.033, and dry mass, F(2,47) 

= 4.58, P = 0.015, differed among conditions. Multiple comparisons indicated that dry 

mass in both male-exposed groups was increased relative to that of isolated controls; for 

wet mass, only females exposed to males on a soy-based diet exceeded controls. For 

uterine mass alone, there was overall significance for both wet tissue, F(2,47) = 3.23, P = 

0.047, and dry tissue, F(2,47) = 4.24, P = 0.020, with females exposed to males on the 

soy-based diet having significantly increased uterine mass compared with isolated 

females. Ovarian wet mass was altered by experimental condition, F(2,47) = 8.25, P = 

0.001, with this mass significantly increased in females exposed to males on either diet. 

Dry ovarian mass approached the conventional level of significance, F(2,47) = 3.05, P = 

0.055. 
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Table 1 Mean (± S.E.M.) wet and dry uterine and ovarian mass of 28-day-old female mice after 7 days of isolation (isolated) 

or 7 days of exposure to adult males that were on either a soy-based diet or a phyto-oestrogen-free diet. Multiple comparisons 

indicated that females exposed to either group of males had significantly higher combined uterine and ovarian dry mass 

compared with isolated control females (see Results section for details). 

 

  Uterine mass (mg) Ovarian mass (mg) 

Condition n Wet Dry Wet Dry 

Isolated 17 56.45 ± 8.92 10.32 ± 1.28 12.65 ± 0.49 3.45 ± 0.19 

Exposed to males on a soy-based diet  17 94.78 ± 13.14 15.58 ± 1.41 15.32 ± 0.47 3.72 ± 0.13 

Exposed to males on a phytoestrogen-free diet 16 80.60 ± 10.02 14.09 ± 1.27 15.17 ± 0.61 4.06 ± 0.19 
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The phyto-oestrogen content of diet did not strongly impact males’ capacity to 

disrupt implantation in recently inseminated females exposed to these males and their 

excretions through a wire-mesh grid (Table 2). Overall, experimental condition impacted 

the proportion of females that were pregnant, χ
2
(2) = 14.50, P < 0.001. Specific tests for 

each pair of conditions showed that isolated females were more likely to be pregnant than 

those exposed to males on the soy-based diet, χ
2
(1) = 8.18, P = 0.004, and those exposed 

to males on the phyto-oestrogen-free diet, χ
2
(1) = 14.70, P < 0.001. Experimental 

condition also altered the number of implantation sites found on gestation day 6, F(2,64) 

= 8.53, P < 0.001, with females exposed to males on either diet having fewer implantation 

sites than isolated females.
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Table 2 Number of females showing any implantation sites (n pregnant) and mean (± 

S.E.M.) number of implantation sites on day 6 of gestation, after 5 days of isolation 

(isolated) or exposure to adult males that were on either a soy-based diet or a phyto-

oestrogen-free diet. Multiple comparisons indicated that females exposed to either group 

of males had significantly fewer implantation sites compared with isolated control 

females. 

 

 

  

Condition n n pregnant Implantation sites 

Isolated 23 22 12.82 ± 0.76  

Exposed to males on a soy-based diet  23 14 8.57 ±1.50  

Exposed to males on a phytoestrogen-free diet 21 9 5.33 ±1.47 
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The subsequent experiments compared influences on females of castrated males 

given either oil (control) or E2 injections. There were clear influences of E2 treatment on 

male urinary creatinine and steroid concentrations before and after 6 days of exposure to 

juvenile females (Fig. 1). E2-treated males had significantly reduced urinary creatinine 

compared with oil-treated males both before exposure to females, t(41) = 10.62, P < 

0.0001, and after, t(38) = 5.62, P < 0.0001. Although unadjusted urinary E2 was not 

significantly different between experimental and control males before exposure to 

females, t(41) = 0.58, P = 0.286, it was significantly increased in E2-treated castrates after 

such exposure, t(39) = 2.75, P = 0.004. Creatinine-adjusted urinary E2 was significantly 

increased by E2 administration both before exposure, t(41) = 3.89, P < 0.001, and after, 

t(37) = 5.73, P < 0.0001. Unadjusted testosterone was significantly decreased in E2-

treated castrates both before exposure, t(41) = 6.40, P < 0.0001, and after, t(39) = 3.20, P 

= 0.003, but these trends were absent when urinary testosterone was adjusted for 

creatinine. 

  



Ph.D. Thesis – J.B. Thorpe                McMaster – Psychology, Neuroscience & Behaviour 

 39 

Figure 1 Mean (± S.E.M.) urinary creatinine, oestradiol (E2), testosterone (T), creatinine-

adjusted E2 and creatinine-adjusted testosterone concentration, immediately before (pre) 

and after 6 days (post) of exposure to a juvenile female, in castrated male mice given oil 

or E2 injections. Sample sizes are indicated on the bars. *Significant difference from 

controls within measures at the same time. 
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E2 treatment of castrated males restored their capacity to hasten reproductive 

maturity in nearby juvenile females, as reflected in uterine and ovarian mass (Fig. 2). 

Combined uterine and ovarian mass was clearly impacted by experimental condition both 

when tissue was wet, F(2,69) = 9.92, P < 0.001, and dry, F(2,69) = 10.47, P < 0.001. 

When the uterus was considered separately, experimental condition significantly 

impacted both wet mass, F(2,69) = 9.58, P < 0.001, and dry mass, F(2,69) = 10.37, P < 

0.001. Ovarian mass was significantly impacted by experimental treatment for only wet 

tissue, F(2,69) = 5.12, P = 0.009. Multiple comparisons indicated that for all of these 

measures, mass was higher in females exposed to E2-treated castrates than in both isolated 

females and those exposed to oil-treated castrates. 
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Figure 2 Wet and dry mean (± S.E.M.) uterine and ovarian masses of 28-day-old female 

mice after 7 days of isolation (isolated) or 7 days of exposure to castrated adult males on 

a phyto-oestrogen-free diet receiving either oil or oestradiol (E2) injections. Sample sizes 

are indicated on the bars. *Significant difference from the other two groups. 
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For castrated males exposed to inseminated females, there were clear influences of 

E2 treatment on male urinary creatinine and steroid concentrations (Fig. 3). Urinary 

creatinine was significantly reduced in castrates treated with E2 compared with oil-treated 

castrates both before female exposure, t(38) = 6.51, P < 0.0001, and after, t(36) = 3.63, P 

= 0.001. Urinary E2 was significantly increased in castrated males treated with E2 both 

before exposure, t(38) = 2.55, P = 0.007, and after, t(38) = 1.85, P = 0.034. When 

adjusted for urinary creatinine, urinary E2 was increased by E2 treatment both before 

exposure, t(38) = 4.19, P < 0.001, and after, t(36) = 2.68, P = 0.011. Urinary testosterone 

was decreased by E2 treatment before exposure, t(38) = 3.07, P = 0.004, and after, t(38) = 

3.64, P = 0.001, but this was not the case when testosterone was adjusted for urinary 

creatinine. 
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Figure 3 Mean (± S.E.M.) urinary creatinine, oestradiol (E2), testosterone (T), creatinine-

adjusted E2 and creatinine-adjusted testosterone concentration, immediately before (pre) 

and after 4 days (post) of exposure to a recently inseminated adult female, in castrated 

male mice given oil or E2 injections. Sample sizes are indicated on the bars. *Significant 

difference from controls within measures at the same time. 
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On day 6 after insemination, isolated females were most often pregnant and had 

the most implantation sites (Fig. 4). Experimental treatment impacted the number of 

females that were pregnant (> 0 implantation sites), χ
2
(2) = 9.71, P = 0.008. Specific tests 

of pairs of conditions indicated that there were fewer pregnancies among females exposed 

to E2-treated males than among isolated females, χ
2
(1) = 9.38, P = 0.002. Similarly, 

experimental treatment affected the number of implantation sites on gestation day 6, 

F(2,69) = 5.07, P = 0.009, with females exposed to E2-treated males having significantly 

fewer implantation sites than isolated females. 
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Figure 4 Total number of implantation sites (± S.E.M.) in female mice on gestation day 

6, after 5 days of isolation (isolated) or 5 days of exposure to castrated adult males 

receiving either oil or oestradiol (E2) injections. Number of females pregnant (numerator) 

and total number of females (denominator) are indicated on the bars for each condition. 

*Significant difference from controls. 
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Discussion 

 These data indicate that males’ urinary oestrogens contribute to their abilities to 

hasten reproductive maturation in juvenile females and to disrupt peri-implantation 

pregnancy in inseminated females. These effects are not attributable to the males’ dietary 

phyto-oestrogens, as males on diets that are either rich in or free of phyto-oestrogens 

induced both the Vandenbergh and Bruce effects. Castration has long been known to 

eliminate males’ capacity to induce both effects (Bruce 1965, Colby & Vandenbergh 

1974), and testosterone replacement restores it (Lombardi et al. 1976, deCatanzaro & 

Storey 1989). We found that E2 replacement was similarly effective, suggesting that this 

metabolite of testosterone is responsible for the testes’ role in both effects. More 

specifically, our results indicate that the presence of E2 in male urine is critical. Castrated 

males with low urinary testosterone and E2 were incapable of inducing either the 

Vandenbergh effect or the Bruce effect. Replacement injections of E2 resulted in castrated 

males with a normal range of urinary E2 (cf. deCatanzaro et al. (2006, 2009) and Khan et 

al. (2009)) but low urinary testosterone concentrations. These males were capable of both 

hastening reproductive maturation and disrupting peri-implantation gestation in nearby 

females. 

 The current data show for the first time that E2 treatment restores the capacity of 

castrated males to hasten female reproductive maturation in the Vandenbergh effect. They 

also refine understanding of the role of male urinary E2 in the Bruce effect, replicating 

previous data where a similar dose of E2 restored the capacity of castrated males to induce 

the effect and a higher dose disrupted even more pregnancies (deCatanzaro et al. 1995). 
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The design here was improved in that implantation sites were examined rather than litter 

size at birth, excluding potential post-implantation effects. The current data are also 

complemented by quantification of male urinary E2 levels, showing them to be at a 

physiological level. For both effects, our data indicate a relationship to male urinary E2 

per se. 

 Maturation and growth of the female mammalian reproductive tract is driven by 

endogenous oestrogens (Ogasawara et al. 1983, Quarmby & Korach 1984). Both the 

uterus and the ovaries express oestrogen receptors and are responsive to E2 (Clark & 

Gorski 1970, Medlock et al. 1981, Cooke et al. 1997, Yang et al. 2002). E2 stimulates 

uterine growth by increasing DNA synthesis and cell proliferation (Mukku et al. 1982, 

Ogasawara et al. 1983, Quarmby & Korach 1984, Cooke et al. 1997). It can act through 

oestrogen receptor α to upregulate the expression of insulin-like growth factor 1 (IGF1) 

and its receptor (Murphy et al. 1988, Ghahary & Murphy 1989, Kahlert et al. 2000). The 

interaction of E2 and IGF1 has mitogenic effects on the uterus (Sato et al. 2002, Zhu & 

Pollard 2007). The involvement of oestrogen in uterine growth is so well established that 

such growth is frequently used as a measure of oestrogenicity (the uterotrophic assay) of 

chemicals in toxicological research (e.g. Ashby & Tinwell 1998, Shaw & deCatanzaro 

2009). Thus, exposure to exogenous E2 via absorption from male urine could account for 

growth of the uterus in the Vandenbergh effect. 

 Similarly, absorption of E2 from male urine could account for implantation loss in 

the Bruce effect, given the fact that peri-implantation gestation is highly sensitive to 

oestrogens. Diverse stressors can also disrupt blastocyst implantation, and this may be 
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mediated by small rises in endogenous oestrogens above optimal levels (reviewed by 

deCatanzaro (2011)). Systemically administered E2 in daily doses as low as 37 ng during 

the peri-implantation period results in gestation failure (deCatanzaro et al. 1991, 2001), 

and nasal administration also does so at somewhat higher doses (deCatanzaro et al. 2001, 

2006). Uteri that are primed to be receptive to implantation are rendered unreceptive by a 

single 10 ng dose of E2 (Ma et al. 2003). Supraoptimal levels of E2 can prevent 

implantation by accelerating or delaying ovum transport through the reproductive tract, 

depending on the dose of E2 and the species examined (Greenwald 1967, Ortiz et al. 

1979). They can also render the uterine epithelium entirely refractory to blastocyst 

implantation (Ma et al. 2003) and be deleterious to survival of blastocysts themselves 

(Valbuena et al. 2001). 

 Male mice are a source of exogenous oestrogens for female conspecifics. Over the 

initial 4 days of female exposure through a wire-mesh grid, males develop polydipsia and 

polyuria, and increasingly direct droplets of their urine towards females’ compartments 

(deCatanzaro et al. 2009). Males excrete unconjugated E2 in their urine (Muir et al. 2001) 

and show increased urinary E2 relative to creatinine when they are exposed to juvenile or 

inseminated females (deCatanzaro et al. 2006, 2009). Lipophilic steroids of small 

molecular weight can easily enter circulation after nasal or dermal exposure (Waddell & 

O’Leary 2002, Guzzo et al. 2010). Radiolabelled E2 that is injected into adult males 

arrives in their urine, and radioactivity is especially present in the uterus after this urine is 

nasally administered to an inseminated female (Guzzo et al. 2010). Thus, it is clear that 
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unconjugated E2 in male urine can enter the circulation of nearby females and bind where 

it could have impacts on implantation and uterine growth. 

 Historically, work on the Vandenbergh effect showed that exogenous E2 could 

mimic this effect (Bronson 1975) and that endogenous E2 in developing females changed 

in response to male exposure (Bronson & Desjardins 1974). Subsequently, evidence has 

indicated roles for preputial chemicals, such as farnesenes, in the induction of oestrus (Ma 

et al. 1999) and growth of the uterus in developing females (Novotny et al. 1999). 

However, other evidence has shown that a male’s preputial glands are not necessary for 

his ability to induce growth of the female’s uterus and ovaries (Khan et al. 2009). It is 

likely that there are convergent mechanisms that may each be sufficient and that multiple 

triggers are involved in various physiological and behavioural measures of female 

reproductive maturation (Vandenbergh 1967, Bronson & Desjardins 1974, Khan et al. 

2008a,b). Our data implicating male urinary E2 in the Vandenbergh effect are specific to 

measures of uterine growth, and further research would be necessary to generalize our 

hypothesized mechanism to other measures of reproductive maturity. 

 Historically, research on the Bruce effect has focused on the female’s olfactory 

memory of the sire and a cascade of neural and endocrine events set off by impingement 

of novel male odours upon the female’s vomeronasal organ (reviewed by Brennan 

(2004)). Some recent evidence indicates that short MHC-related peptides in novel male 

urine, different from those of the sire, help to trigger the female’s pregnancy loss in the 

Bruce effect (Leinders-Zufall et al. 2004). Notably, however, these peptides can only 

disrupt pregnancy when placed in male urine rather than just water (Kelliher et al. 2006). 
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Potential reconciliation with the role of the male’s urinary E2 suggested by our data has 

yet to be developed. One possibility is that distinct odours of novel males draw the 

female’s attention and stimulate her vomeronasal vascular pump (cf. Meredith (1994)), 

facilitating absorption of male urinary E2 into her circulation (see review by deCatanzaro 

(2011)). 

 It is common practice to adjust urinary hormone concentrations by creatinine to 

control for differences in hydration among individuals, based on the assumption that rate 

of creatinine excretion is fairly constant (Erb et al. 1970, Muir et al. 2001, deCatanzaro et 

al. 2003). However, this practice has been criticised by some as unnecessary or 

misleading (e.g. Alessio et al. 1985, Hakim et al. 1994, Miro et al. 2004). Moreover, 

urinary creatinine can be dynamic in social situations in mice, decreasing substantially in 

conjunction with polyuria and polydipsia in males housed nearby females (deCatanzaro et 

al. 2009). Nevertheless, we found value here in creatinine adjustment of testosterone, as 

raw testosterone was unexpectedly reduced in castrated males by E2 injections, while this 

effect disappeared with adjustment for creatinine. This is because creatinine itself differed 

across experimental conditions, being significantly reduced by E2 treatment. Urination in 

male mice is reduced after castration (Drickamer 1995), which could have implications 

for creatinine. E2 in the current study could have restored the profile of polydipsia and 

polyuria seen in intact males housed near females (deCatanzaro et al. 2006, 2009), 

thereby reducing urinary creatinine. We accordingly suggest that it is important to 

consider both raw and creatinine-adjusted urinary steroid measures. 
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 These data confirm a strong relationship between the presence of E2 in male urine 

and males’ capacity to induce the Vandenbergh and Bruce effects. They also highlight the 

similarity of these two pheromonal effects, at least with respect to the necessary 

physiological state of the novel males, their behaviour of transmitting urine to females 

and the presence of E2 in their urine. Once E2-laden urine from the male reaches the 

female, the low molecular weight and lipophilic nature of E2 permit its absorption into her 

system, enabling transport to the uterus. Once in the uterus, mechanisms are well 

established whereby small elevations of E2 can promote uterine growth and disrupt 

implantation. 

 

Materials and Methods 

Animals 

 Stimulus males were heterogeneous strain (HS) mice derived from interbreeding 

C57-B6, Swiss Webster, CF-1 and DBA-2 strains originally obtained from Charles River 

Breeding Farms (St. Constant, QC, Canada). HS stimulus males were 4-8 months of age, 

with age counterbalanced across conditions within particular experiments. Females were 

CF-1 strain mice from stock obtained from Charles River Breeding Farms. For 

experiments concerning implantation failure, females were 3-5 months of age (33.6 ± 0.6 

g) on day 1 of gestation, with age and weight counterbalanced across conditions within 

particular experiments. Females in experiments concerning reproductive maturation were 

21 days old (12 ± 1.7 g) at the start of male exposure. Inseminating males were CF-1 

adults of proven fertility. All mice were housed in standard polypropylene cages 
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(28x16x11 cm height) with access to water and rodent chow made available ad libitum 

(8640 Teklad Certified Rodent Chow, Harlan/Teklad, Madison, WI, USA) unless 

otherwise stated. All animals were maintained on a reversed 14 h light:10 h darkness 

cycle at 21°C . This research was approved by the McMaster University Animal Research 

Ethics Board, conforming to the standards of the Canadian Council on Animal Care. 

Exposure apparatus 

 To achieve male exposure, each female was placed in the lower chamber of a 

double-decker apparatus adapted from that previously described (deCatanzaro et al. 

1996). Briefly, this was a 30x21x27 cm (height) transparent Plexiglas cage, with the 

lower and upper chambers each ~13 cm in height and separated by stainless steel wire-

mesh grid with openings of 0.5 cm
2
. The upper chamber was divided into two 

compartments for two stimulus males from the same experimental treatment (see below), 

with the males separated by an opaque plastic divider in order to prevent aggression. The 

grid floor of the upper chamber let males’ excretions fall through to the female below, 

allowing olfactory and limited tactile contact but preventing sexual interaction. The lower 

chamber of the apparatus, containing the female, had standard chip bedding and 

independent access to water and rodent chow made available ad libitum in an outset 

closet. Each male in the top chamber also had access to his own water and food ad libitum 

in an outset closet. Females that were isolated from male exposure were housed in a 

similar manner, with the top chamber left empty. 
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Comparison of males on soy-based and phyto-oestrogen-free diets 

 In a preliminary experiment, the potential effect of the phyto-oestrogen content of 

a male’s diet on his capacity to induce both the Vandenbergh and the Bruce effects were 

examined. HS stimulus males were either kept on regular rodent chow (“soy-based diet”), 

or fed a nutritionally similar phyto-oestrogen-free diet (“phyto-oestrogen-free diet”, 

Advanced Protocol Verified Casein Diet 1 IF from Purina Mills, Inc., Richmond, IN, 

USA; LabDiet, Ren’s Feed & Supply Ltd, Oakville, ON, Canada). This phyto-oestrogen-

free diet contains < 10.0 ppm total isoflavones (aglycone equivalents of genistein, 

daidzein and glycitein). Ingredients of the two diets are previously described (Khan et al. 

2008a). After at least 2 months on their respective diets, males were exposed to juvenile 

females and recently inseminated females in the exposure apparatus using protocols 

described below. 

Comparison of castrated males given oil or E2 

 For subsequent experiments, HS stimulus males aged 2 months were bilaterally 

castrated under sodium pentobarbital anesthesia and then individually housed. Injections 

began 1.5 months following surgery. One week prior to female exposure, all males were 

placed on the phyto-oestrogen-free diet described above and maintained on this diet for 

the duration of the experiment. Five days before female exposure, each male commenced 

an i.m. injection regime of either 0.06 mg E2 in 0.05 ml cottonseed oil or 0.05 ml 

cottonseed oil (control) under light isoflurane anaesthesia. Injections were repeated every 

other day throughout exposure to juvenile females and recently inseminated females 
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(described below). After each injection, the injection site was swabbed with 95% ethanol 

and males remained away from females for 30-60 min. 

 In order to collect an initial urine sample before female exposure, males were 

placed in the top chamber of the exposure apparatus (without the lower chamber) 

positioned 1 cm above a metal surface covered with wax paper. After 48 h of acclimation 

to this chamber, across the first 4 h of the dark phase, urine samples from each male were 

collected from the wax paper using 1 ml syringes and 25 gauge needles. Immediately 

after urine collection, the males’ chamber was placed above the lower chamber 

containing a female subject. Urine was also collected after 6 days of exposure to a 

juvenile female or after 4 days of exposure to an inseminated female, by temporarily 

removing the upper chamber of the exposure apparatus and placing it above the collection 

surface. The day of urine sampling in all cases was a day on which males were not 

injected. Urine samples were stored immediately after collection in 1.5 ml Diamed 

microtubes at -20°C, until hormone assays were conducted concurrently for all samples 

from the experiment. 

Vandenbergh effect protocol 

 CF-1 females were weaned from their dam at 21 days of age and placed in the 

exposure apparatus either alone or below pairs of males in the same experimental 

condition. Uterine and ovarian mass was used as an indicator of sexual maturation in 

females. At 28 days of age, after 7 days of male exposure or isolation, females were killed 

by cervical dislocation under isoflurane anaesthesia, and the uterus and ovaries were 

removed via a single abdominal incision, stripped of fat and mesentery, and each placed 
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into a pre-weighed 1.5 ml microtube. Uteri and ovaries were weighed immediately after 

harvesting (wet mass), stored in calcium sulphate crystals at 4°C for 30 days, and then 

reweighed to obtain dry tissue mass. 

Bruce effect protocol 

 Adult CF-1 males and virgin females from our breeding colony were paired. 

Females’ hindquarters were checked three times daily for the presence of a sperm plug 

beginning 2 h after pairing and continuing for 5 days. The day of sperm plug detection 

was designated day 0 of gestation. Around the commencement of the dark phase of the 

lighting cycle on gestation day 1, each female was removed from the sire and placed in 

the lower chamber of the exposure apparatus either alone or below pairs of males in the 

same experimental condition. At the beginning of the dark phase on day 6 of gestation 

(after 120 h in the apparatus), each female was killed by cervical dislocation under 

isoflurane anaesthesia. Uteri were removed through a single abdominal incision and the 

number of implantation sites in each uterine horn was counted. An implantation site was 

defined as a round protuberance in either uterine horn (Berger et al. 2008). 

Urinary steroid and creatinine quantification 

 Enzyme immunoassay methods were previously validated (Muir et al. 2001) and 

described in full (deCatanzaro et al. 2006). Creatinine, E2 and testosterone were obtained 

from Sigma Chemical Co. Antibodies to E2, testosterone and corresponding HRP 

conjugates were obtained from the Department of Population Health and Reproduction at 

the University of California, Davis. 
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 Briefly, steroid assays were conducted for each sample in duplicate and using the 

average. NUNC (Roskilde, Denmark) Maxisorb places were first coated with 50 µl 

antibody stock diluted 1:10,000 in a coating buffer consisting of 50 mmol/l bicarbonate 

buffer (pH 9.6), then stored for 12-14 h at 4°C. Wash solution (0.15 mol/l NaCl solution 

containing 0.5 ml Tween 20/l) was added to each well to rinse away unbound antibody, 

then 50 µl phosphate buffer was added to each well. The plates were incubated at room 

temperature for 2 h for E2 and 30 min for testosterone before adding standards and 

samples. Before being added to the plate, urine samples were diluted 1:8 in phosphate 

buffer (0.1 mol/l sodium phosphate buffer, pH 7.0 containing 8.7 g NaCl and 1 g BSA/l). 

Standard curves were derived by serial dilution from a known stock solution. For all 

assays, 50 µl E2 or testosterone HRP was added to each well, with 20 µl standard, sample 

or control for E2 or 50 µl standard, sample or control for testosterone. Plates were 

incubated for 2 h at room temperature, then washed and then 100 µl substrate solution of 

citrate buffer, H2O2 and 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid), was 

added to each well. The plates were then covered and incubated on a plate shaker at room 

temperature for 30-60 min. The plates were then read with a single filter at 405 nm on a 

microplate reader (Bio-Tek Instruments, Inc., Winnooski, VT, USA, model ELx 808). In 

all assays, optical densities were obtained, standard curves were generated and a 

regression line fit, with samples interpolated into the equation to get a value in pg/well. 

 Creatinine measures were also taken in duplicate. Urine samples were diluted 1:40 

urine:phosphate buffer. Using Dynatech Immulon (VWR International, Mississauga, ON, 

Canada) flat bottom plates, 50 µl/well standard was added with 50 µl distilled water, 50 µl 
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0.75 M NaOH and 50 µl 0.4 M picric acid. The plate was then shaken and incubated at 

room temperature for 30 min. Optical density was measured on the plate reader with a 

single filter at 490 nm. Standard curves were generated, regression lines were fit and the 

regression equation was applied to the optical density for each sample. Where steroid 

measures were adjusted for creatinine, this was achieved by dividing the obtained value 

by the measure of creatinine/µl of urine for the particular sample. Both creatinine-

adjusted and –unadjusted steroid measures are presented. 

Statistical analyses 

 Data are presented as mean ± S.E.M. For female uterine/ovarian tissue and 

implantation site data, one-way ANOVA was conducted comparing conditions. Where 

there was significance, pairwise multiple comparisons were conducted using the 

Newman-Keuls method. For implantation site data, each female was also categorized as 

pregnant (at least one implantation site) or not, and a χ
2
 test of association compared this 

to experimental conditions. For the male hormone and creatinine data, each measure was 

analysed separately before and after female exposure via a t-test for independent samples. 

As there was a predicted direction for the urinary E2 measures, one-tailed t-tests were 

applied; all other probabilities are two tailed. All sample sizes are given in the figures and 

tables. The threshold for statistical significance (α level) was set at P < 0.05. 
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Abstract 

 In small laboratory species, steroid measures can be obtained more frequently and 

less invasively from urine than blood. Insofar as urinary levels reflect systemic levels, 

they could provide advantages particularly for measurement of glucocorticoids, whose 

blood levels react rapidly to handling and stress. In Experiment 1, urinary samples were 

collected from male mice every second hour over a 14:10 h light:dark cycle. Samples 

were analyzed via enzyme immunoassay for corticosterone, testosterone, and creatinine. 

Corticosterone had peak concentrations 1 h after light offset and a trough 1 h after light 

onset. Testosterone showed peak concentrations 5-7 h after light onset and lowest 

concentrations during the dark phase of the cycle. Creatinine showed some variation over 

the light-dark cycle, but steroid measures showed similar trends with and without 

adjustment for creatinine. In Experiment 2, mice were stressed via an injection at times 

close to the determined peak and trough levels of corticosterone. In urinary samples taken 

90 min after injection, corticosterone was significantly higher in injected animals at both 

times relative to levels in control animals, but testosterone was unaffected by injection 

stress. In Experiment 3, serum and urine samples were collected from mice every sixth 

hour across the diurnal cycle. Corticosterone peaked in urine and serum immediately after 

light offset, and urinary measures predicted those in serum. These data indicate that 

urinary corticosterone reflects systemic levels in mice, document circadian variation in 

urinary testosterone, and indicate that circadian variation in creatinine is minimal, but 

potentially relevant in stressed animals. 
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Introduction 

 Circulating glucocorticoids (cortisol and corticosterone) increase within minutes 

after the onset of a stressor [1-4]. Reactivity of glucocorticoids to acute and chronic 

events is overlaid upon an endogenous daily rhythm, entrained to the light cycle via 

retinal and pineal influences on the suprachiasmatic nucleus of the hypothalamus, with 

species variations related to nocturnal vs. diurnal activity [5-12]. Typically, 

glucocorticoids are measured in blood, but repeated measures over time and across 

circumstances can be precluded in smaller species, as blood sampling requires physical 

restraint and venipuncture, both of which can elevate glucocorticoids [13, 14]. Other 

simple laboratory practices including group housing, novel caging, and brief human 

handling can increase circulating corticosterone [2, 15-19]. As excretions can be collected 

with relatively little disturbance of the animal, excretory steroid measures could be 

advantageous insofar as they reflect systemic variations. Urinary measures of estradiol, 

progesterone, and testosterone in mice are more dynamic over time than are fecal 

measures, and generally reflect reported trends and patterns of these steroids in 

circulation [20-22]. In rats, the daily rhythm of urinary glucocorticoids has been found to 

mirror rhythms in circulation albeit with a time delay [23, 24], but such urinary rhythm 

has not previously been established for mice. 

 Here we validated an assay for urinary corticosterone and documented its daily 

rhythm. Urinary testosterone was quantified as well, given that this steroid shows a daily 

rhythm in a number of species albeit with some disagreement on the timing of peak and 

trough concentrations (e.g., [5, 11, 12, 25-31]). We also measured creatinine, which is 
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often used to adjust urinary steroid measures to control for differential hydration and 

activity [20, 22, 32]. Also, urinary creatinine itself can be dynamic across various 

experimental conditions in this species [33, 34], and could potentially show circadian 

variation related to activity and drinking. We were also interested in whether urinary 

steroid and creatinine measures would respond to an acute stressor. Therefore, in a second 

experiment we measured the reactivity of urinary corticosterone, testosterone, and 

creatinine to an acute stressor around the times of corticosterone peak and trough. The 

stressor was given 90 min prior to urine collection, based on previous evidence that acute 

stress increases urinary corticosterone within 1-2 h in female mice, with a return to 

baseline within 3 h [35]. Finally, in a third experiment we directly compared urinary and 

serum levels of corticosterone at 6-h intervals that included the times of peak and trough 

concentrations over the daily cycle. 

 

Animals and Methods 

Animals 

 All subjects were male CF1 strain mice bred from laboratory stock obtained 

originally from Charles River (Quebec, Canada). Mice were housed in standard 

polypropylene cages measuring 28cm x 16cm x 11cm (height) with continuous access to 

water and 8640 Teklad Certified Rodent Chow (Harlan Teklad, Madison, WI, USA). The 

colony was maintained at 21°C on a reversed 14:10 h light:dark cycle with the onset of 

the dark phase at 09:00 h. Measurement of light intensity during the light phase of the 

cycle averaged 64 ± 0.20 lux in this room. This research was approved by the McMaster 
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University Animal Research Ethics Board, conforming to the standards of the Canadian 

Council on Animal Care. 

Experiment 1: Daily rhythm of urinary corticosterone, testosterone, and creatinine 

 Animals were housed individually for at least 1 week prior to the start of the 

experiment and had a mean age of 148 days (range of 133-159 days). They were 

randomly assigned to each time point (every 2 h from 00:00 h to 22:00 h) during which 

urine collection occurred. All experimental mice were housed in one room in the absence 

of other mice (Room A). Every 2 h, a subset of animals to be sampled was moved to an 

adjacent room (Room B), where urine collection occurred, in order to minimize 

disruption of animals to be sampled subsequently. A maximum of 15 min elapsed from 

the time Room A was entered to the time urine was collected from all subjects in Room 

B. 

 To obtain a urine sample, each animal was placed in a bucket measuring 24.8cm x 

25.4cm x 16.5cm (height), the bottom of which was covered with clean wax paper. After 

a maximum of 3 min, each mouse was removed and urine was aspirated from the wax 

paper using a tuberculine syringe with a 25 ga needle. After sampling, all animals in 

Room B were taken to a third room. This process was repeated every 2 h with a new 

group of subjects from Room A for a 24-h period. During the dark cycle, lights in Room 

B were kept at 2% of maximum while urine sampling occurred. Urine was stored in 1.5 

ml microtubes at -20°C until hormone analysis was conducted simultaneously for all 

samples. 
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Experiment 2: Urinary corticosterone, testosterone, and creatinine response to acute 

stress 

 Corticosterone, testosterone, and creatinine were measured in urine following an 

acute stressor applied 90 min before the established daily peak (10:00 h) and trough 

(20:00 h) of urinary corticosterone. Male mice (165 days of age) were prepared as in 

Experiment 1 and randomly assigned to testing at 10:00 h and 20:00 h (respectively 1 h 

after commencement of the dark and light phases of the cycle). Subjects were randomly 

assigned to the 2 times and to either a nonstressed control group or a stressed (i.p. 

injected) experimental group. All subjects were housed individually in Room A. Subjects 

in the experimental group were moved to Room B at either 08:30 h or 18:30 h. Each was 

captured by the base of the tail, held at the nape of the neck, and received an i.p. injection 

of 0.5 ml sterile saline. Each was then returned to its cage and remained undisturbed in 

Room B until urine sampling. Control males were then moved from Room A to Room B. 

After 90 min (either 10:00 h or 20:00 h), all males in Room B were placed in previously 

described [20] urine collection cages with a stainless steel wire grid floor, allowing 

males’ excretions to fall through to a clean metal surface covered with wax paper. Urine 

was then collected from the wax paper and stored as described above. 

Experiment 3: Comparison of urinary and serum corticosterone 

 Subjects were housed individually for at least 1 week prior to urine and blood 

collection. All males had a mean age of 143 days (range of 133-169 days). Males were 

randomly assigned to one of 4 sampling times (03:00 h, 09:00 h, 15:00 h, and 21:00 h), 

including peak and trough times evident from Experiment 1. At each sampling time, each 
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mouse was removed individually from the holding room, a blood sample was obtained 

using cardiac puncture under isoflurane anaesthesia, and a subsequent urine sample was 

obtained after cervical dislocation. Once completed, the next mouse was removed from 

the holding room for sampling. For each mouse, blood and urine samples were obtained 

within a maximum of 3 min of entering the holding room. Cohorts of up to 5 mice per 

time were tested on a single day, such that the last mouse was sampled no more than 15 

min after the nominal sampling time. Urine was stored in 1.5 ml microtubes at -20°C until 

hormone assay. Blood samples were allowed to clot at room temperature for 

approximately 1 h, and were then centrifuged for 10 min at 4000 rpm. The serum 

supernatant was removed and stored in 1.5 ml microtubes at -20°C until hormone assay. 

All blood and urine samples were analyzed for corticosterone simultaneously, and urine 

samples were also analyzed for creatinine. Blood samples were thawed and extracted by 

adding 100 µl serum to 1 ml anhydrous ethanol, then vortexing for 15 s, centrifuging for 

15 min at 3000 rpm, and removing 500 µl of the supernatant to a fresh 1.5 ml microtube. 

Samples remained under fumehood until the morning of the hormone assay, when the 

ethanol had evaporated. 

Steroid and creatinine assays 

 Enzyme immunoassay methods for testosterone in mouse urine were previously 

validated [22]. Validations for corticosterone in mouse urine are reported below. 

Creatinine, corticosterone, and testosterone were obtained from Sigma Chemical Co. 

Antibodies to corticosterone, testosterone, and corresponding horseradish peroxidase 

(HRP) conjugates were obtained from the Department of Population Health and 
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Reproduction at the University of California, Davis. Cross reactivities for anti-

corticosterone are: corticosterone 100 %, cortisol 0.23 %, deoxycorticosterone 14.25 %, 

tetrahydrocorticosterone 0.9 %, 11-deoxycortisol 0.03 %, progesterone 2.65 %, 

testosterone 0.64 %, prednisolone 0.07 %, prednisone, cortisone, 17α-estradiol; all 

<0.01%. Cross reactivities for anti-testosterone are: testosterone 100%, 5α-

dihydrotestosterone 57.4 %, androstenedione 0.27 %, and each of androsterone, DHEA, 

cholesterol, 17α-estradiol, progesterone, and pregnenolone < 0.05 %. 

Steroid assays were conducted with duplicate readings per sample; the average 

was used in statistical analysis. NUNC Maxisorb plates were first coated with 50 µl 

antibody stock diluted 1:10000 in a coating buffer (50mmol/l bicarbonate buffer, pH 9.6), 

then stored for 12–14 h at 4°C. Wash solution (0.15 mol/l NaCl solution containing 0.5 

ml Tween 20 per liter) was added to each well to rinse away any unbound antibody, then 

50 µl phosphate buffer/well was added. The plates were incubated at room temperature 

for 1 h for corticosterone and 30 min for testosterone before adding standards, samples, 

and controls. Urine samples were diluted 1:30 (corticosterone) or 1:8 (testosterone) in 

phosphate buffer (0.1mol/l sodium phosphate buffer, pH 7.0 containing 8.7 g NaCl and 1 

g BSA/l) before being added to the plate. Extracted serum samples were reconstituted in 

300 µl of phosphate buffer and vortexed before being added to the plate. Standard curves 

were derived by serial dilution from a known stock solution. For all assays, 50 µl 

corticosterone (1:140 000 in phosphate buffer) or testosterone (1:300 000 in phosphate 

buffer) HRP was added to each well, with 50 µl standard, sample, or control. The plates 

were incubated for 2 h at room temperature, then washed, and then 100 µl substrate 
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solution of citrate buffer, H2O2, and 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic 

acid), was added to each well. The plates were then covered and incubated, while shaking 

at room temperature for 45 min to 1.5 h. The plates were then read with a single filter at 

405 nm on a microplate reader (Bio-Tek Instruments Inc, ELx 808). In all assays, optical 

densities were obtained, standard curves were generated, a regression line fit, and samples 

interpolated into the equation to get a value in pg per well. 

Validations for the corticosterone assay included a test for parallelism to 

determine whether samples perform immunologically in a manner similar to steroid 

standards. Serial dilutions of samples were compared with a standard curve plotted 

against logarithmically transformed doses. This test indicates whether the steroid is 

present in samples in measurable quantities, and whether samples react with the 

antibodies in a predictable fashion. 

Following convention for urinary steroid measures [20, 22, 32], urinary creatinine 

was also measured. All urine samples were diluted to 1:40 urine:phosphate buffer. Using 

Dynatech Immulon flat bottom plates, 50 µl/well of standard was added with 50 µl 

distilled water, 50 µl 0.75 M NaOH, and 50 µl 0.4 M picric acid. The plate was then 

shaken and incubated at room temperature for 30min. The plate was measured for optical 

density on the plate reader with a single filter at 490 nm. Standard curves were generated, 

regression lines were fit, and the regression equation was applied to the optical density for 

each sample. The average of duplicates was taken for each sample. Where steroid 

measures were adjusted for creatinine, this was achieved by dividing the obtained value 

by the concentration of creatinine considered per ml of urine for the particular sample. 
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Both creatinine-adjusted and -unadjusted steroid measures are presented. 

 

Results 

Validation of the urinary corticosterone assay 

 Fig. 1 presents the results from a test of parallelism for serially diluted mouse 

urine samples pooled from 5 adult male mice and progressive dilutions of corticosterone. 

It is clear from these data that the plot of serially-diluted urine was parallel to that of 

serially-diluted corticosterone, indicating that the antibody is indeed measuring 

corticosterone in mouse urine. 
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Fig. 1 Serially diluted pooled mouse urine samples binding to antibody in parallel with 

serially diluted corticosterone samples. 
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Experiment 1: Daily rhythm of urinary corticosterone, testosterone, and creatinine 

 Fig. 2 shows measures of creatinine, corticosterone, creatinine-adjusted 

corticosterone, testosterone, and creatinine-adjusted testosterone in male urine every 2 h 

across a 24-h period, with lights off from 09:00 h to 19:00 h. Both creatinine-adjusted and 

–unadjusted corticosterone showed a clear daily rhythm with peak concentrations just 

prior to and after commencement of the dark phase of the light cycle and trough 

concentrations in the immediate hours after commencement of the light phase of the 

cycle. Creatinine-adjusted and –unadjusted testosterone showed highest levels at 5-7 h 

after commencement of the light phase of the cycle and lowest levels during the dark 

phase of the cycle. 

 Each variable was analyzed via one-way analysis of variance comparing the 12 

conditions of animals, followed by post hoc multiple comparisons (Duncan’s test, p < 

0.05). Analysis comparing time of day for creatinine approached but did not quite attain 

the conventional level (p < 0.05) of significance, F(1,118) = 1.80, p = 0.060. There was a 

clear effect of time of day on raw corticosterone, F(11,136) = 5.98, p < 0.001, and 

creatinine-adjusted corticosterone, F(11,115) = 5.63, p < 0.001. There was a significant 

effect of time of day for both unadjusted testosterone, F(11,137) = 2.86, p = 0.002, and 

creatinine-adjusted testosterone, F(11,114) = 2.15, p = 0.022. Results of multiple 

comparisons and sample sizes are indicated in Fig. 2



Ph.D. Thesis – J.B. Thorpe                McMaster – Psychology, Neuroscience & Behaviour 

 85 

Fig. 2 The mean (± SE) measures of urinary creatinine, corticosterone, creatinine-

adjusted corticosterone, testosterone, and creatinine-adjusted testosterone for adult male 

mice that were each sampled at one of 12 points in the diurnal cycle spaced at 2-h 

intervals. The times are identified related to midnight, with a reversed lighting cycle with 

lights off at 09:00 h and on at 19:00 h (the bar below the graph indicates the dark phase). 

Sample size is given at the base of each bar. The letters at the top of some bars indicate 

multiple comparisons, identifying conditions at the peak a that do not differ from one 

another, but that collectively differ significantly from those at the trough b which in turn 

do not differ from one another. Additional significant multiple comparisons occurred for 

corticosterone (16 vs. 0, 2, 14, 18, 20, 22; and 8 vs. 14, 18, 20, 22 h after midnight), 

creatinine-adjusted corticosterone (6, 16 vs. 2, 14, 18, 20, 22 h after midnight), and 

testosterone (12, 14 vs. 0, 4, 20 h after midnight).
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Experiment 2: Urinary corticosterone, testosterone, and creatinine response to acute 

stress 

 Fig. 3 shows measures of creatinine, corticosterone, creatinine-adjusted 

corticosterone, testosterone, and creatinine-adjusted testosterone in urine of males 

subjected to an acute stressor 90 min prior to sampling and nonstressed control males, 

sampled during the peak and trough of the corticosterone rhythm established in 

Experiment 1. The general influence of time of day upon levels of corticosterone was 

replicated, both considering only stressed animals and only controls. There was a clear 

effect of stress on adjusted and unadjusted corticosterone, with an elevation at both time 

points. Adjusted and unadjusted testosterone did not show influences of stress. 

 Two-factor analysis of variance (10 vs. 20 h after midnight, control vs. stressed 

animals) was conducted for each measure. For creatinine, there was a significant main 

effect of sampling time, F(1,78) = 4.96, p = 0.027, but neither the main effect of stress, 

F(1,78) = 0.084, p = 0.765, nor the interaction, F(1,78) = 1.91, p = 0.168, reached 

significance. For unadjusted corticosterone, there was an effect of both sampling time, 

F(1,78) = 12.96, p = 0.001, and stress, F(1,78) = 9.15, p < 0.004, but no interaction, 

F(1,78) = 0.484, p = 0.596. For creatinine-adjusted corticosterone, there was similarly an 

effect of sampling time, F(1,78) = 14.04, p < 0.001, and stress, F(1,78) = 9.61, p = 0.003, 

but no interaction, F(1,78) = 0.083, p = 0.766. For unadjusted testosterone, the effect of 

sampling time narrowly escaped the conventional level of significance, F(1,64) = 3.63, p 

= 0.058, and there was no effect of stress, F(1,64) = 0.005, p = 0.899, and no interaction, 

F(1,64) = 2.67, p = 0.103. For creatinine-adjusted testosterone, there was also no effect of 
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sampling time, F(1,64) = 0.207, p = 0.655, or stress, F(1,64) = 0.409, p = 0.532, and there 

was no interaction, F(1,64) = 0.770, p = 0.387. Results of multiple comparisons and 

sample sizes are indicated in Fig. 3.
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Fig. 3 The mean (± SE) measures of urinary creatinine, corticosterone, creatinine-

adjusted corticosterone, testosterone, and creatinine-adjusted testosterone for adult male 

mice that were each sampled at 1 or 2 points in the diurnal cycle. These 2 points were 10 

and 20 h after midnight, with a reversed lighting cycle with lights off at 09:00 h and on at 

19:00 h, thus corresponding to 1 h after offset and 1 h after onset of lights. Sample size is 

given at the base of each bar. Multiple comparisons were conducted comparing all pairs 

of conditions within each measure. Significance is indicated by letters at the top of some 

bars; those that share the same letter do not differ from one another but collectively differ 

from those with a distinct letter. Those bars without a letter do not differ from any other 

condition.
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Experiment 3: Comparison of urinary and serum corticosterone 

 Fig. 4 shows measures of urinary creatinine, serum corticosterone, unadjusted 

urinary corticosterone, and creatinine-adjusted urinary corticosterone in male mice 

sampled at 03:00 h, 09:00 h, 15:00 h, and 21:00 h. Measures of corticosterone in serum 

and urine (both unadjusted and creatinine-adjusted) all showed a clear daily rhythm, 

similar to that seen in Experiments 1 and 2, with peak concentrations at 09:00 h 

immediately after light offset. Each measure was analyzed using one-way analysis of 

variance comparing the 4 conditions of animals, followed by multiple comparisons. There 

was an effect of time of day on urinary creatinine, F(3,30) = 3.34, p = 0.032, serum 

corticosterone, F(3,30) = 6.89, p = 0.01, unadjusted urinary corticosterone, F(3,30) = 

6.41, p = 0.002, and creatinine-adjusted urinary corticosterone, F(3,30) = 9.41, p < 0.001. 

Multiple comparisons and sample sizes are indicated in Fig. 4. Considering all subjects 

regardless of time of day, there were significant positive correlations between serum 

corticosterone and unadjusted urinary corticosterone, r = 0.64, t(32) = 4.67, p < 0.001, 

and between serum corticosterone and creatinine-adjusted urinary corticosterone, r = 

0.60, t(32) = 4.27, p < 0.001. In addition, a multiple regression with time of day and 

unadjusted urinary corticosterone as predictor variables and serum corticosterone as the 

criterion was significant, R
2
 = 0.64, F(7,26) = 6.62, p < 0.001.
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Fig. 4 The mean (± SE) measures of urinary creatinine, serum corticosterone, unadjusted 

urinary corticosterone, and creatinine-adjusted urinary corticosterone for adult male mice 

that were each sampled at 1 of 4 times in the diurnal cycle spaced at 6-h intervals. The 

times are identified relative to midnight, with a reversed light cycle with lights off at 

09:00 h and on at 19:00 h (the bar below the graph indicates the dark phase). Sample sizes 

are 10 at 03:00 h, 10 at 09:00 h, 9 at 15:00 h, and 5 at 21:00 h for all measures. Multiple 

comparisons within each measure are indicated by letters above the bar; those bars that 

share the same letter do not differ from one another, but collectively differ from those 

with a distinct letter. 
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Discussion 

 We believe that this is the first documentation of circadian urinary rhythms of 

corticosterone, testosterone, and creatinine in mice. In Experiment 1, urinary 

concentrations of corticosterone peaked around the onset of the dark phase of the diurnal 

cycle, and showed a trough around the onset of the light phase followed by gradual 

restoration. Urinary testosterone concentrations peaked at 5-7 h after light onset and 

showed a trough shortly before light offset and through most of the dark phase of the 

cycle. Urinary creatinine showed relatively small variations over the light-dark cycle. In 

Experiment 2, we documented responses of these urinary measures to an acute stressor 

applied at the peak and trough times of corticosterone concentrations observed in 

Experiment 1. Corticosterone was significantly higher 90 min after a stressor compared to 

that of control mice, both at the peak and the trough of the daily cycle. Testosterone was 

not significantly affected by the stressor, and creatinine was significantly lower around 

light onset (corticosterone trough) than around dark onset (corticosterone peak), but only 

in the stressed animals. In Experiment 3, we observed a distinct circadian rhythm in both 

urinary and serum corticosterone, and showed significant correlations between the 2 

media. In both urine and serum, the circadian rhythm seen in Experiment 1 was clearly 

replicated. 

 Care was taken to ensure that animals were not subjected to any extraneous 

stimulation, handling, or light, and that procedures were standardized for all subjects. In 

order to achieve more precise timing than possible with spontaneous urination, we 

employed a method of urine collection that was mildly invasive, specifically brief 
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handling to place the animal in a novel environment. As plasma corticosterone takes over 

an hour to be excreted into urine in mice [35,36], and urine was collected no longer than 

15 min after transport and handling, our procedures would not have influenced our 

measures. 

 Experiment 1 showed a clear daily rhythm in urinary corticosterone. Our observed 

urinary corticosterone rhythm is similar to that seen in blood measures of this hormone in 

nocturnal rodents. Rats and mice appear to have a stable cycle where peak plasma 

corticosterone occurs at the start of darkness and decreases until the onset of light [6, 8]. 

This contrasts with the pattern in diurnal mammals, such as humans and other primates, 

where cortisol is highest in the morning and decreases throughout the day [5, 11, 37]. 

Experiment 2 confirmed the finding that urinary corticosterone is greater at the onset of 

light, and indicated that an acute stressor elevated corticosterone at both times. Two 

studies using rats reported an increase in circulating corticosterone at both peak and 

trough times of cycle following an acute stressor [4, 17]. One of these studies [4] found 

similar increases in plasma corticosterone after stress during the dark and light phases of 

the daily cycle in female rats, whereas the other [17] showed a smaller increase in plasma 

corticosterone at the trough of the cycle. Another study in male rats [38] found that stress 

elevated plasma corticosterone around light onset (trough) but not around light offset 

(peak). It is likely that species, sex and stressor differences contribute to discrepancies 

among studies. Experiment 3 again replicated the pattern seen in diurnal variation of 

urinary corticosterone in Experiment 1 and 2, and furthermore showed that urinary 

corticosterone fluctuations across the diurnal cycle are very similar to those seen in serum 



Ph.D. Thesis – J.B. Thorpe                McMaster – Psychology, Neuroscience & Behaviour 

 96 

corticosterone. 

 In Experiment 1, we found that urinary testosterone peaked during the light phase 

of the cycle and was generally lower during the dark. Male rhythm in testosterone varies 

among species and shows a less consistent entrainment to light than does corticosterone. 

In men, testosterone rhythm coincides with that of corticosterone, with peaks around 

waking [5, 39, 40]; however, testosterone peaks at night in another diurnal primate, the 

rhesus monkey [11, 25]. Studies of circulating testosterone rhythm in nocturnal rodents 

show much less consensus than do those of corticosterone rhythm. Some have found 

trimodal peaks, whereas others have described a biphasic pattern [12, 41]. In rats, many 

studies have documented a circadian rhythm in circulating testosterone, however the 

reported timing of peaks and troughs varies greatly [27, 28, 42-44]. In laboratory mice, 

significant variance has been observed among strains [29]. Some evidence indicates that 

in men, mice and rats, testosterone rhythm may not be stable since this hormone’s 

secretion is episodic and pulsatile [40, 45, 46]. It is difficult to compare our data on 

urinary rhythm to published rhythms in blood, due to variability in the rhythm of 

circulating testosterone that depends on species, strain, laboratory, and frequency of 

sampling. In Experiment 2, we found no change in urinary testosterone after acute 

injection stress, regardless of the time of day. Elsewhere, acute immobilization stress also 

did not alter testosterone in mice or rats, although more chronic immobilization stress did 

so [47-49]. Other studies have shown that multiple forms of acute stress decreased 

circulating testosterone in rats, however some found that the decrease did not occur until 

2 h after stress onset [50, 51]. Another study [48] showed a decrease in circulating 
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testosterone after 1 h of continuous stress, which may be considered more chronic than 

that of the current study where stress duration was less than 30 s. Urinary measures of 

testosterone not only may lag those from blood, but also likely represent an integration of 

a longer time period than do more momentary measures from serum or plasma. 

 Creatinine is commonly used to correct urinary steroid concentrations for the 

animal’s hydration, based on the assumption that its excretion remains generally constant 

[20, 21, 34, 52]. In all experiments reported here, trends in urinary corticosterone and 

testosterone were similar with and without adjustment for creatinine. In both Experiments 

1 and 3, creatinine was relatively invariant compared to the steroid measures, but there 

was some evidence of small variation over time of day, likely related to changes in 

muscular activity, drinking, and urination. In Experiment 2, creatinine concentration was 

significantly higher when stress was applied around light offset (corticosterone peak) than 

around light onset (corticosterone trough). Elsewhere, creatinine has been observed to be 

dynamic across experimental conditions in mice, as social stimuli induce polydipsia and 

polyuria and reduce urinary creatinine concentration [33], while diet also has substantial 

influences [34]. Accordingly, we suggest that it is best to examine both raw and 

creatinine-adjusted value of urinary steroids. 

 Our observed circadian pattern of urinary corticosterone reflects patterns in blood 

reported elsewhere [6, 8]. Taken together with the positive correlation between urinary 

and serum corticosterone seen in Experiment 3, this suggests that urinary measures 

largely reflect systemic patterns. This paves the way for the use of noninvasive repeated 

urinary sampling and profiling of urinary corticosterone in individuals over time and 
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across circumstances. There is evidence that the liver in mice and rats is less efficient than 

in larger mammals at conjugating steroids through processes such a glucuronidation [22, 

53]; this may increase confidence that unconjugated urinary steroid measures reflect 

systemic patterns in these steroids. Although inconsistencies among published studies of 

circulating testosterone rhythm prevent clear comparisons to urinary measures observed 

here, utility of urinary measures has been demonstrated with respect to other parameters 

such as castration and social stimulation (e.g., [21, 33, 52, 54]). Given constraints on 

repeated blood measures in small animals, noninvasive urinary measurement could lend 

itself well to investigations where steroids are examined over development and across 

circumstances [21, 34, 54]. 
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Abstract 

During acute stress, glucocorticoids and progesterone from the adrenal gland are 

upregulated. Estradiol may also rise, although its origin is unknown. In studies of stress, it 

can be difficult to obtain blood rapidly enough to avoid confounding steroid measures. In 

such cases, non-invasive urinary steroid measures may be more appropriate insofar as 

they reflect systemic steroid levels. The current study was designed to examine the 

urinary steroid response to an acute, mild stressor in female mice, and to compare serum 

and urinary steroid responses to this mild stressor. In Experiment 1, we profiled urinary 

corticosterone, progesterone, and estradiol in ovariectomized female mice at 11 time 

points following a one-hour stressor (placement on an elevated platform). This increased 

urinary corticosterone for 3 hours and urinary progesterone for 4 hours after stressor 

offset. In Experiment 2, terminal blood and urine samples were obtained at 0, 2, 4, and 6 

hours after the stressor offset. Stressed females showed increased serum corticosterone 

and progesterone immediately after the stressor offset. Urinary levels of corticosterone 

were increased at both 0 and 2 hours post-stress, while those of progesterone trended 

toward increases 2-6 hours after stress offset. Neither serum nor urinary estradiol was 

significantly influenced by stress. Urinary measures generally reflected systemic 

measures, however with a different time course resulting in a longer return to baseline. 

We suggest that the relative value of serum or urinary steroid measures in mice depends 

upon the experimental design. 

Key words: Stress, corticosterone, progesterone, estradiol, serum, urine   
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Introduction 

The stress response allows individuals to cope with challenges or threats to 

homeostasis [1,2]. Upon exposure to a stressor (defined as an unpredictable or 

uncontrollable factor that challenges homeostasis), there is a distinct endocrine response 

that ultimately results in the secretion of cortisol or corticosterone (the glucocorticoids, 

GCs) from the adrenal cortex. The adrenal steroid response to stress is so well established 

that increases in circulating and excreted GCs are used as biomarkers of stress in field and 

laboratory studies in a variety of species including baboons [3], sheep [4], humans [5], 

meerkats [6], and mice [7,8].  

 During acute stress in female rats, progesterone (P4) from the adrenal cortex is 

secreted [9]. Adrenocorticotropic hormone (ACTH) administration also has been found to 

increase P4 in ovariectomized rats [10], cows [11], and fallow deer [12]. P4 is situated 

early in the steroid biosynthetic pathway, and as such is a precursor to many steroids, 

including GCs. Estradiol (E2) can also respond to stress in females; however, the 

physiological state of the female and the nature of the stressor may influence whether E2 

is increased or decreased. In cycling female rats, exposure to chronic stress (3 weeks of 

daily restraint) results in reduced E2 [13], whereas more acute stress (20 minutes 

swimming) has been associated with increased E2 [14]. In pregnant animals, chronic 

stress [15,16] or acute immune stress [17] can increase E2. The source of this rise in 

circulating E2 during stress is unknown. Some have suggested an ovarian origin [14,18], 

however it remains possible that the adrenal cortex secretes E2 and/or its precursors in 

response to stress. 
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 In small laboratory species like mice, obtaining a sufficient blood sample to 

quantify circulating steroids may require pooling of blood from several individuals or 

taking only terminal blood samples. Also, invasive handling and venipuncture are likely 

to alter subsequent steroid measures, so repeated measurement of the same individuals 

may be precluded. These issues are particularly troublesome when quantifying stress-

reactive steroids like GCs, which can respond to even minor disturbances such as moving 

a cage in as little as 5 minutes [19]. As mentioned, in female mammals both P4 and E2 

also respond to stress. Therefore, in situations where rapid blood sampling is inconvenient 

or impossible, it might benefit the researcher if steroids could be quantified in a different 

medium, in order to avoid the risk of blood collection procedures confounding stress 

measures.   

In mice, excretions can be obtained in a relatively non-invasive and repeated 

manner that avoids human handling [8,20]. Our laboratory has previously demonstrated 

that urinary measures of unconjugated E2, testosterone, and P4 generally reflect expected 

trends in blood measures of these steroids [20-23]. In male mice, we have shown that 

urinary unconjugated corticosterone measures reflect those in serum across the circadian 

cycle [7], while others have shown the value of fecal corticosterone metabolites in 

assessing adrenocortical activity in mice [8,24]. As urinary and serum steroids have not 

been compared in female mice, we undertook to measure urinary corticosterone, P4, and 

E2 subsequent to an acute, mild stressor, and to compare urinary trends to those in serum. 

We used ovariectomized mice, since a preliminary experiment with intact females 

produced unclear results, likely because the estrus cycle influences E2, P4, and the steroid 
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response to stress [25]. In the first experiment, we measured steroids in repeated urine 

samples taken from female mice throughout the day following exposure to one hour on an 

elevated platform. In the second experiment, we compared the urinary and serum 

corticosterone, P4, and E2 response to this stressor in independent samples from female 

mice at different time points after offset of the stressor.   

 

Animals and Methods 

Animals 

Female subjects were from an established colony of hybrid strain (HS) mice 

created by interbreeding CF-1, DBA-2, Swiss Webster, and C57-B6 parent strains 

originally obtained from Charles River Breeding Farms (St. Constant, QC, Canada). 

Bilateral ovariectomies were performed when females were 2-3 months old under sodium 

pentobarbital anaesthesia. They were given at least 2 weeks to recover from surgery. One 

week prior to each experiment, all females were placed on a phytoestrogen-free diet 

(Advanced Protocol Verified Casein Diet 1 IF from Purina Mills, Inc., Richmond, IN, 

USA; LabDiet, Ren’s Feed & Supply Ltd., Oakville, ON, Canada) in order to reduce the 

potential impact of phytoestrogens on E2 assays. This diet contains < 1 ppm total 

isoflavones (aglycone equivalents of genistein, daidzein and glycitein) and is nutritionally 

similar to standard laboratory rodent chow [26]. All animals were maintained at 21°C on 

a reversed 14 h light:10 h dark cycle with dark phase onset at 09:00 h, and housed in 

standard polypropylene cages measuring 28 cm x 16 cm x 11 cm (height) unless 

otherwise stated. This research was approved by the McMaster University Animal 
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Research Ethics Board, conforming to the standards of the Canadian Council on Animal 

Care. 

Experiment 1: Repeated measures of urinary steroids after acute, mild stress 

 In the first experiment, we used a repeated measures design to verify the stressor 

protocol, and to document the urinary steroid response in female mice. Two days before 

sampling, all females (n = 15 experimental, n = 15 control) were placed in Plexiglas urine 

collection cages measuring 30 x 21 x 13 cm (height). The floors of these cages are wire-

mesh grid, raised approximately 2 cm above a removable tray covered in wax paper, from 

which urine could be collected. Mice remained undisturbed in these cages in a holding 

room (Room A) for 48 h to allow for acclimation. At 09:30 h on the day of urine 

sampling, mice randomly assigned to the stress condition were removed from Room A 

and brought into the procedure room (Room B), whereas control mice remained 

undisturbed in Room A. Room B had 15 platforms elevated 1.22 m off the ground, each 

measuring 26.5 x 11 cm and tilted at an angle of approximately 45° relative to the plane 

of the floor.  Each experimental mouse was placed individually on a platform. At 10:30 h, 

after 1 h on the platform, each mouse was returned to its cage and brought back to Room 

A. Beginning 1 h after stressor offset (11:30 h), urine samples were taken from each 

mouse every hour for 10 h, and one final sample was taken the following day, 

corresponding to 24 h after stressor offset. Urine was collected by sliding the removable 

tray out from under the urine collection cage and aspirating any pooled urine from the 

wax paper using 1 mL tuberculine syringes with 25 ga needles. After each sampling time, 

every tray was replaced with a fresh one covered in clean wax paper to ensure that each 
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sample was new from the previous hour. All urine was stored at -20°C in 1.5 mL Diamed 

microtubes until hormone assay (described below). 

Immunoassay validation for serum P4 and corticosterone 

Immunoassays previously validated for female urinary P4 [22] and male urinary 

and serum corticosterone [7] were modified and validated for P4 and corticosterone in 

female mouse serum. Tests of parallelism were run to determine whether samples 

perform immunologically in a manner similar to steroid standards. Such tests indicate 

whether the steroid is present in measurable quantities in serum, and whether serum 

samples react with the antibodies in a predictable fashion. This also determines the 

dilution of serum that falls at 50% conjugate binding, which is an appropriate dilution 

when quantifying endogenous steroid concentration. While under isoflurane anaesthesia, 

a terminal blood sample was collected from females within 3 minutes into 1.5 mL 

Diamed microtubes by cardiac puncture with 1 mL tuberculine syringes and 25 ga 

needles. Blood was allowed to clot for 1.5-2 h at room temperature, and then centrifuged 

at 5000 rpm for 15 min. Serum supernatant from samples collected on the same day was 

pooled in a single microtube and stored at -20°C until hormone quantification (described 

below). Pooled serum used for the P4 parallelisms was from 11 females and pooled serum 

used for the corticosterone parallelisms was from 6 females. For both, pooled serum was 

serially diluted in phosphate buffer and compared with a standard curve plotted against 

logarithmically transformed concentrations of steroid.  
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Experiment 2: Urinary and serum steroid response to an acute, mild stressor 

A second experiment used the same acute, minor, psychological stressor in a 

between-subjects design, with different animals assigned to be measured at different 

times following the stressor or no treatment (controls). Prior to stressor procedures, 

experimental mice were removed from a common holding room containing both 

experimental and control females (Room A) and moved to Room B, where acute stress 

was applied from 09:30 h to 10:30 h. In Room B, each mouse was removed from its cage 

and placed individually on a raised platform (described for Experiment 1). Mice remained 

on the elevated platforms for 1 h before being returned to Room A at 10:30 h. All females 

remained in standard cages throughout the experiment. Mice were divided randomly into 

experimental and control groups, and these were subdivided into 4 sampling times chosen 

to capture the times in Experiment 1 at which urinary steroids differed between mice in 

the control and experimental treatments.  

At the onset of the dark phase on the day of sampling, experimental females were 

moved from the common holding room (Room A) to Room B for stressor procedures (as 

described above). After 1 h, females were moved back to Room A. Samples were 

obtained from subsets of the females based on their assigned time slot. Times included 

immediately after stressor offset (10:30 h), and every 2 h after that for a total of 4 samples 

(last sample at 16:30 h). To obtain samples, each female was removed individually from 

Room A at the assigned sample time, and placed under isoflurane anaesthesia. While 

under anaesthesia, a blood sample was obtained by cardiac puncture with a 1 mL 

tuberculine syringe and 23 ga needle. After blood sampling, each female was euthanized 
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by cervical dislocation and expelled urine was collected from a piece of wax paper with a 

1 mL tuberculine syringe. Blood and urine samples were obtained within a maximum of 3 

minutes from when Room A was entered to remove the female. Only after the previous 

female had been sampled from was the next female removed from Room A for sampling. 

To ensure that sample times were as precise as possible between mice within groups, only 

3 control and 3 experimental mice were sampled from at each time point on each day.  

 Urine samples were stored in a 1.5 mL Diamed microtube at -20°C immediately 

after collection until hormone analysis. Blood samples were allowed to clot at room 

temperature for approximately 1 h. After clotting, blood was centrifuged at 5000 rpm for 

15 min, and serum was pipetted into individually labeled 1.5 mL Diamed microtubes and 

stored at -20°C until hormone analysis. 

Steroid and creatinine assays 

Serum E2 was determined using a commercially available enzyme immunoassay 

kit (Calbiotech, product no. ES180S-100). Kit directions were followed exactly. Methods 

for all other steroid quantification, including urinary estradiol, are described below. 

Urinary E2, P4, and corticosterone immunoassay methods were previously validated and 

described [7,22,27]. Serum P4 and corticosterone immunoassay methods are validated and 

reported here. All steroids were obtained from Sigma Chemical Co., and antibodies to 

corticosterone, P4, and E2, and corresponding horseradish peroxidase (HRP) conjugates 

were obtained from the Department of Population Health and Reproduction at the 

University of California, Davis. 
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 All steroid assays were conducted with duplicate readings per sample and the 

average was used in statistical analysis. NUNC Maxisorb plates were first coated with 50 

µl antibody stock diluted 1:10,000 for P4, corticosterone, and E2 in a coating buffer (50 

mmol/l bicarbonate buffer, pH 9.6), then stored for 12-14 h at 4°C. Wash solution (0.15 

mol/l NaCl solution containing 0.5 ml Tween 20 per liter) was added to each well to rinse 

away any unbound antibody, then 50 µl phosphate buffer/well was added. The plates were 

incubated at room temperature for 1 h for both P4 and corticosterone, and 2 h for E2, 

before adding standards, samples (pooled and serially diluted for parallelisms, or 

individual samples for steroid concentration determination), and controls. Urine samples 

were diluted 1:30 (corticosterone) or 1:8 (P4 and E2) in phosphate buffer (0.1 mol/l 

sodium phosphate buffer, pH 7.0 containing 8.7 g NaCl and 1 g BSA/l) before being 

added to the plate. Serum samples were diluted 1:15 (corticosterone) or 1:7 (P4) in 

phosphate buffer before being added to the plate. These dilutions were chosen because 

tests of parallelism indicated they produced 50% conjugate binding. Standard curves were 

derived by serial dilution from a known stock solution. For all assays, 50 µl 

corticosterone (1:140,000 in phosphate buffer), P4 (1:60,000 in phosphate buffer), or E2 

(1:350,000) HRP was added to each well, with 50 µl standard, sample, and control for 

both P4 and corticosterone, or 20 µl of the same for E2. The plates were incubated for 2 h 

at room temperature, then washed, and then 100 µl substrate solution of citrate buffer, 

H2O2 and 2, 2’-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid), was added to each 

well. The plates were then covered and incubated, while shaking at room temperature for 

25 min to 1.5 h. The plates were then read with a single filter at 405 nm on a microplate 
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reader (Bio-Tek Instruments Inc, ELx 808). In all assays, optical densities were obtained, 

standard curves were generated, a regression line fit, and samples interpolated into the 

equation to get a value in pg per well. 

 Following convention for urinary steroid measures [22,27,28], urinary creatinine 

was also measured. All urine samples were diluted 1:40 in phosphate buffer. Using 

Dynatech Immulon flat bottom plates, 50 µl/well of standard was added with 50 µl 

distilled water, 50 µl 0.75 M NaOH and 50 µl 0.4 M picric acid. The plate was then 

shaken and incubated at room temperature for 30 min. The plate was measured for optical 

density on the plate reader with a single filter at 490 nm. Standard curves were generated, 

regression lines were fit, and the regression equation was applied to the optical density for 

each sample. The average of duplicates was taken for each sample. Where steroid 

measures were adjusted for creatinine, this was achieved by dividing the obtained value 

by the concentration of creatinine considered per ml of urine for the particular sample. 

Statistical analyses 

 In order to achieve a sufficient sample size despite a substantial number of 

missing values at each time point in the first (repeated-measures) experiment, the average 

value was taken for each subject within ranges of adjacent sampling times with similar 

trends, and analyzed through t-tests comparing the control and experimental conditions. 

For the second, between-subjects experiment, standard least squares analysis of variance 

with experimental group and sampling time included as predictor variables was 

conducted for each serum and urinary steroid and creatinine measure. Newman-Keuls 
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multiple comparisons (p < 0.05) were carried out where ANOVA models were significant 

(p < 0.05). 

 

Results 

Experiment 1 

 The height stressor clearly influenced urinary measures of corticosterone and P4 

(Fig. 1). Creatinine-adjusted urinary corticosterone was elevated during the first 3 h after 

stressor offset relative to controls; the average value from each subject in this range 

showed significant elevations in stressed mice compared to controls, t(20) = 3.41, p = 

0.003. Creatinine-adjusted urinary P4 was elevated during the first 4 h after stressor 

offset; the average value from each subject in this range showed a significant increase in 

stressed mice compared to controls, t(22) = 4.89, p = 0.0002. Creatinine-adjusted urinary 

E2 was less influenced by stress than the other steroid measures; an apparent trend toward 

an elevation at 5-6 h after stressor offset was not significant considering the average value 

for each animal from these times, t(23) = 1.28, p = 0.212.    
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Fig. 1 Mean ± S.E. repeated measures of urinary creatinine, creatinine-adjusted 

corticosterone, creatinine-adjusted P4, and creatinine-adjusted E2 from ovariectomized 

mice after they either remained undisturbed (Control) or were placed on an elevated and 

angled platform for 1 h (Stress) in Experiment 1. Repeated urine samples were taken at 12 

time points after offset of the stressor. Respective number of independent urine samples at 

each sample point were as follows: creatinine (control 5,9,7,7,12,7,7,3,6,5,6; stress 

4,6,6,5,7,5,7,8,2,3,8); corticosterone (control 4,9,7,6,12,7,7,3,6,5,6; stress 

4,6,6,5,7,5,7,8,2,3,8); P4 (control 4,9,7,6,11,6,7,3,6,5,6; stress 4,6,6,5,7,5,7,8,2,3,8); E2 

(control 5,9,6,7,12,6,6,3,6,5,6; stress (4,6,6,5,7,5,7,8,2,3,8). Sample sizes varied as a 

result of mice not urinating every hour. * indicates range of sampling times that 

collectively show a significant difference between stressed and control values. 
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Validations of serum assays 

Serial dilutions of pooled serum from adult cycling female mice were parallel to 

serial dilutions of corticosterone standard. This indicates that female mouse serum is 

binding to corticosterone antibody in a predictable fashion and in a manner similar to 

corticosterone itself. Serum diluted at 1:15 in phosphate buffer yielded 50% HRP binding. 

Serial dilutions of pooled serum from adult cycling female mice are also parallel to serial 

dilutions of P4 standard.  This again indicates that female mouse serum is binding to P4 

antibody in a predictable fashion and in a manner similar to P4. Serum diluted at 1:7 in 

phosphate buffer yielded 50% HRP binding. 

Experiment 2 

 Urinary creatinine measures were altered by acute mild stress (Fig. 2). There were 

significant main effects of experimental treatment, F(1,77) = 5.37, p = 0.020, and of 

sampling time, F(3,77) = 4.65, p = 0.005, and a significant interaction between 

experimental treatment and sampling time, F(3,77) = 3.65, p = 0.016. Multiple 

comparisons indicated that creatinine measured immediately after 1 h of stress was 

significantly reduced compared to that of all other conditions.    
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Fig. 2 Mean ± S.E. urinary creatinine in samples collected from ovariectomized female 

mice at one of 4 times after they either remained undisturbed (Control) or were placed on 

an elevated and angled platform for 1 h (Stress) in Experiment 2. Sample sizes are given 

on the bars. ** indicates a significant difference from all other conditions. 
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Both serum and urinary measures of corticosterone responded to the acute mild 

stressor (Fig. 3).  In serum, there were main effects of experimental treatment, F(1,107) = 

25.17, p < 0.0001, and sampling time, F(3,107) = 31.09, p < 0.0001, and a significant 

interaction between experimental treatment and sampling time, F(3,107) = 21.26, p < 

0.0001. Multiple comparisons revealed that the condition in which mice were stressed for 

1 h and sampled immediately after stress offset had significantly higher serum 

corticosterone than all other conditions. Urinary corticosterone was similarly altered by 

stress. For creatinine-adjusted urinary corticosterone, there were main effects of both 

experimental treatment, F(1,77) = 6.91, p = 0.010, and sampling time, F(3,77) = 12.60, p 

< 0.0001. Multiple comparisons revealed that stressed mice had significantly higher 

urinary corticosterone than controls at 0 and 2 h after stressor offset, and that stressed 

mice at 0 and 2 h after stressor offset had higher urinary corticosterone than stressed mice 

at 4 and 6 h after stressor offset. 
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Fig. 3 Mean ± S.E. serum corticosterone and creatinine-adjusted urinary corticosterone 

concentrations in ovariectomized female mice at one of 4 times after they were either 

placed on an elevated and angled platform for 1 h (Stress) or remaining undisturbed 

(Control) in Experiment 2. Sample sizes are given on the bars. * indicates a significant 

difference from the controls at the same sampling time. ** indicates a significant 

difference from all other conditions. 
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Serum P4 was also increased by the stressor (Fig. 4). There was a significant main 

effect of sampling time on serum P4, F(3,110) = 10.31, p < 0.0001, and a significant 

interaction between experimental treatment and sampling time, F(3,110) = 6.42, p = 

0.0007. Multiple comparisons revealed that serum from stressed mice measured 

immediately after stressor offset had significantly elevated P4 relative to mice from all 

other conditions. The response to stress was less clear in creatinine-adjusted urinary P4. 

Although there were trends toward increased urinary P4 in stressed animals at 2, 4, and 6 

h after stressor offset, the main effects of experimental treatment, F(1,76) = 3.19, p = 

0.075, and sampling time, F(3,76) = 2.40, p = 0.074, approached, but failed to reach, the 

conventional level of significance. 
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Fig. 4 Mean ± S.E. serum P4 and creatinine-adjusted urinary P4 concentrations in 

ovariectomized female mice at one of 4 times after they were either placed on an elevated 

and angled platform for 1 h (Stress), or remaining undisturbed (Control) in Experiment 2. 

Sample sizes are given on the bars. ** indicates a significant difference from all other 

conditions. 
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Serum E2 was similar in all conditions, whereas urinary E2 showed trends toward 

higher levels in stressed females than controls at 2 h after stressor offset (Table 1). 

However, neither serum nor urinary E2 measures showed statistically significant main 

effects or interactions. 
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Table 1 Mean ± S.E. serum E2 and creatinine-adjusted urinary E2 concentrations in 

ovariectomized female mice at one of 4 times after they were either placed on an elevated 

and angled platform for 1 h (Stress), or remaining undisturbed (Control) in Experiment 2. 

Sample sizes are in brackets. 

 

  pg estradiol / mL serum ng estradiol / mg creatinine 

Hours after 

stressor 

offset 

Control  Stress  Control  Stress  

0 8.47 ± 0.31 (13) 8.93 ± 0.58 (14) 5.67 ± 0.91 (9) 5.14 ± 1.22 (6) 

2 8.44 ± 0.34 (14) 8.40 ± 0.27 (14) 4.56 ± 0.43 (10) 6.23 ± 0.77 (12) 

4 8.52 ± 0.28 (15) 8.63 ± 0.32 (15) 4.85 ± 0.32 (13) 4.97 ± 0.66 (10) 

6 7.97 ± 0.25 (15) 8.86 ± 0.25 (15) 5.50 ± 0.67 (7) 5.42 ± 0.59 (12) 
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Discussion 

 Placement on a tilted, elevated platform for one hour is sufficiently stressful for 

ovariectomized female mice to cause elevations in serum corticosterone and P4 within one 

hour. Urinary measures of corticosterone and P4 were also both elevated by this stressor. 

In light of the many advantages of non-invasive urine sampling versus much more 

invasive blood sampling in mice, urinary measures of steroids may be used instead of 

serum measures with confidence that they reflect general systemic trends. We previously 

showed that urinary and serum measures of corticosterone correlate within individual 

male mice and across the daily cycle [7], confirming that urinary measures of steroids 

reflect serum measures in both male and female mice. 

 However, it is evident that the time course of the steroid response to stress in 

serum and urine is slightly different. Serum measures responded and returned to baseline 

control levels within 2 hours after stressor offset, whereas urinary measures appeared to 

take longer to return to baseline. This characteristic of urinary steroid response to stress 

may be useful in certain studies, particularly those where the effects of stress on steroids 

are of interest. For instance, if it is not possible to sample from all subjects in a study 

within 2 hours after stressor offset (before serum steroids return to baseline), urinary 

measures of GCs or P4 may be superior, since they remain elevated after stressor offset 

for a longer period of time. On the contrary, it should be noted that urinary steroid 

measures have more inter-individual variation, and therefore may require larger sample 

sizes than serum measures to clarify stress-induced changes in steroids. This indicates 

that serum steroid measures may be superior when smaller sample sizes are used. 
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 Previous studies have shown that adrenal P4, like GCs, is upregulated in acute 

stress [9-12]. There are other studies indicating that stress can elevate subsequent 

circulating E2 [14-17]. We did not find this effect in either serum or urine measures, and 

there are a number of possible reasons for this. First, stress-induced rises in E2 may be of 

ovarian origin; if so, the effect will be absent in ovariectomized females as examined 

here. There is some indirect support to suggest that stress-induced rises in E2 are from the 

ovaries [18] while there is some debate over the extent to which the rodent adrenal cortex 

is capable of synthesizing androgens and estrogens [29-32]. It is possible that stress-

induced rises in E2 require a more intense or chronic stressor, and that the relatively mild 

height stimulus used here was not sufficiently stressful. Other stressors that produce rises 

in E2 are perhaps more traumatic, such as forced swimming [14], daily restraint for 5 

hours [15], or immune infection [16]. Since stress-induced changes in E2 and P4 may have 

serious implications for female reproduction [33], it is important to explore further the 

relationship between stress and ovarian/adrenal sources of these steroids. 

 One issue with urinary measures is the fact that stress and social conditions can 

perturb patterns of drinking and urination. As is well known in laboratory rodents, acute 

stressors can induce immediate urination, which may be absent in controls, meaning that 

steroids in subsequent urinary measures can reflect a different interval of time in the two 

conditions. Also, stress and social exposure can induce polyuria and polydipsia in mice 

[34-36]. Increased urinary dilution can lead to reduced creatinine levels [36], as was 

observed in the urinary samples taken immediately after stressor offset in Experiment 2. 

As other constituents of urine such as unadjusted steroids are also reduced by greater 
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urinary dilution, we suggest that creatinine-adjusted steroid measures more accurately 

reflect steroid dynamics in the immediate aftermath of an acute stressor.  

 In female mice, both urinary and serum measures of corticosterone and P4 respond 

to an acute, mild stressor in a similar manner, but urinary steroid measures show more 

inter-individual variability, and also remain elevated after stress longer compared to 

serum measures. Both serum and urinary steroid measures in response to stress have 

value. The prolonged return to pre-stress baseline levels in urinary corticosterone and P4 

may allow for the confirmation of stress-induced rises in these steroids in studies where 

rapid blood sampling within 2 hours of stressor offset is not possible. Moreover, in 

circumstances where repeated sampling from the same individuals is desired, urine 

collection allows for non-terminal sampling, is less invasive, and is less likely to 

confound results than is blood collection, therefore urinary steroid measures may be more 

convenient. On the other hand, the smaller variability in serum steroid measures between 

individuals may allow documentation of clear stress-induced changes in steroids even 

when small sample sizes must be used. Therefore, we suggest that urinary or serum 

steroid measures in response to stress be used depending on experimental design. 
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Summary  

 Diverse stressors can disrupt blastocyst implantation in inseminated female 

mammals.  Stress-induced implantation failure can be mimicked by minute doses of 

exogenous estradiol, and some evidence indicates that it may be mitigated by exogenous 

progesterone.  In Experiment 1, we showed that acute exposure to a rat across a wire-

mesh grid caused elevation of corticosterone and progesterone.   In Experiment 2, we 

showed that exposure of inseminated mice to rats across a grid during gestation days 1-5 

was associated with avoidance of proximity to the grid and a significantly reduced 

number of implantation sites on gestation day 6.  Rat-exposure also resulted in elevated 

progesterone levels in females that maintained their pregnancies, and elevated estradiol 

levels in females that lost their pregnancies. In Experiment 3, we investigated whether 

exogenous progesterone, estradiol, or a combination of both could influence implantation 

failure induced by rat-exposure stress.  Treatment with 100 ng estradiol per day on 

gestation days 1-5 induced a complete absence of implantation sites on gestation day 6, 

regardless of the presence or absence of the stressor.  Administration of 500 µg 

progesterone per day was insufficient to prevent the stress-induced pregnancy loss.  

However, 500 µg progesterone plus 10 ng estradiol per day did prevent implantation 

failure in rat-exposed females.  These findings are consistent with the hypothesis that 

estradiol elevations contribute to stress-induced pregnancy loss, but show paradoxically 

that low doses of estradiol can act together with progesterone to mitigate stress-induced 

pregnancy loss. 
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Introduction 

Mammalian reproduction is sensitive to suppression by stress, especially in 

females (reviewed in deCatanzaro and MacNiven, 1992; Tilbrook et al., 2000).  

Blastocyst implantation in females, including women (Gallinelli et al., 2001), is 

particularly vulnerable to stress.  Diverse stressors, such as social subordination (Huck et 

al., 1988), heat (Garcia-Ispierto et al., 2006), physical restraint (MacNiven and 

deCatanzaro, 1990), loud noise (Joachim et al., 2003), and predator exposure 

(deCatanzaro, 1988), can cause early pregnancy to fail.  As implantation marks a 

transition early in pregnancy from relatively minimal to more energetically costly 

investment on the part of the female, stress-induced implantation failure is arguably 

adaptive, allowing females to abandon current reproductive efforts until more favorable 

conditions arise. 

The process of implantation is highly complex, involving several endocrine and 

immune factors, and requiring the synchronized development of both the uterus and 

blastocyst (reviewed in Dey et al., 2004).  For most of the reproductive cycle, the uterus is 

a hostile environment for blastocysts.  During a narrow and defined window, the uterus 

becomes receptive to blastocyst attachment and implantation.  In mice, this window is 

tightly regulated by 17β-estradiol (E2), with low levels being required for implantation to 

occur in uteri primed with progesterone (P4), but slight E2 elevations above optimal levels 

rendering the uterus completely refractory to implantation (Ma et al., 2003).  

Administration of minute doses of E2 during the peri-implantation period causes 

pregnancy failure in mice (deCatanzaro et al., 1991).  Ovarian hyperstimulation causing 
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increases in endogenous E2 can disrupt implantation in mice (Fossum et al., 1989) and is 

associated with higher instances of failed implantation in humans (Simon et al., 1995).  

Supra-optimal estrogen levels can prematurely close the window of uterine receptivity 

(Ma et al., 2003), accelerate or retard transport of blastocysts through the fallopian tubes 

(Greenwald, 1967), and damage the developing blastocyst itself (Valbuena et al., 2001).  

The ratio of E2 to P4 in maternal circulation appears to be particularly important, with 

high E2:P4 ratios being detrimental to implantation in both mice and humans (Gidley-

Baird et al., 1986; Safro et al., 1990). 

Circulating and excreted glucocorticoids are used as reliable biomarkers of stress 

in a variety of species including humans (Nepomnaschy et al., 2006) and mice (Thorpe et 

al., 2012).  The ovarian steroid response to stress is less well established.  Three weeks of 

chronic stress in female rats can decrease E2 levels (Galea et al., 1997).  Shorter durations 

of stress in non-pregnant females can increase E2 (Shors et al., 1999) and P4 (Plas-Roser 

and Aron, 1981; Parker et al., 2011).  In pregnant females, stress can increase E2 (e.g., 

MacNiven et al., 1992; Misdrahi et al., 2005; Agrawal et al., 2011), but contrary to its 

effects in their non-pregnant counterparts, it can decrease P4 (Agrawal et al., 2011, Parker 

et al., 2011).  The stress-induced rise of E2 has been hypothesized to contribute to 

implantation failure, since the administration of E2 antibodies mitigates the pregnancy 

disrupting effects of restraint stress in mice (deCatanzaro et al., 1994).  In addition, stress-

induced pregnancy failure can be prevented if progesterone (MacNiven and deCatanzaro, 

1990; Pratt and Lisk, 1991) or a progesterone analogue (Joachim et al., 2003) is 
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administered in conjunction with stress, which may indicate a role of stress-induced 

decreases in P4 in implantation failure. 

The current study employed a paradigm involving peri-implantation exposure of 

inseminated mice to rats across a wire-mesh grid, which previously produced a robust 

reduction of the proportion of females that were parturient (deCatanzaro, 1988).  Here we 

established that this exposure is stressful to mice, in that they showed elevated 

corticosterone titers and avoided proximity to the rats.  We showed that it significantly 

diminished the number of implantation sites and the proportion of females that remained 

pregnant on gestation day (GD) 6 while altering both P4 and E2 concentrations.  We 

subsequently administered doses of E2 and P4 to rat-exposed and control mice to observe 

whether this could enhance or diminish the impact of stress.  The data support the notion 

that a high ratio of E2:P4 in stressed females results in implantation failure. 

 

Methods 

Animals 

All mice were C57BL/6 strain and all rats were Long Evans strain, obtained from 

Charles River (Quebec, Canada).  Mice and rats had ad lib access to food and water 

throughout the experiment.  Mice were housed in standard polypropylene cages 

measuring 28 cm x 16 cm x 11 cm (height) and rats were housed in standard 

polypropylene cages measuring 44 cm x 23 cm x 20 cm (height), unless otherwise stated.  

One week before pairing for insemination, all female mice were placed on a 

phytoestrogen-free diet (Advanced Protocol Verified Casein Diet 1 IF from Purina Mills, 
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Inc., Richmond, IN, USA).  This diet is nutritionally similar to standard laboratory rodent 

chow, but contains < 1 ppm total isoflavones (aglycone equivalents of genistein, daidzein 

and glycitein).  Females were kept on this diet for the remainder of the experiment.  Mice 

were maintained at 21°C on a reversed 14:10 h light:dark cycle with the onset of the dark 

phase at 0900h.  This research was approved by the McMaster University Animal 

Research Ethics Board, conforming to the standards of the Canadian Council on Animal 

Care. 

Experiment 1: Corticosterone and P4 response to acute rat exposure on GD 2 

One week after being placed on the phytoestrogen-free diet, each female was 

paired with a male (2-5 months of age).  Females were examined 3 times daily for the 

presence of a vaginal sperm plug.  The day of sperm plug detection was labeled gestation 

day (GD) 0.  At the onset of darkness on GD 1, females (average age 114.70 ± 6.35 d, and 

average weight 22.75 ± 0.50 g) were separated from inseminating males, randomly 

assigned to either the rat-exposed or isolated control group, and placed into exposure 

cages.  Exposure cages were modified 20cm high polypropylene rat cages with a wire-

mesh grid (0.5 cm
2
) separating the rat compartment (28 cm x 23 cm) from the mouse 

compartment (8.5 cm x 23 cm) to limit direct physical contact between the mouse and rat.   

On GD 1, all females were moved into an empty room for 24 h of habituation to 

the exposure cages.  On GD 2, females in the rat-exposed group were moved into a room 

housing a colony of Long Evans rats.  One male rat (3 to 9 months old) was placed into 

the rat side of each exposure cage.  Isolated control females were similarly moved, but 

into an empty room, and the rat side of the exposure cage remained empty.  Mice 
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remained in their respective holding rooms for 1 h.  Mice were then anesthetized with 

Isoflurane, and a blood sample was obtained via cardiac puncture with a 1 mL tuberculine 

syringe and 23 ga needle within 3 min of removal from the holding rooms.  All blood 

samples were obtained 1.5 to 3 h after onset of the dark cycle.  Blood was allowed to clot 

for 1 to 2 h then centrifuged at 4000 rpm for 15 min, and serum was removed into a 1.5 

mL Diamed vial and stored at -20°C for later progesterone and corticosterone 

quantification as described below.  

Experiment 2: Effects of rat exposure on steroid levels and implantation 

Insemination and stressor procedures 

Insemination and sperm plug detection procedures were as described for 

Experiment 1.  On GD 1, females (average age 62.05 ± 0.51 d, and average weight 18.66 

± 0.16 g) were randomly assigned to either the rat-exposed or isolated control group.  

Females in the rat-exposed condition were moved to the room housing the rat colony as 

described above.  Each rat-exposed female was placed in an exposure cage containing one 

male Long Evans rat.  Females in the isolated control group were moved to a room 

containing only other control females.  These females were each placed into an exposure 

cage with the rat compartment left empty.  All females remained in the exposure cages for 

five days (until GD 6).   

Proximity to the rat 

 Daily observations of all mice were conducted from GD 1-5 during the middle of 

the dark cycle.  Two 10 min blocks of time were spent in each room, with observers 

alternating between rat-exposure and control rooms every 10 min.  During these 10 min 
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blocks, each cage was scanned every 2 min, and the location of the mouse within the cage 

with respect to the grid separating the rat and mouse compartments was recorded (for a 

total of 10 daily observations per mouse).  Location with respect to the wire grid was 

standardized using lines drawn on the outside of the cages demarcating the halfway point 

between the far wall and the wire grid within the mouse compartment.  A mouse was 

considered to be “proximal” if it was located in between the wire grid and the middle of 

the compartment, “distal” if it was located in between the middle of the compartment and 

the far wall of the cage, and “middle” if any part of its body was located on the halfway 

line between the far wall and the wire grid.  The proportion of scans during which each 

mouse was recorded as proximal, distal, or middle was calculated (e.g., number of scans 

rated as “proximal” divided by the total number of scans) for each day from GD 1-5.   

Blood and urine collection, and implantation site counts 

 On GD 6, females were removed from the exposure apparatus and anesthetized 

with Isoflurane.  For a subset of females from each condition, a blood sample was 

obtained by cardiac puncture within 2 min of induction of anesthesia as described for 

Experiment 1, then the mouse was euthanized by cervical dislocation and a urine sample 

was collected.  The remaining mice from each condition were simply euthanized without 

blood and urine collection.  The uterus was then excised through a single abdominal 

incision.  Implantation sites (round protuberances along each uterine horn) were counted 

and recorded.  All blood and urine samples were collected 1-2.5 h after the start of the 

dark cycle.  Urine was stored at -20°C for later hormone quantification. Blood was 
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allowed to clot for 1-2 h, centrifuged at 4000 rpm for 15 min, serum was stored in 1.5 mL 

Diamed vials at -20°C for later hormone quantification as described below.   

Experiment 3: Impact of stress and exogenous E2 and P4 on implantation  

 Pairing, sperm plug detection, and rat-exposure procedures were followed as 

described for Experiments 1 and 2. On GD 1, females (average age 74.05 ± 0.98 d, and 

average weight 19.66 ± 0.14 g) were randomly assigned to either the isolated control or 

rat-exposed condition, and were placed in exposure cages and housed in two separate 

rooms as described for Experiment 2.  Within each of these two conditions, females were 

further assigned to one of six dosage groups.  Approximately 1.5 h after onset of the dark 

cycle each day from GD 1 to GD 5, each female received a 0.05 mL sc injection of peanut 

oil containing no steroids (control), 10ng E2, 100ng E2, 500µg P4, 10ng E2 + 500µg P4, or 

100ng E2 + 500µg P4.  All steroids were from Sigma-Aldrich.  On GD 6, approximately 

1.5 to 2.5 h after onset of the dark cycle, females were euthanized by cervical dislocation, 

and implantation sites were counted as described for Experiment 2.  

Measurement of steroids in serum and urine 

 To quantify corticosterone and progesterone in female serum, assays previously 

validated for male urinary and serum corticosterone (Thorpe et al., 2012) and female 

urinary P4 (deCatanzaro et al., 2003) were modified and validated for female serum 

corticosterone and P4.  Serially diluted pools of female serum were compared to a 

corticosterone or P4 standard curve plotted against logarithmically-transformed 

concentrations of steroid.  This test indicates whether the steroid is present in measurable 

quantities in serum, and whether serum samples react with the antibodies in a predictable 
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fashion.  It also allows for the determination of the dilution of serum that falls at 50% 

conjugate binding.  Serum androstenedione was measured using a commercial enzyme 

immunoassay kit (Neogen Corporation, Lexington, KY, USA).  Kit directions were 

followed exactly.  Urinary E2 methods were previously validated (Muir et al., 2001).  

Creatinine, corticosterone, E2, and P4 were obtained from Sigma-Aldrich. Antibodies to 

corticosterone, E2, and P4, and corresponding horseradish peroxidase (HRP) conjugates 

were obtained from the Department of Population Health and Reproduction at the 

University of California, Davis. 

 Steroid assays were conducted with duplicate readings per sample; the average 

was used in statistical analysis. NUNC Maxisorb plates were first coated with 50 µL 

corticosterone, P4, or E2 antibody stock diluted 1:10,000 in a coating buffer (50 mmol/L 

bicarbonate buffer, pH 9.6), then stored for 12-14 h at 4°C.  Wash solution (0.15 mol/L 

NaCl solution containing 0.5 ml/L Tween 20) was added to each well to rinse away any 

unbound antibody, then 50 µl phosphate buffer/well was added.  The plates were 

incubated at room temperature for 1 h for corticosterone and P4, and 2 h for E2, before 

adding standards, samples, and controls.  Serum samples were diluted 1:18 

(corticosterone) or 1:7 (P4), and urine samples were diluted 1:8 (E2) in phosphate buffer 

(0.1 mol/L sodium phosphate buffer, pH 7.0 containing 8.7 g NaCl and 1 g BSA/L) 

before being added to the plate.  Standard curves were derived by serial dilution from a 

known stock solution.  For all assays, 50 µL corticosterone (1:140,000 in phosphate 

buffer), P4 (1:60,000 in phosphate buffer), or E2 (1:350,000 in phosphate buffer) HRP 

was added to each well, with 50 µL standard, sample, or control (20 µL for E2 plates).  
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The plates were incubated for 2 h at room temperature, washed, and then 100 µL substrate 

solution of citrate buffer, H2O2 and 2, 2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic 

acid), was added to each well.  The plates were then covered and incubated, while 

shaking at room temperature for 25 min to 1.5 h.  The plates were read with a single filter 

at 405 nm on a microplate reader (Bio-Tek Instruments Inc, ELx 808).  In all assays, 

optical densities were obtained, standard curves were generated, a regression line fit, and 

samples were interpolated into the equation to get a value in pg per well. 

 Following convention for urinary steroid measures (deCatanzaro et al., 2003; Muir 

et al., 2001), urinary creatinine was also measured.  All urine samples were diluted 1:39 

in phosphate buffer.  Using Dynatech Immulon flat bottom plates, 50 µL/well of standard 

was added with 50 µL distilled water, 50 µL 0.75 M NaOH and 50 µl 0.4 M picric acid.  

The plate was then shaken and incubated at room temperature for 30 min.  The plate was 

measured for optical density on the plate reader with a single filter at 490 nm.  Standard 

curves were generated, regression lines were fit, and the regression equation was applied 

to the optical density for each sample.  The average of duplicates was taken for each 

sample.   

Statistical analyses 

 Comparisons of continuous variables by experimental group, such as hormone 

concentration in Experiment 1 and implantation site counts in Experiment 2 were 

conducted using Student’s t-tests.  In Experiment 2, where experimental group and 

presence/absence of pregnancy were used as predictors of hormone concentration, 

standard least squares ANOVA models were used.  Post hoc multiple comparisons used 
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Duncan’s test (p < 0.05).  In Experiments 2 and 3, comparisons of presence or absence of 

pregnancy between experimental groups were done using the Pearson Chi Square test of 

association.   Behavior during isolation or rat exposure in Experiment 2 was analyzed 

using Wilcoxon rank sum tests.  All α levels were set at the conventional level of p < 

0.05. 

 

Results 

Experiment 1: Corticosterone and P4 response to acute rat exposure on GD 2 

As expected, rat exposure on GD 2 increased serum corticosterone, t(22) = 3.48, p 

= 0.001, and P4, t(22) = 1.79, p = 0.042 compared to isolated controls (Fig. 1A, B). 
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Figure 1 Mean serum A) corticosterone and B) progesterone concentration (± SEM) on 

GD 2 after 1 h of isolation (Control) or rat exposure (Stress). Sample size is denoted for 

each group on the bars. 
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Experiment 2: Effects of rat exposure on steroid levels and implantation  

Observations of behavior indicated that the mice in the rat-exposed condition 

avoided areas of their compartment near the grid that separated them from the rat (Fig. 2).  

During observations on every day from GD 1 to GD 5, control females were more often 

found proximal to the grid (Wilcoxon, all p < 0.05), and rat-exposed females were more 

often found distal to the grid (Wilcoxon, all p < 0.001).  There was no difference between 

experimental groups in the proportion of scans during which the females were found in 

the middle of the compartment.  When proportions across all 5 days were averaged within 

experimental groups, the same trends were seen, with isolated control females spending a 

higher proportion of scans proximal to the grid compared to rat-exposed females (W = 

534.5, p < 0.0001), rat-exposed females spending a higher proportion of scans distal to 

the grid compared to isolated control females (W = 201, p < 0.0001), and no difference 

between groups in proportion of scans spent in the middle of the compartment. 
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Figure 2 Mean proportion of scans (± SEM) isolated control (empty bars) and rat-

exposed (black bars) females were located close to the rat compartment (Proximal), in the 

middle of the mouse compartment (Middle) or far from the rat compartment (Distal).  

Each mouse was scanned 10 times/day from GD 1 to GD 5. Proportions were calculated 

as described in the text, and were averaged over all 5 exposure days (GD 1 to GD 5) to 

produce one proportion for each location per mouse. There were 19 control and 20 

stressed females. 
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The percentage of females that were pregnant (defined as those with at least one 

implantation site on GD 6) and the total number of implantation sites on GD 6 were 

decreased by rat exposure compared to isolated controls (Fig. 3A, B).  Exposure to a rat 

from GD 1 to GD 5 significantly decreased the number of implantation sites, t(57) = 2.10, 

p = 0.019.  A chi-square test of association indicated that rat-exposure significantly 

reduced the likelihood of pregnancy on GD 6, χ
2
(1) = 5.11, p = 0.024. 
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Figure 3 A) Mean number of implantation sites (± SEM) counted on GD 6 after 5 days of 

isolation (Control) or rat exposure (Stress). B) Percentage of isolated control (Control) 

and rat-exposed (Stress) females pregnant on GD 6 (defined as those females with at least 

one implantation site).  Sample sizes are denoted for each group on the bars. 
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Serum P4 on GD 6 after 5 days of isolation or rat-exposure varied depending on 

whether or not pregnancy was maintained (Fig. 4).  There was a main effect of pregnancy 

on serum P4 levels, F(1, 34) = 18.05, p = 0.0003, and an interaction between pregnancy 

and experimental group, F(1, 34) = 13.72, p = 0.001.  Post hoc comparisons revealed that 

rat-exposed females that maintained their pregnancy had significantly higher P4 levels 

than all other females, and that rat-exposed females that lost their pregnancies had 

significantly lower P4 levels than all other females.  Serum androstenedione was not 

substantially influenced by experimental treatment or pregnancy (nonpregnant controls, n 

= 6, 1.80±0.18 ng/mL; pregnant controls, n = 12, 1.91±0.06 ng/mL; nonpregnant rat-

exposed, n = 12, 1.70±0.13 ng/mL; pregnant rat-exposed, n = 7, 1.98±0.18 ng/mL).  

Urinary creatinine was also not influenced by experimental group or whether the females 

were pregnant (nonpregnant controls, n = 4, 0.43±0.11 mg/mL; pregnant controls, n = 11, 

0.49±0.05 mg/mL; nonpregnant rat-exposed, n = 5, 0.60±0.08 mg/mL; pregnant rat-

exposed, n = 6, 0.53±0.03 mg/mL).  Therefore, analyses were carried out on raw urinary 

E2. Urinary E2 was increased in rat-exposed mice, particularly those that lost their 

pregnancies (Fig. 5).  There was a main effect of experimental group on urinary E2 levels, 

F(1, 22) = 5.36, p = 0.03, but no effect of pregnancy or interaction between pregnancy 

and experimental group.  Post hoc comparisons indicated that rat-exposed females that 

lost their pregnancies had significantly higher urinary E2 levels than control females that 

were either pregnant or not.  
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Figure 4 Mean serum progesterone (± SEM) concentration on GD 6 after 5 days of 

isolation (empty bars) or rat exposure (black bars), in females with at least one 

implantation site counted on GD 6 (Pregnant) or no implantation sites counted on GD 6 

(Not pregnant).  Sample size is denoted for each group on the bars. 
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Figure 5 Mean urinary estradiol (± SEM) concentration on GD 6 after 5 days of isolation 

(empty bars) or rat exposure (black bars), in females with at least one implantation site 

counted on GD 6 (Pregnant) or no implantation sites counted on GD 6 (Not pregnant). 

Sample size is denoted for each group on the bars. 
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Experiment 3: Impact of stress and exogenous E2 and P4 on implantation  

Measures of the number of implantation sites and the percentage of females 

pregnant on GD 6 showed a similar profile across conditions (Fig. 6A).  There were 

significantly higher pregnancy rates on GD 6 in isolated control + oil females than in rat-

exposed + oil females, χ
2
(1) = 8.22, p = 0.004.  In some of the other conditions, it was 

noted that in a minority of females, the only observable implantation sites were 

exceptionally small and barely detectable (Fig. 6B).  These results were analyzed in two 

ways, one considering all females but only counting those with healthy and normal sites 

as pregnant, and the second excluding females with abnormal sites from the statistics 

altogether.  

Among the isolated controls, pregnancy rates did not differ between oil treated 

mice and each of 10ng E2, 500µg P4, and 10ng + 500µg P4 injection groups, and all sites 

observed were normal.  A dose of 100ng E2 completely prevented implantation and 

significantly differed from the oil injection group, χ
2
(1) = 12.32, p = 0.0004.  Three 

control females in the 100ng E2 + 500µg P4 dosage group had abnormal (very small) 

implantation sites; comparison of this condition to isolated oil-treated controls was 

significant both when these females were included, χ
2
 (1) = 13.59, p = 0.0002, and when 

they were excluded, χ
2
 (1) = 10.76, p = 0.001.   

Among the females exposed to rats (stressed), pregnancy rates compared to oil 

injected females were not affected by 10ng E2, 100ng E2, 500µg P4, or 100ng E2 + 500µg 

P4, regardless of whether the few cases involving abnormal sites were included.  Notably, 

injections of 10ng E2 + 500µg P4 completely mitigated stress-induced pregnancy failure.  
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In comparison to the stressed oil-treated females, this trend held both when two females 

in the 10ng E2 + 500µg P4 condition with abnormally small sites were included, χ
2
 (1) = 

4.20, p = 0.041, and when they were excluded, χ
2
 (1) = 6.60, p = 0.015.  The comparison 

of stressed females that received 500 µg P4, to those that received 10ng E2 + 500µg P4 

approached the level of conventional significance when females with abnormal sites were 

included, χ
2
 (1) = 3.57, P = 0.059, and reached significance when they were excluded, χ

2
 

(1) = 4.23, p = 0.040. 
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Figure 6 A) Percentage of females pregnant on GD 6 with normal implantation sites 

(grey bars) or abnormally small implantation sites (white bars) after 5 days of isolation 

(Control) or rat exposure (Stress) and 5 daily injections of oil, 100ng E2, 10ng E2, 500µg 

P4, 100ng E2 + 500µg P4, or 10ng E2 + 500µg P4. Sample size is denoted for each group 

on the bars.  B) Photographs of uteri containing no implantation sites (non-pregnant), 

abnormally small implantation sites, and normal implantation sites.  Arrows indicate 

implantation sites. 
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Discussion 

 Since wild and laboratory rats are known to kill mice in a predatory manner 

(Karli, 1956), it is not surprising that exposure to a rat is stressful for mice during early 

pregnancy.  Increases in corticosterone in rat-exposed females and their avoidance of 

proximity to the rat validate the interpretation that such exposure constitutes a stressor.  

Since P4 is a metabolic precursor to glucocorticoids, increased circulating P4 after rat-

exposure is likely of adrenal origin, due to upregulation of the adrenal cortex in stress 

(Plas-Roser and Aron, 1981).  Previous work has shown that as little as 10 min of indirect 

rat exposure increases avoidance, freezing, and corticosterone in male mice (Amaral et 

al., 2010).  The current study is the first to explore behavioral, corticosterone, and P4 

responses to rat exposure in early pregnant female mice.   

We found that P4 dynamics on GD 6 showed a strong interaction between the 

presence/absence of stress and pregnancy.  Among control females, P4 levels were similar 

regardless of whether or not they were pregnant.  This could be due to pseudopregnancy 

in the non-pregnant controls, as all mice were proven by sperm plugs to have mated, and 

P4 levels are similar in pseudopregnancy and true pregnancy (Garland et al., 1987).  In 

contrast, we found that among stressed females, there was a stark difference in P4 

between those that maintained and those that lost their pregnancies.  Females that 

maintained their pregnancies in the face of stress had significantly higher P4 than all other 

females, which could suggest that high endogenous P4 allows females to resist the 

negative impacts of stress on implantation.  Females that lost their pregnancies while 

stressed showed significantly lower P4 than all other animals in this experiment.  This 
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may suggest that females with naturally lower P4 in early pregnancy are more vulnerable 

to stress, or that the reduction in progesterone is a result of pregnancy loss due to stress, 

or that stress causes reductions in progesterone that in turn cause pregnancy to fail.   

There is much support for the last of these explanations, that pregnancy is lost in 

response to lowered P4 levels.  In pregnant rodents, other stressors are associated with 

reduced P4, including acute immune insults, fasting, noise, and social subordination 

(Huck et al., 1988; Joachim et al., 2003; Parker et al., 2011).  Stress-induced early 

pregnancy loss can be mitigated by exogenous P4 (MacNiven and deCatanzaro, 1990; 

Pratt and Lisk, 1991), progestin-mimicking drugs (Joachim et al., 2003), and drugs 

blocking the conversion of P4 to corticosterone (MacNiven and deCatanzaro, 1990).  

Stress-induced reductions of P4 lead to decreased progesterone-induced blocking factor 

(Joachim et al., 2003), a protein that maintains an appropriate balance of cytokines 

required for successful pregnancy (Szekeres-Bartho and Wegmann, 1996; Szekeres-

Bartho et al., 1997).  Decreases in P4 may also prevent uterine closure around the 

implanting blastocyst.  Luminal closure permits the uterine walls to come into close 

contact with the blastocyst and each other (Reinius, 1967), and is also associated with 

increased endocytotic activity of the uterine glands (Parr and Parr, 1977) resulting in 

reduced fluid in the uterine lumen.  Exogenous P4 increases such endocytotic activity, 

resulting in luminal closure (Parr, 1983; Salleh et al., 2005).  

We measured E2 in urine rather than serum since there is some debate over the 

ability of immunoassay methods to quantify circulating E2 reliably in mice (Haisenleder 

et al., 2011).  Urinary E2 in mice is dynamic and largely reflects systemic trends (Muir et 
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al., 2001; deCatanzaro et al., 2004; Thorpe and deCatanzaro, 2012), and higher urinary E2 

levels on GD 2 correlate with smaller litter sizes at parturition (deCatanzaro et al., 2003).  

Here, the trends seen on GD 6 in urinary E2 were opposite to those observed for P4, with 

higher E2 levels exhibited in stressed females than in controls, with the trend being 

especially strong in those that lost their pregnancies.  This is consistent with the fact that 

elevated E2 levels, slightly above those necessary for induction of uterine receptivity, are 

detrimental for implantation (Fossum et al., 1989; Simon et al., 1995; Ma et al., 2003). 

E2 may impede implantation by preventing luminal closure and decreasing 

expression of adhesion molecules such as e-cadherin.  Contrary to P4, E2 increases fluid 

secretion into the uterine lumen, which physically should prevent closure (Parr, 1983; 

Salleh et al., 2005).  E2 may also prevent luminal closure by reducing adhesion of 

opposing uterine walls.  During the peri-implantation period, adhesion molecules 

including e-cadherin (Jha et al., 2006) migrate towards the apical surface of the uterine 

epithelial cells as the blastocyst begins to implant and the lumen closes (Hyland et al., 

1998).  Adhesion molecules may also be important for initial blastocyst attachment to the 

uterine epithelium (Rahnama et al., 2009).  E-cadherin is downregulated in various 

reproductive tissues by E2 (Potter et al., 1996; Oesterreich et al., 2003), suggesting a 

mechanism through which stress-induced increases in E2 may contribute to implantation 

failure.  In contrast, P4 upregulates e-cadherin (Jha et al., 2006), so it is also possible that 

reduced P4 during stress also contributes to implantation failure by preventing expression 

of e-cadherin.   
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 The sources of elevations of estradiol in pregnant females during stress are not 

established, in contrast to well-known suppressive effects of stress on the hypothalamic-

pituitary-gonadal axis (Rivier and Rivest, 1991) and some evidence that glucocorticoids 

can inhibit estradiol action at the uterus (Rabin et al., 1990).  Nevertheless, there are 

several observations that estradiol can be elevated by stressors during pregnancy 

(MacNiven et al., 1992; Misdrahi et al., 2005; Agrawal et al., 2011) and in some 

circumstances in cycling females (Shors et al., 1999).  Moreover, much evidence 

implicates rises in estrogens in implantation failure (e.g. deCatanzaro et al., 1991, 2001; 

Ma et al., 2003; deCatanzaro, 2011), and exogenous estradiol antibodies can mitigate the 

negative influence of stress on implantation (deCatanzaro et al., 1994).  While there is no 

evidence concerning potential upregulation in ovarian estrogens or androgen precursors 

during stress, adrenal sources would seem likely, and could include stress-induced 

increases in androstenedione (Wilke et al., 1982; Stahl et al., 1991).  We did not see a 

substantial influence of stress on serum androstenedione levels on GD 6.  Androgens such 

as testosterone or androstenedione require aromatization for conversion to estrogens 

(Payne and Hales, 2004), so conversion to estrogens could have obscured an upregulation 

of androstenedione in our data. 

In Experiment 3, a high dose of 100ng E2 injected daily from GD 1-5 resulted in 

complete disruption of implantation regardless of the presence or absence of stress.  This 

replicates results seen elsewhere of detrimental effects of E2 on early pregnancy 

(reviewed in deCatanzaro, 2011).  Injections of 10ng E2 did not significantly alter 

implantation in either control or stressed females.  We predicted that this subthreshold 



Ph.D. Thesis – J.B. Thorpe                McMaster – Psychology, Neuroscience & Behaviour 

 165 

dose of E2 might synergize with elevated endogenous E2 in stress, and thus enhance 

implantation failure.  However the strong pregnancy disruption by stress alone in 

Experiment 3 may have reduced our ability to distinguish between pregnancy rates in 

stressed females receiving oil versus those receiving 10ng E2.  A relatively large dose of 

500µg P4 was not sufficient to protect against stress-induced implantation failure, 

contrary to other reports (MacNiven and deCatanzaro, 1990; Pratt and Lisk, 1991; 

Joachim et al., 2003).  In contrast, while neither 10ng E2 nor 500µg P4 alone influenced 

pregnancy rates, these doses in combination completely mitigated the disruptive effects of 

stress on implantation.  To our knowledge, there are no previous reports of such a finding.  

We suspect that the 10ng E2 dose upregulated uterine progesterone receptor (PR) 

expression, thus rendering the previously ineffective 500µg P4 more potent.  This is 

concordant with evidence that immune stress in mice is associated with downregulated 

PR expression in the pre-implantation uterus (Agrawal et al., 2012), and E2 is known to 

upregulate the expression of uterine PR (Das et al., 1998).   

 The data reported here provide evidence for the involvement of E2 and P4 in 

stress-induced implantation failure.  There is a complex interplay between E2 and P4 

during implantation, with these steroids often having opposing roles.  We suggest that 

stress-induced imbalances in these steroids favoring E2 result in implantation failure 

through several mechanisms including prevention of uterine closure and reduced 

expression of uterine adhesion molecules.  Pregnancy is energetically costly for females, 

and can fail in stress.  Female mammals have apparently evolved the ability to abandon 
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reproductive efforts in very early pregnancy, avoiding the costly process of gestation 

where the environment is not conducive to offspring or maternal survival. 
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Chapter 6 

General Discussion 
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Summary of Results 

 In Chapter 2, I confirmed that castration reduces the capacity of male mice to 

induce both the Bruce and the Vandenbergh effects.  Females exposed to castrated males 

did not differ from isolated control females in their probability of remaining pregnant 

(Bruce effect) or in the consistency of their investment in reproductive tissue 

(Vandenbergh effect).  The capacity for castrated males to induce pregnancy disruption 

and sexual maturation in nearby females was restored when these castrated males were 

given injections of E2.  Moreover, while urinary T5 levels in E2-treated castrated males 

remained low and comparable to those levels seen in oil-treated castrated males, urinary 

E2 levels were elevated.  There are other reports showing that castrated males’ abilities to 

induce the Bruce effect (deCatanzaro & Storey 1989) and the Vandenbergh effect 

(Lombardi et al. 1976) are restored with T5 administration, leading to the conclusion that 

the pheromonal chemosignals responsible for both effects are androgen-dependent.  

However, castration reduces E2 and T5 in males (Vella & deCatanzaro 2001), and T5 is 

converted to E2 within the body (Simpson et al. 1994).  My results showing that E2 alone 

restores the capacity of castrated males to induce both pheromonal effects indicates that 

T5 is important for the Bruce and Vandenbergh effects insofar as it provides a precursor 

for the production of E2.  Since E2 plays important roles in implantation failure and 

female sexual maturation (Alonso & Rosenfield 2002, deCatanzaro 2011), and E2 can 

transfer from male to female mice (Guzzo et al. 2010, 2012, 2013), it is possible that E2 

in male urine is absorbed by nearby females and contributes to the Bruce and 

Vandenbergh effects. 
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 In Chapter 3, I evaluated the merit of a urinary corticosterone assay in male mice 

by documenting the circadian pattern of both urinary and serum corticosterone, and by 

examining the response of urinary corticosterone to an acute, physical stressor (an i.p. 

saline injection).  Both urinary and serum measures of corticosterone followed a distinct 

circadian pattern similar to that in serum reported elsewhere (Halberg et al. 1959, Leal & 

Moreira 1997), with levels peaking around the start of the active cycle.  Moreover, 

urinary and serum measures of corticosterone correlated positively over the daily cycle.  

Urinary corticosterone also responded as predicted to acute physical stress, with rises 

seen 1.5 hours after exposure to a 30 second stressor at both the peak and the trough of 

the circadian corticosterone rhythm.  Therefore, urine provides an alternative medium to 

serum in which to study both basal and stress levels of corticosterone in male mice. 

Given the connection between the adrenal and gonadal axes (Viau 2002), the 

circadian rhythm and response to acute physical stress of urinary T5 were also analyzed in 

Chapter 3. The circadian pattern of urinary T5 was much less distinct than that of 

corticosterone.  T5 was highest during the start of the light cycle, when corticosterone was 

lowest.  The offset between the T5 and corticosterone patterns in urine, in which the peak 

in corticosterone corresponded to the trough in T5, is similar to, albeit weaker than, that 

reported in serum from rats (Waite et al. 2009). This could be due to the inhibitory action 

of T5 on GCs (Kitay 1961, Handa  et al. 1994, Viau 2002).  Conversely, this offset may 

be due to the inhibitory action of GCs on T5 (Waite et al. 2009).  While other research has 

confirmed that GCs and stress can suppress T5 (Kreuz et al. 1971, Bambino & Hsueh 

1981, Sapolsky 1985), acute physical stress in Chapter 3 associated with elevated urinary 
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corticosterone did not alter urinary T5 levels 1.5 hours later.  It is possible that a more 

severe or chronic stressor is necessary to suppress sex steroids, or that sampling 1.5 hours 

after stressor offset is too soon to observe any changes in urinary T5. 

In Chapter 4, I compared the urinary and serum adrenal steroid responses to acute 

psychological stress in ovariectomized female mice.  First, I documented the time course 

of urinary corticosterone, P4, and E2 in response to 1 hour on an elevated platform.  As 

predicted, both urinary corticosterone and P4 were increased in response to this mild 

stressor.  Compared to isolated controls, urinary corticosterone remained high for the first 

3 hours, and urinary P4 remained high for the first 4 hours, after stressor offset.  Urinary 

E2 did not appear to respond to acute psychological stress.  Next, I compared serum and 

urinary steroid responses within individuals in response to the same acute psychological 

stressor.  In ovariectomized female mice, urinary and serum corticosterone and P4, but 

neither urinary nor serum E2, increased in response to 1 hour on an elevated platform.  

The time taken by corticosterone and P4 to return to baseline levels was different in serum 

compared to urinary measures.   Serum corticosterone and P4 both returned to baseline 

within 2 hours after stressor offset, whereas urinary corticosterone and P4 took up to 4 

hours to return to baseline, highlighting an important difference between urinary and 

serum steroids.  Although both respond in a predictable way to acute stress, serum levels 

are more reflective of the immediate state of the animal, whereas urinary measures may 

reflect a more cumulative response over time.  Both of these characteristics can have 

value depending on experimental design. 
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In Chapter 5, I explored the effects of a more chronic psychological stressor in 

inseminated female mice, and the associated reproductive and hormonal consequences.  

One hour of exposure to a male rat behind a wire grid on gestation day (GD) 2 increased 

serum corticosterone and P4 compared to control females, suggesting that close proximity 

to a rat is stressful.  In daily observations during continuous exposure to rats across a grid 

during GD 1 to 5, females were observed to avoid proximity to the grid, unlike control 

females where there was no rat across the grid.  This confirmed that rat exposure was 

aversive, and that the mice did not habituate to rat exposure across GD 1 to 5.  In the rat-

exposed females, the probability of detecting pregnancy on GD 6 was significantly lower 

than it was in controls.  Stress from predator exposure also resulted in interesting P4 and 

E2 dynamics on GD 6.  In the stress condition, females that maintained their pregnancies 

had elevated P4, and females that lost their pregnancies had reduced P4.  In addition, rat 

exposure resulted in elevated E2 levels, particularly in females that lost their pregnancies.  

This is consistent with the known detrimental role upon implantation of high E2 and the 

importance of P4 in sustaining pregnancy.  In a subsequent experiment, I examined the 

consequences of daily injections from GD 1 to 5 of E2 and/or P4 given to inseminated 

females that were also either isolated or rat-exposed.  While a high dose (100 ng) of E2 

abolished all pregnancies by GD 6, a low dose (10 ng) of E2 did not influence pregnancy 

rates in either control or stressed females.  A standard dose of P4 (500 µg) was not 

sufficient to mitigate stress-induced pregnancy failure, contrary to other reports 

(MacNiven & deCatanzaro 1990), nor could it counteract the negative impact of 100 ng 

E2 on implantation.  However, P4 in combination with 10 ng of E2 prevented stress-
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induced pregnancy failure.  This was contrary to expectation, and I hypothesize that the 

low dose of E2 upregulated uterine progesterone receptor expression, enhancing the 

pregnancy-protecting effects of the co-administered P4 dose. 

 

The Role of Estrogens in Female Reproductive Plasticity 

 Exposure to exogenous E2 can disrupt early pregnancy (deCatanzaro et al. 1991, 

Chapter 5) or induce female sexual maturation (Rasier et al. 2006).  Although 

implantation, at least in mice and rats, requires some E2 action (Dey et al. 2004), a small 

increase above the necessary level results in implantation failure through several 

mechanisms.  For example, excessive E2 can prematurely bring the uterus into a 

refractory stage (Ma et al. 2003), accelerate or retard blastocyst transport through the 

reproductive tract (Greenwald 1967), or reduce the expression of adhesion molecules 

important for uterine closure and implantation (Jha et al. 2006, Rahnama et al. 2009).  E2 

also stimulates the growth and maturation of the reproductive tract in juvenile females by 

increasing mitotic activity of cells in the uterus (Ogasawara et al. 1983, Quarmby & 

Korach 1984).  Moreover, E2 causes the age of vaginal opening and first estrus 

(ovulation) to advance, and can also stimulate GnRH and LH release (Rasier et al. 2006), 

triggering the onset of sexual maturation. 

 A female mammal’s susceptibility to these reproductive actions of E2 is very 

likely to contribute to her reproductive plasticity.  For decades, researchers have known 

that early pregnancy is disrupted in females in the presence of unfamiliar males (Bruce 

1959) or severe stress (Euker & Riegle 1973), and that the age of sexual maturation in 
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juvenile females is advanced by exposure to adult males (Vandenbergh 1967).  I found 

clear support for the involvement of E2 in these various circumstances that influence 

female reproductive events. 

 Both the Bruce and Vandenbergh effects are mediated by one or more 

chemosignals in male urine that decrease in the absence of the testes (Dominic 1966, 

Colby & Vandenbergh 1974, Chapter 2) and are restored by T5 treatment (Lombardi et 

al. 1976, deCatanzaro & Storey 1989).  Since E2 is an immediate metabolite of T5, some 

effects originally attributed to T5 are now known to be facilitated by E2 (e.g., 

masculinization of the brain, McCarthy 2008).  Like T5 replacement, E2 replacement 

restores castrated males’ ability to induce the Bruce and Vandenbergh effects (Chapter 

2).  Based on the known negative impacts of E2 on intrauterine blastocyst implantation 

and the stimulatory effects of E2 on female sexual maturation, it is possible that E2 present 

in male urine is absorbed by inseminated and juvenile females, thereby contributing to 

implantation failure and advanced sexual maturation.  E2 treatment of castrated males in 

Chapter 2 not only restored their capacity to disrupt implantation in nearby inseminated 

females and to hasten sexual maturation in nearby juvenile females, but it also restored 

their urinary E2 levels to levels similar to those in intact male mice (e.g., Khan et al. 

2009).  Moreover, T5 levels in castrated males treated with E2 remained low compared to 

intact males (e.g., Chapter 3), and were similar to T5 levels in oil-treated castrated males 

that were unable to induce either the Bruce or the Vandenbergh effects (Chapter 2).  

Although the data from Chapter 2 do not on their own fully prove that E2 

excreted in male urine is absorbed by nearby inseminated and juvenile females, taken 
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together with previous research (described below) they do suggest that this is a plausible 

mechanism contributing to the Bruce and Vandenbergh effects.  First, the ability of a 

male to induce the Bruce effect is reduced when E2 is suppressed by aromatase inhibition 

plus a phytoestrogen-free diet (Beaton & deCatanzaro 2005), and is restored by 

administration of E2 to castrated males (deCatanzaro et al. 1995).  Secondly, the direct 

transmission of E2 from male to female mice and its binding in the female brain and 

reproductive tract have been observed in both inseminated and juvenile females (Guzzo et 

al. 2010, 2012).  Thirdly, male mice urinate more in the presence of females (Reynolds 

1971), and their urinary E2 is elevated in the presence of inseminated (Beaton et al. 2006) 

or juvenile (deCatanzaro et al. 2009) females.  Finally, inseminated and juvenile females 

actively investigate unfamiliar males (deCatanzaro & Murji 2004, personal observation), 

thereby potentially facilitating E2 transfer. 

 Like exposure to an unfamiliar male, exposure to stress can cause pregnancy 

failure (Helmreich 1960, Euker & Riegle 1973, Huck et al. 1988, Joachim et al. 2003, 

Garcia-Ispierto et al. 2006, Chapter 5).  Stress can also increase endogenous E2 in intact 

cycling (Shors et al. 1999) and pregnant (MacNiven & deCatanzaro 1992, Misdrahi et al. 

2005, Agrawal et al. 2011, Chapter 5) females.  The origin of this E2 is unknown.  Some 

have hypothesized that stress causes ovarian E2 to rise (Wood & Shors 1998, Shors et al. 

1999).  In Chapter 4, a mild psychological stressor (one hour on an elevated platform) 

did not induce an increase in E2 in ovariectomized female mice, which could indicate that 

stress-induced increases in E2 are of gonadal origin.  Still, it remains possible that a more 

severe stressor is required to induce an increase in E2.  A more straightforward, but 
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presently unsupported, hypothesis is that severe stress causes upregulation of 

steroidogenesis in the adrenal gland, resulting in increased E2.     

Regardless of its origin, E2 is increased in females exposed to predator stress 

during the first 5 days of gestation (Chapter 5).  Other researchers have found that P4 is 

decreased in recently mated females in response to stress (Joachim et al. 2003, Parker et 

al. 2011).  I did not find such a response: although P4 was decreased in female mice that 

lost their pregnancies in the face of stress, it was actually increased in stressed females 

that maintained their pregnancies.  On the other hand, although failing to reach 

significance, it appears that E2 was elevated particularly in stressed females experiencing 

pregnancy failure.  Taken together, females losing their pregnancies in stress had 

suppressed P4 and trended towards elevated E2.  The ratio of E2 to P4 surrounding 

implantation appears to be more important than the absolute levels of each steroid alone.  

Elevations of E2 relative to P4 are associated with implantation failure both in humans 

undergoing in vitro fertilization (Gidley-Baird et al. 1986), and in mice (Safro et al. 

1990).  Immune stress in mice also causes elevations of E2 against a backdrop of 

decreased P4 in early pregnancy (Agrawal et al. 2011).  Data from Chapter 5 are 

consistent with the hypothesis that stress leads to implantation failure by increasing E2 

and suppressing P4. 

 I did not find evidence that exogenous P4 injections can counteract the negative 

impacts of exogenous E2 injections on implantation in non-stress conditions (Chapter 5).  

This is contrary to other reports, which show that in non-stress conditions, injections of P4 

can prevent implantation failure induced by low E2 doses, but not higher doses of E2 
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(Gidley-Baird et al. 1986, Safro et al. 1990).  The lack of such a finding here may be due 

to the E2 doses used.  The low dose (10 ng) did not influence implantation on its own, and 

the high dose (100 ng) completely disrupted pregnancy in all females.  Had I included 

some intermediate E2 doses between 10 ng and 100 ng, I may have seen some protective 

effects of P4.  Unlike other reports (MacNiven & deCatanzaro 1990), I did not find that 

exogenous P4 mitigated stress-induced implantation failure.  Since the levels of P4 relative 

to E2 are important, E2 may have been so high from stress that the dose of P4 used (500 

µg) was not sufficient to counteract the effects of this endogenous E2. 

Surprisingly, two previous treatments that individually did not influence 

pregnancy rates (10 ng E2 and 500 µg P4) completely mitigated stress-induced 

implantation failure when given in combination (Chapter 5).  This mitigation is most 

likely due to the protective actions of P4. E2 can upregulate uterine PR (Das et al. 1998), 

and immune stress in early pregnancy in mice is associated with decreased uterine PR 

(Agrawal et al. 2012).  I suspect that 10 ng E2 was sufficient to upregulate uterine PR, 

rendering the uterus more sensitive to the pregnancy-protective effects of the co-

administered dose of P4. 

 

Urinary versus Serum Measures of Steroids 

 One of the challenges inherent to stress research is the rapidity with which 

steroids, particularly GCs, react to a stressor.  Generally, to avoid an influence of stress of 

capture and restraint on GC levels, blood samples must be taken within 3 minutes of 

handling (Romero & Reed 2005).  Although the rapidity with which GCs rise in response 
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to any disturbance is particularly challenging for field researchers, it should also be a 

concern for researchers working with laboratory animals.  GCs are not the only steroids 

that respond to stress: adrenal P4 is also increased in response to various stressors (Plas-

Roser & Aron 1981, Chapter 4), and E2 may respond as well (MacNiven et al. 1992, 

Shors et al. 1999, Chapter 5).  Therefore, even in studies where stress is not the topic of 

interest, it is important to be aware that other steroids, sex steroids in particular, may 

respond to normal laboratory routines like moving a cage, which activates the HPA axis 

(Gärtner et al. 1980).   

In studies requiring quantification of stress-induced increases in steroids, one 

challenge may be obtaining samples before blood levels of steroids return to baseline.  In 

Chapter 4, serum measures of adrenal corticosterone and P4 in ovariectomized females 

returned to control levels within 2 hours after stressor offset.  Others have shown that 

corticosterone returns to baseline levels 1 to 2 hours after stressor offset in 

ovariectomized rats (Burgess & Handa 1992).  One way to avoid some of the 

complications of blood measures of steroids is to quantify excreted steroids from non-

invasively collected urine, which should reflect trends seen in blood, but with a slight 

time lag (Whitten et al. 1998).  However, comparisons of blood and urinary measures of 

steroids are necessary to determine under what circumstances one measure may be 

superior to the other. 

In Chapter 3 it was found that male mice have a clear urinary corticosterone 

circadian rhythm similar to that seen in male rat urine (Claustrat et al. 2008) and blood 

(Waite et al. 2009).  Additionally, urinary and blood corticosterone measured within the 
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same mice correlate across the day, which indicates that urinary corticosterone 

appropriately reflects basal levels of systemic corticosterone and gives confidence in the 

biological validity of the immunoassay procedure.  Moreover, urinary corticosterone 

responds as predicted to acute physical stress in male mice (Meijer et al. 2005, Chapter 

3) and acute psychological stress in female mice (Chapter 4).  At least in female mice, 

this urinary corticosterone response to stress reflects a similar upregulation of systemic 

corticosterone (Chapter 4), which further supports the idea that urinary steroid measures 

accurately mirror circulating steroid measures. 

 Given the potential importance for reproductive outcomes of the P4 and E2 

response to stress (Chapter 5), I not only examined corticosterone, but I also measured 

urinary and serum P4 and E2 in response to acute psychological stress in female mice.  In 

a preliminary study of urinary corticosterone, P4, and E2 responses to stress in intact 

cycling females, data were highly variable with no clear trends.  This unclear response to 

stress was most likely the result of the presence of the ovaries in the female subjects.  The 

steroid response to stress in females, unlike in males, is complicated by the fact that the 

magnitude of the corticosterone response is affected by the estrous cycle due to the 

stimulatory effects of E2 (Viau & Meaney 1991, Burgess & Handa 1992).  To correct for 

this in Chapter 4, ovariectomized female mice were used because they no longer display 

an estrous cycle.  Additionally, ovariectomy allowed me to specifically determine the 

adrenocortical response to stress in females.  As expected, both urinary corticosterone and 

P4 increased in response to stress, as did serum corticosterone and P4 (Chapter 4).  

However, urinary measures of corticosterone and P4 remained elevated after stressor 
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offset for 3 to 4 hours and were more variable between individuals, whereas serum 

measures of these steroids returned to control levels within 2 hours and had relatively low 

inter-individual variation (Chapter 4).   

The delayed return to baseline after stress in urinary measures (Chapter 4) may 

allow detection of stress-induced rises in steroids in studies where sampling every 

individual before serum levels return to baseline is difficult.  Moreover, the non-invasive 

nature of urine collection compared to blood collection permits repeated sampling in 

small species like mice, and also allows hormone quantification in non-laboratory animals 

in the field or in captivity (Whitten et al. 1998).  However, as urinary measures after 

acute psychological stress have higher inter-individual variation compared to serum 

measures, they may require a larger sample size.  In cases where small sample sizes are 

necessary, serum measures are probably superior for elucidating clear trends.  

Furthermore, the rapidity of the serum steroid response to stress has value for studies 

investigating the immediate response of an individual to a stressor.  In field studies, 

urinary measures of stress hormones do not necessarily reflect the state of the animal in 

that moment; instead, they may reflect a systemic response to a stressor that occurred 

several hours prior to urination (Whitten et al. 1998).  Therefore, in studies where the 

precise timing of the response to an acute stressor is desired, serum steroid measures are 

appropriate. 
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Future Directions 

 In addition to its impact on urinary E2, treatment of castrated males with E2 might 

restore a behavioural component important for the induction of the Bruce and 

Vandenbergh effects.  Behaviour is likely an important component of both of these 

pheromonal effects, since females must be exposed to male urine specifically (Dominic 

1966, Colby & Vandenbergh 1974).  Intact, but not castrated, male mice urinate more 

than do females (Drickamer 1995), and intact males actively direct their urine towards 

nearby females (deCatanzaro et al. 2009).  Both male-typical urine marking and sexual 

behaviour can be restored in castrated male mice by E2 treatment (Wallis & Luttge 1975, 

Kimura & Hagiwara 1985).  Therefore, it is possible that E2 treatment of castrated male 

mice in Chapter 2 restored behaviour in them that might have facilitated the transfer of 

pheromones to inseminated and juvenile females.  More studies should be done to 

quantify castrated male behaviour in the presence of inseminated or juvenile females, and 

to compare the behaviour of oil- and E2-treated castrates.  Specifically, measures of 

drinking and urination behaviour, as well as investigatory behaviour directed towards the 

female, would be informative.  However, it is very unlikely that the restoration of male 

behaviour by E2 was solely responsible for the reinstatement of the capacity to induce the 

Bruce and Vandenbergh effects in Chapter 2, since the direct application of urine from 

castrated male mice does not disrupt implantation (Dominic 1966) or induce sexual 

maturation (Colby & Vandenbergh 1974) in females.  Therefore, although male 

behaviour is important for directing urine towards the female, the androgen-dependent 

chemosignal itself must also be present in the urine in order for females to be affected.  
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 Multiple measures have been used to determine whether a Bruce or Vandenbergh 

effect has occurred in male-exposed females.  For the Bruce effect, these measures 

include the absence of parturition (Beaton & deCatanzaro 2005), decreased implantation 

site number in the uterus (Keverne & de la Riva 1982, Chapter 2), and a return to estrous 

cycling (Bruce 1960).  Implantation site counts are fairly definitive, since by GD 6 

healthy implantation sites are obvious (e.g., Figure 5.6B).  For the Vandenbergh effect, 

several measures of female sexual maturation have been used, including the ages at which 

vaginal opening, first estrus, and first mating are attained (Vandenberh 1967), 

reproductive tissue weights (Lombardi & Vandenbergh 1977, Khan et al. 2008b, Chapter 

2), the presence of sexual behaviour (Khan et al. 2008a), and hormone levels (Khan et al. 

2008b), which reflect the multitude of changes that occur during female sexual 

maturation.  Since I quantified only reproductive tissue weight in juvenile females in 

Chapter 2, I cannot extrapolate my results to other measures of sexual maturity in female 

mice.  I would predict that these other commonly used measures would similarly be 

upregulated in juvenile females by exposure to E2-treated castrated males, since they are 

all also dependent upon E2.  Therefore, it would be interesting to quantify the other 

measures of sexual maturity listed above in females exposed to E2-treated castrated 

males.  Male urine activates kisspeptin neurons in adult female mice (Bakker et al. 2010), 

and therefore the expression of hypothalamic kisspeptin in juvenile females exposed to 

adult males would also be of interest, especially in light of the involvement of kisspeptin 

in sexual maturation (Kauffman et al. 2007). 
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 Given the similarities between implantation failure in the Bruce effect and in 

response to stress, it is possible that stress experienced by females due to the presence of 

unfamiliar males contributes to the loss of pregnancy.  There is one report of the absence 

of a Bruce effect in adrenalectomized females (Snyder & Taggart 1967), which may 

implicate stress as a contributing factor.  However, inseminated female mice investigate 

non-sire males (deCatanzaro & Murji 2004), and as shown in Chapter 5, mice tend to 

avoid aversive stimuli, which suggests that unfamiliar males may not be a stressor for 

inseminated females.  Another common measure of the Bruce effect is a return to estrous 

cycling (Bruce 1960, Dominic 1966).  If unfamiliar males are sufficiently stressful to 

impede implantation, then they would most likely be sufficiently stressful to also prevent 

cycling in females, which is a common consequence of stress (Wingfield & Sapolsky 

2003).  Preliminary data (Rajabi et al. 2013) indicate that systemic E2 in females is not 

altered by male exposure, but P4 is decreased, likely as a result of pregnancy loss.  

Corticosterone and other indicators of stress have not been quantified in inseminated 

females exposed to males, so it remains to be determined whether unfamiliar males 

constitute a stressor in inseminated female mice. 

 A closer look at the uterine mechanisms of stress-induced implantation failure in 

mice could be fruitful.  Since E2 and P4 signal through their respective steroid receptors, 

the dynamics of the expression of these receptors in the uterus in response to the stress 

paradigm used in Chapter 5 is of interest.  Acute immune stress increases estrogen 

receptors (ER) while decreasing progesterone receptors (PR) in early pregnant mice 

(Agrawal et al. 2012).  I suspect that upregulation of ER facilitates more estrogenic 
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action, and downregulation of PR prevents progestogenic action, thus contributing to 

implantation failure in stress.  Whether the same trends occur in the uteri from mice 

exposed to 5 days of rat exposure is unknown.  Moreover, given the involvement of e-

cadherin in implantation (Rowlands et al. 2000), and the negative impact of E2 on this 

adhesion molecule (Oesterreich et al. 2003), studying the expression of e-cadherin in the 

uteri of females losing or maintaining their pregnancies in stress would enable us to 

further elucidate the uterine mechanisms of stress-induced implantation failure.   

To confirm without a doubt the involvement of E2 in stress-induced implantation 

failure, experimentally blocking the actions of E2 during stress and observing the outcome 

on implantation would be useful.  Antibodies to E2 can prevent stress-induced 

implantation failure in mice (deCatanzaro et al. 1994), however, corresponding 

endogenous E2 levels in these mice are not known.  An improved methodology involving 

administration of an aromatase inhibitor and measurement of endogenous E2 would allow 

us to confirm the successful suppression of E2 while also determining whether this 

suppression mitigates stress-induced implantation failure.  The challenge with this 

method is that E2 is required for implantation to occur in mice (Dey et al. 2004), so 

aromatase inhibition itself would probably block pregnancy.  One way to circumvent this 

issue is to use a different model species that does not require E2 for implantation.  

Hamsters and guinea pigs are common laboratory species that do not need E2 for 

implantation (Wang & Dey 2006), and therefore could be appropriate models for 

aromatase inhibition studies. 
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 In Chapter 5, I quantified E2 and P4 on GD 6, which is 2 to 3 days after the 

initiation of implantation.  Measuring E2 and P4 trends in stress leading up to, and during 

the start of implantation would be informative.  In a pilot study, I attempted to do this by 

taking daily urine samples from control and rat-exposed females from GD 1 to 5.  

However, the daily handling required to obtain urine from these females may have 

contributed to decreased control pregnancy rates, so this sampling schedule was 

discontinued.  To observe dynamics in E2 and P4 leading up to implantation while 

reducing handling of the mice, a cross sectional approach should be taken in which each 

female is sampled from only once during isolation or rat exposure.  Urinary measures 

would be superior over blood measures, since they can be obtained without euthanizing 

the mice.  This way, a profile of E2 and P4 could be documented across all 5 days of rat 

exposure, and steroid levels could be compared to pregnancy outcome measured in all 

mice on GD 6. 

 Finally, there is a longstanding assumption in the literature that female 

reproductive plasticity seen in inseminated females exposed to stress or to unfamiliar 

males is adaptive.  It has been proposed that females abandon early pregnancy in the 

presence of a non-sire male to avoid wasteful investment in gestation, since the new male 

may commit infanticide of unrelated infants upon their birth (Labov 1981).  Additionally, 

there is a widely accepted hypothesis that suppression of energetically costly, long-term 

physiological processes, such as those involved in reproduction, allows for diversion of 

energetic resources to processes required for more immediate survival during a stressful 
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situation, and that this is adaptive
1
 (Wingfield et al. 1998, Sapolsky 2004).  Despite the 

wide acceptance of these hypotheses, it is important to note that few empirical studies 

exist showing the long-term fitness costs or benefits of reproductive suppression as a 

result of stress or the presence of an unfamiliar male.  Previous calls have been made for 

the measurement of lifetime fitness and correlating it with HPA axis reactivity as a way 

of answering empirically whether or not the acute stress response is adaptive (Breuner et 

al. 2008).  As a way of tackling the question of whether early pregnancy loss in particular 

can be adaptive, I suggest further study of the fitness consequences (e.g., age of 

senescence, number of lifetime litters, and litter sizes and sex ratios) of implantation 

failure or maintenance in the face of exposure to an unfamiliar male or to severe stress in 

female mice. 

 

  

                                                 
1
 However, there are other examples of situations and species in which resistance to 

stress-induced reproductive suppression occurs. This has been proposed to be adaptive 

under particular circumstances, such as very short breeding seasons (Wingfield & 

Sapolsky 2003). 
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