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Abstract

To better understand the roles that hormones and experience play in infant survival and maternal 

behavior in a biparental primate species, we analyzed urinary estrone (E1C) and pregnanediol 

glucuronide (PdG) from 24 socially housed titi monkey (Callicebus cupreus) females over 54 

pregnancies (N = 1430 samples). Pregnancies were categorized according to whether the infant 

survived (N = 35) or not (N = 19), and by maternal parity (primiparous: N = 9; multiparous: N = 

45). Mothers of infants that survived had a significantly greater drop in PdG from the third 

trimester to the first week postpartum than mothers of infants that did not survive. Multiparous 

mothers had a greater increase in PdG from the first to the third trimester as well as greater 

increases in the E1C:PdG ratio from the first trimester to the third trimester and from the third 

trimester to the first week postpartum. There were positive relationships between third trimester 

PdG and maternal carrying and nursing during the first week postpartum, and between maternal 

age and carrying during the infant’s first month of life. There was a negative correlation between 

maternal age and PdG during the third trimester. These results suggest that elevated progesterone 

during late pregnancy followed by progesterone withdrawal immediately following parturition is 

associated with greater probability of infant survivorship and maternal behavior in this species, 

and that older females engage in more postpartum maternal care.
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INTRODUCTION

Steroid hormones, including estrogen (E) and progesterone (P), during late pregnancy 

originate from multiple organs and serve multiple functions. The primary sources of these 

hormones include the mother, the fetus, and the placenta, and the main purpose of the 

hormones is to facilitate communication between these three sources so as to orchestrate a 

successful gestation [Chambers and Hearn, 1985; Godfrey, 2002; Haig, 1996; Rutherford, 
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2009]. An additional function of these hormones that has evolved in mammalian lineages is 

to prepare females for labor, birth, and maternal behavior following birth. Of particular 

interest to this study is whether these hormones appear to influence maternal care and, 

ultimately, infant survival, and whether female parity predicts their concentrations in a 

monogamous nonhuman primate.

E concentrations, which peak before the onset of labor [Moltz et al., 1970; Terkel and 

Rosenblatt, 1972; Yoshinaga et al., 1969], have been associated with the initiation of 

maternal behaviors in many mammalian species. Critically, E is most effective at initiating 

maternal behaviors when acting synergistically with other ovarian hormones. Moltz and 

colleagues [Moltz et al., 1970] experimentally induced maternal behaviors in 

ovariectomized nulliparous rat dams by administering estradiol (E2), P, and prolactin at 

specific time points during gestation. The simultaneous withdrawal of P and stimulation by 

E are critical to initiating maternal behaviors [Hauser and Gandelman, 1985].

P primarily functions in creating a hospitable environment for the developing embryo. In 

most mammals, a drop in P immediately precedes the onset of labor [Brown et al., 2006], 

however, the drop is less dramatic in primates than in other species [Power and Schulkin, 

2006]. Because of the critical role P plays during gestation and the events immediately 

leading up to parturition, several studies have investigated the role that this hormone may 

play in the initiation of maternal behaviors. In rats, treatment with estrogen induces maternal 

behaviors in virgin females [Siegel and Rosenblatt, 1975a], while simultaneous P treatment 

inhibits this behavioral change [Siegel and Rosenblatt, 1975b]. In ewes, vaginal stimulation 

is necessary to inhibit aggression towards offspring but is only effective following hormonal 

priming with E and P [Kendrick and Keverne, 1991]. In common marmosets, a more 

dramatic prepartum drop in P is associated with greater maternal motivation postpartum 

[Pryce, 1993]. However, in baboons, those mothers that had the greatest drop from 

prepartum pregnanediol glucuronide (PdG; a metabolite of P), to postpartum PdG 

maintained less contact with their infants—the exact opposite pattern observed in marmosets 

[Bardi et al., 2004]. In a study comparing rhesus and Japanese macaques, no differences in 

maternal style were associated with PdG [Bardi et al., 2003]. One possible explanation for 

the contrasting findings between marmosets, baboons, and macaques is that a critical factor 

in determining the role that PdG plays in initiating maternal behavior is the social system of 

the species. That is, PdG signaling may have a different meaning in a species that regularly 

engages in biparental care of offspring and a species in which care of offspring is nearly 

entirely achieved by females. Further, other hormonal profiles (e.g. oxytocin, estrogen, 

prolactin) of females in different social structures are very likely different, which could 

influence the expression, and subsequent urinary concentrations of PdG [Ramirez et al., 

2004; Shively et al., 2007; Wilson et al., 2005].

Maternal parity, or the amount of maternal experience a female has, is also known to 

influence maternal care and, ultimately, infant survival in mammals. Generally, more 

maternal experience is associated with better maternal care [Epple, 1978; Hrdy, 1999; 

Maestripieri et al., 1997; Tardif et al., 1984]. This may be due to the following: increased 

physical fitness of the older mother leading to greater reproductive success [Cameron et al., 

2000]; increased knowledge of how to successfully raise offspring leading to greater 
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reproductive success (e.g. [Fairbanks, 1996; Green, 1990]); and the initial gestation having 

“primed” the female to behave maternally resulting in multiparous females behaving 

appropriately, while primiparous females may not [Caraty and Skinner, 1999; Kendrick and 

Keverne, 1991; Keverne, 1996; Rosenblatt and Siegel, 1981].

The majority of research in this field has been conducted in either rodents or sheep. While 

these models have made many contributions to our current understanding of the role of 

neuroendocrine mechanisms in maternal behavior, behavioral and physiological differences 

exist between these taxa and those more closely related to humans. Perhaps the most 

relevant difference to this study is the fact that the endocrine patterns and the sources of 

certain gestational hormones differ between primates and other mammals [Power and 

Schulkin, 2006]. In most mammalian species P is converted to E2 by the placenta. This 

means that elevations in P are followed by elevations in E2 and reduction in P particularly in 

late term gestation when the placenta is most efficient [Smith et al., 2005]. In primates, the 

placenta is incapable of converting P to E2 because it lacks the critical enzyme 17α-

hydoxylase-17,20-lyase [Kallen, 2004]. The source of E2 accounting for the late gestation 

rise is conversion from Dehydroepiandrosterone sulfate (DHEAS) from the fetal adrenal 

gland. Thus, in primates, but not in rodents, late term elevations in E2 do not result in 

obligatory decreases in P and both hormones can be simultaneously elevated [Rainey et al., 

2004].

While nonhuman primates generally are more similar to humans than rodents, the majority 

of primate species are distinct from humans in their parental behaviors. That is, in most 

primate species, parental behavior comes exclusively from the mother, whereas human 

families have exhibited a wide range of parental styles throughout history, among them 

biparental care, which is the norm in modern Western culture [Feldman et al., 2010]. Titi 

monkeys (Callicebus cupreus) are particularly appropriate for modeling human parental 

behavior and its underlying physiology because they, like humans, exhibit social monogamy 

[Fuentes, 1998] and biparental care [Fragaszy et al., 1982; Mendoza and Mason, 1986]. Titi 

monkeys also exhibit dramatic variability in their expression of parental care. In most cases, 

the father is the primary carrier of infants, and the mother carries only for short periods of 

time to allow the infant to nurse [Mendoza and Mason, 1986]. As a result, the infant will 

only show an adrenocortical response to separation from its father, not from its mother 

[Hoffman et al., 1995]. In certain individuals, however, the mother is the primary, or even 

exclusive, carrier of the infant. The mechanisms that are responsible for these individual 

differences are not known, but if the behavioral similarities between titi monkeys and 

humans are driven by similarities in physiology, then titis would represent an ideal model to 

study the physiology underlying human parental care and could yield information about 

individual differences in parental care present in humans.

This study was designed to investigate the association between maternal hormones 

(estrogens and progestins), maternal experience, maternal behavior, and infant survivorship 

in a monogamous New World primate, the coppery titi monkey. We predicted that a greater 

peak in estrogens prior to parturition and a greater drop in progestins at parturition would 

result in a stronger expression of maternal behaviors and result in a greater likelihood of 

offspring survival. In addition, we predicted that mothers with previous experience rearing 
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offspring would have greater infant survival, a greater prepartum estrogen peak, and a more 

dramatic drop in progestins than inexperienced mothers.

METHODS

All procedures used in this study were approved by the University of California, Davis 

Institutional Animal Care and Use Committee, and adhered to the American Society of 

Primatologists (ASP) Principles for the Ethical Treatment of Non Human Primates and the 

legal requirements of the United States.

Subjects

Subjects were 24 coppery titi monkey (Callicebus cupreus) females housed at the California 

National Primate Research Center (CNPRC). All females had been raised, and at the time of 

the study were living, in family groups consisting of an adult male and female and their 

offspring, a social living condition that approximates the species typical pattern displayed in 

free-ranging titi monkeys. All females were sexually mature (mean age = 4.18; range: 2.8–

6.4) and had been paired with a sexually mature male for at least one year. Aside from 

infrequent removal for health or experimental purposes all animals lived continuously with 

their mates and offspring during the study and were housed in cages (2.13 m × 1.27 m × 

1.27 m), identical to the housing described previously [Mendoza, 1999]. Twice daily (at 

0800 and 1300 hrs) titi monkeys were fed a diet consisting of monkey chow, cottage cheese, 

marmoset jelly, apples, raisins, baby carrots, and vitamins.

Sample collection and analysis

Urine samples were collected during the first morning void at 0600 hr once per week. 

Within 30 min of collection samples were transferred to polypropylene tubes and stored at 

−20°C until assay. Samples from the entire gestation (gestation length based on [Valeggia et 

al., 1999]) and the first three months post-partum were assayed for urinary concentrations of 

estrogen (E1C) and progesterone (PdG) metabolites (1430 urine samples from 54 

pregnancies). Most females were represented multiple times in the data set (mean number of 

pregnancies = 2.45; range: 1–6).

All urine samples were assayed via enzyme immunoassays (EIAs) for pregnanediol-3-

glucuronide (PdG; [Monro et al., 1991]) and estrone-1-conjugates (E1C; [Shideler et al., 

1990]) that had been previously validated for titi monkeys [Valeggia, 1996]. All samples 

were assayed for creatinine (Cr) concentrations in order to correct hormone concentrations 

for diluteness of urine [Jaffe, 1886] and concentrations are reported as pg of hormone per 

mg Cr. Inter-assay coefficients of variance were 1.55% and 1.72% and intra-assay 

coefficients of variance were 0.89% and 2.39% for PdG and E1C, respectively.

Behavioral analysis

One-hour video recordings were conducted for each female three times per week following 

the birth of her infant. Observations were one hour in length with the infant as the focal 

individual. Recordings were scored for maternal behaviors of interest included nursing, 

carrying (measured as duration), anogenital licking, investigation, and face licking 
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(measured as frequency; see Table I for description of behaviors). Video recordings were 

scored using Behavior Tracker v. 1.5 (www.behaviortracker.com) by individuals blind to the 

reproductive status of the females.

Infant weighing

Infants were weighed at six days of age. Following the initial weighing, weights were 

recorded every 14 days until the offspring reached nine months of age.

Statistical analyses

Infants were categorized as “surviving” if they survived to at least two weeks of age (survive 

= 35 infants; not survive = 19 infants). This survival rate (65.8%) is similar to that found in 

other New World monkey species [Tardif et al., 1984]. Infant mortality in this study was due 

to either developmental problems resulting in complications in gestation or insufficient 

communication between the infant and parents postpartum. Generally, early gestational 

complications resulted in either spontaneous abortion of the fetus or a stillborn infant, and 

late gestational complications resulted in insufficient communication between the infant and 

parents, and ultimately to parental rejection. In either case, the exact cause of infant death 

was often unknown.

Mothers were categorized as being multiparous if at least one previous offspring was 

confirmed alive at birth (N = 45 pregnancies). That is, she had at least one previous 

opportunity to behave maternally. This categorization excludes cases where the infant was 

found dead and we were unable to determine whether the infant was born alive or dead. 

Those females were considered primiparous (N = 9 pregnancies). Hormone concentration 

means were calculated for each female for each of her pregnancies if samples were obtained 

from multiple pregnancies.

Samples were categorized according to the time relative to parturition that they were 

obtained: first, second, and third trimester, and the 1st week postpartum. We used 

generalized linear mixed models (GLIMMIX macro in SAS 9.1) that controlled for maternal 

age and infant weight at first weighing, with maternal identity as a random factor, to 

investigate whether E1C, PdG, or E1C:PdG ratio were significant predictors of infant 

survival. In addition, we investigated maternal parity as a predictor of maternal E1C, PdG, 

and E1C:PdG ratio (Table II).

Correlations between hormone concentrations and maternal behaviors occurring in the same 

time period were calculated, as well as correlations between prepartum hormone 

concentrations and postpartum behaviors. Correlational analysis was used to determine if 

maternal hormones or behaviors were predictive of infant growth rate. Correlational 

analyses were used to determine if maternal age was associated with differences in maternal 

hormones and behaviors. In all correlation analyses the Hochberg-Benjamini false discovery 

rate (FDR) correction was used to adjust p-values for multiple tests [Benjamini and 

Hochberg, 1995]. Chi-square analysis was used to analyze proportions of surviving 

offspring between multiparous and primiparous mothers. T tests were used to compare 

infant growth rates across maternal parity.
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RESULTS

Infant survival

Neither mean E1C levels, nor mean PdG levels at any time point predicted infant survival 

(all Ps > 0.25; Fig. 1A). However, the drop in mean PdG from the third trimester to the first 

week postpartum was significantly greater in mothers of surviving infants than mothers of 

infants that did not survive (Fig. 1B; F1,22 = 4.87, P = 0.04). There were no significant 

differences in the E1C:PdG ratio at any time point, or across time points.

Maternal parity and age

Infants of multiparous mothers were more likely to survive than infants of primiparous 

mothers (χ2 = 7.29, df = 1, P < 0.01). Maternal parity was not predictive of E1C at any time 

point, or of the change in E1C across time points (all Ps > 0.20; Fig. 2A). The change in PdG 

from the first to the third trimester was significantly greater among multiparous mothers 

(Fig. 2B; F1,24 = 12.17, P < 0.01). The increase in the E1C:PdG ratio from the first trimester 

to the third trimester was significantly greater in multiparous mothers (Fig. 2C; F1,21 = 

30.33, P < 0.01). Similarly, a significantly greater increase in the E1C:PdG ratio was seen in 

multiparous mothers from the third trimester to the first week postpartum (Fig. 2C; F1,28 = 

83.36, P < 0.01).

There were no significant differences in maternal behavior between primiparous and 

multiparous mothers. There were no differences between primiparous and multiparous 

mothers in infant growth rate (P = 0.37), infant weight at one week (P = 0.44), or infant 

weight at one month (P = 0.30). No significant correlations between infant growth rate and 

any maternal behaviors or maternal hormone concentrations were found (all Ps > 0.18).

Maternal age was negatively associated with PdG during the third trimester (r52 = −0.445, p 

< 0.01). Maternal age among mothers of infants that survived was positively associated with 

carrying during the first week postpartum (r21 = 0.464, p < 0.05) and the first month 

postpartum (r21 = 0.466, p < 0.05). Maternal age did not differ significantly between 

mothers of infants who survived and mothers of infants that did not survive (t52 = 0.123, p = 

0.90).

Maternal hormone X behavior correlations

No significant correlations were found between either E1C or PdG and maternal behaviors 

measured within the same time period as the hormones were collected (all Ps > 0.21). 

Significant positive correlations were found between third trimester PdG and maternal 

carrying during the first week (Fig. 3A; r53 = 0.374, P = 0.03) and maternal nursing during 

the first week (Fig. 3B; r53 = 0.475, P < 0.01).

DISCUSSION

The main objectives of this study were to investigate the association between maternal 

estrogens and progestins, maternal experience, maternal behaviors, and infant survivorship. 

E1C concentrations were not associated with any maternal behaviors, nor did E1C differ 

between primiparous and multiparous mothers or between mothers of infants that survived 
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and those that did not. Changes in PdG differed between pregnancies that resulted in 

surviving vs. non-surviving infants, and between multiparous and primiparous mothers. 

Although PdG concentrations at no single time point predicted infant survival, the drop in 

PdG from the third trimester to the first week postpartum was greater in mothers whose 

infants survived.

In female sheep central administration of P increases responsiveness towards infant signals 

and likelihood to perform maternal behaviors [Kendrick and Keverne, 1991; Wang et al., 

1995]. We did not find differences in maternal behavior in the immediate postpartum period, 

but multiparous mothers showed a greater increase in PdG from the first to the third 

trimester, and multiparous females had greater rates of infant survival.

One mechanism by which P could influence maternal behaviors is through its impact on 

other neurotransmitter systems. P withdrawal following sustained elevations in P has been 

shown to increase oxytocin (OT) mRNA in the paraventricular nucleus of female rats 

[Amico et al., 1997; Blyth et al., 1997]. Central OT has long been implicated in the onset of 

maternal behaviors [reviewed in Insel and Young, 2001; Kendrick et al., 1987; Keverne, 

1996], and steroid treatment enhances OT expression in both the magnocellular and 

parvocellular cells of the paraventricular nucleus (PVN) [Thomas et al., 1999]. A greater 

drop in P might result in increased OT expression, which is likely to have peripheral 

consequences in milk letdown [Saltzman and Maestripieri, 2011] as well as behavioral 

consequences [Champagne, 2008; Dwyer and Smith, 2008; Meddle et al., 2007]. The ability 

to provide milk to offspring is certainly critical to offspring survival in any mammalian 

species. Elevated P during late pregnancy followed by a dramatic decrease in P at parturition 

may also result in optimal central OT expression in the immediate postpartum and may be 

causally associated with maternal behavior and infant survival. However, this study was 

correlational in design, so we can not determine if hormones influenced survival and 

maternal behavior. It is equally possible that signals from the offspring, either in utero or 

postpartum, affected maternal hormone production. Further, maternal age or experience 

could influence her hormone profiles.

The hormones excreted by the mother may not necessarily originate from her tissues. These 

hormones are equally likely to have come from either the developing fetus or the placenta 

and may represent a mechanism through which the fetus communicates with the placenta 

[Albrecht and Pepe, 1999]. Higher pre-partum P affects not only the mother, but also the 

developing fetus, making the infant fully developed at parturition [Kleemann et al., 1994]. 

Therefore, if P can serve as a signal from the fetus and, in turn, can affect development of 

the fetus, differences in urinary PdG during gestation may represent differences in 

fetoplacental health [Kallen, 2004]. Although differences in urinary PdG during gestation 

were present, they do not appear to explain any variability in infant birth weights. A 

multitude of variables contribute to infant birth weight, and while PdG is a marker of 

developmental signalling, it seems in this case that other signals outweighed the effects of 

PdG [Chiesa et al., 2008; Goedhart et al., 2010].

Mothers with previous experience showed a greater increase in PdG from the first to third 

trimesters. While maternal parity was not predictive of E1C, the increase in the E1C:PdG 
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ratio was greater in multiparous mothers, both from the first to the third trimesters, and from 

the third trimester to the first week postpartum. High E1C:PdG ratio during late pregnancy 

has been associated with initiation of maternal behavior and responsiveness in macaques 

[Bardi et al., 2001; Maestripieri, 1999]. Increased responsiveness towards infants may 

account for the increased survival rate of infants born to multiparous mothers as compared 

to primiparous mothers. Alternatively, we found a significant negative association between 

maternal age and PdG during the third trimester, as well as a negative association between 

maternal age and the drop in PdG from the third trimester to the first week postpartum. We 

also found a positive association between maternal age and carrying during the first week 

postpartum. Together these findings suggest that while maternal hormones may indeed 

influence behavior, maternal age may influence behavior as well – either directly through 

behavioral changes associated with aging not measured in this study, or indirectly through 

changes in hormonal profiles. Of particular interest here is that the negative relationship 

between maternal age and two measures of PdG concentration suggest that younger females 

have a “better” hormone profile, given that higher PdG during the third trimester and greater 

drops in PdG from the third trimester to the first week postpartum were observed in mothers 

of infants that survived. However, when the infant survives, older mothers engage in more 

maternal carrying of the infant.

The data presented here suggest that the decrease in maternal PdG from the third trimester to 

the first week postpartum is associated with increased infant survival. Additionally, this 

study provides evidence that differences in maternal parity and hormones are associated 

with differences in maternal behaviors and infant survival. While no causal relationship can 

be determined from this study alone, at least some of the mechanisms involved with the 

onset of maternal behavior and infant survival are similar to those that have been more 

thoroughly studied in rodents. As was previously mentioned, this species of monkey is fairly 

unique in that it is socially monogamous and engages in biparental care. Differences 

between this work and previous studies on this topic may provide insight into differences 

between monogamous and nonmonogamous primates in maternal behavior and the 

underlying physiology that drives that behavior. In addition, the patterns observed here may 

provide some understanding of the individual differences in parental care styles present in 

humans.
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Figure 1. 
E1C (A), PdG (B) and E1C:PdG ratio (C) averages at relevant time points (first trimester, 

last trimester, and first week postpartum) for mothers of infants that survived (dark) and 

mothers of infants that died (light). Mothers of infants that survived showed a greater drop 

in PdG from the third trimester to the first week postpartum (* = p < 0.05).
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Figure 2. 
E1C (A), PdG (B) and E1C:PdG ratio (C) averages at relevant time points (first trimester, 

last trimester, and first week postpartum) for multiparous (dark) and primiparous (light) 

mothers. The increase in PdG from first trimester to third trimester was greater in 

multiparous mothers. E:P showed a greater increase in multiparous mothers, both in the 

change from first to third trimester, and third trimester to first week postpartum (* = p < 

0.05 for change between time points between groups).
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Figure 3. 
Relationship between maternal PdG and maternal carrying (A) and nursing (B). PdG during 

the third trimester was associated with the percent of time the infant was observed being 

carried by its mother (r53 = 0.374, adjusted P = 0.03), and the amount of time the infant was 

observed nursing (r53 = 0.475, adjusted P < 0.01) as a percent of the total time observed 

during the first week postpartum.
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Table I

Description of a number maternal behaviors typically expressed by Callicebus cupreus

Maternal behavior Description

Carrying Mother carries infant

Nursing Infant observed in nursing position on mother

Anogenital licking Mother licks anogenital region of infant

Investigation Mother inspects infant, either while carrying or not

Face licking Mother licks the face of the infant
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Table II

Variables used in mixed models.

Dependent variable Independent variables

Infant survival Maternal hormones, maternal behaviors, maternal parity (controlling for 
maternal age, infant weight at one week).

Maternal hormones, maternal behaviors Maternal parity, maternal age

Infant weight at one week*, infant weight at one month*, infant 
growth rate

Maternal parity, maternal hormones, maternal behaviors, maternal age

Nursing, week 1
Carrying, week 1

Maternal hormones

*
Infant weight was only collected from infants that survived.
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Table III

Summary of general linear mixed model significant statistics

Model n F-value P-value

Infant survival

 Drop in maternal PdG from 3rd trimester to 1st week 23 4.87 0.038

Maternal parity

 Rise in PdG from 1st to 3rd trimester 24 12.17 0.002

 Rise in E1C:PdG ratio from 1st to 3rd trimester 21 30.33 <0.001

 Rise in E1C:PdG ratio from 3rd trimester to 1st week 28 83.36 <0.001

Am J Primatol. Author manuscript; available in PMC 2014 November 29.


