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Abstract

Oxytocin has been used to treat neurodevelopmental conditions in adolescent patients but possible
effects on reproductive development have not been well investigated. The effects of daily intra-
nasal oxytocin treatment (12—18 months of age) on puberty and fertility were studied in colony-
housed, male and female titi monkeys (Plecturocebus cupreus). Body weight, urinary conjugated
pregnanes and estrogens (defining cyclicity) in females, and androgens and sperm in urine of

in males, were measured from 1-3 years of age to detect puberty. Serum testosterone was

also measured in males at 13, 23 and 33 months of age and hemi-castration at 3 years of age
enabled assessment of testicular morphometry and oxytocin receptor expression. An oxytocin
treatment*time interaction suggested a minor, transient suppression in weight gain after treatment
ended. Note that females weighed 10% less across all ages. Oxytocin-treated females exhibited
early, spurious ovulations but neither regular cyclicity (*30 months) nor pregnancies were affected
by treatment. Oxytocin did not affect the pubertal increase in urinary androgen or the first
appearance of sperm, which occurred as early as 15 months of age. Treatment did delay the
puberty-associated rise in serum testosterone in males. All males were pubertal by 22 months

and all females by 32 months of age. Although no major male or female fertility outcome

was observed, oxytocin demonstrated some physiological effects through a delay of testosterone
secretion in males, induction of precocious ovulation in females, and a suppression of general
weight gain for the months following treatment.
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Introduction

Puberty is a complex developmental process, the progression of which is not easy to

define or assess with precision, in part because it results cumulatively from morphological,
physiological and behavioral events that collectively culminate in sexual maturity and
fertility (Rowell 1977, Ojeda, Andrews et al. 1980, Plant, Terasawa et al. 2015). Hormones
of the reproductive axis play a critical role in initiating and directing the process, and the
transition which occurs during adolescence represents a period of particular psychosocial
and developmental plasticity (Viner, Allen et al. 2017). Oxytocin is one such hormone
released from the posterior pituitary gland during parturition, milk letdown and intercourse;
as well as throughout the brain, potentially influencing social and non-social behaviors
(Carter 1998, Lee, Macbeth et al. 2009). As a result, oxytocin and related compounds have
been used to treat neurodevelopmental conditions in adolescent patients including autism
spectrum disorders (Anagnostou, Soorya et al. 2014) and Prader-Willi syndrome (Dykens,
Miller et al. 2018). Our laboratory has conducted studies investigating the potential effects
of daily intra-nasal oxytocin treatment of peri-adolescent male and female titi monkeys on
their affiliative behaviors as adults (Arias Del Razo, Berger et al. 2020). However, results of
studies in male rodents, both /n vivo (Ang, Ungefroren et al. 1991, Nicholson, Guldenaar et
al. 1991, Bales, Abdelnabi et al. 2004, Bales, Perkeybile et al. 2012) and /7 vitro (Adashi
and Hsueh 1981, Kwan and Gower 1988), indicate that oxytocin can diminish testosterone
synthesis, the expression of sexual behavior and thereby reproductive potential in males.
Oxytocin may also be involved in regulating the onset of female cyclicity and reproductive
success (Withuhn, Kramer et al. 2003, Cushing, Levine et al. 2005). To date, there has been
relatively little attention given to the possible effects of oxytocin treatment on reproductive
development or post-pubertal fertility in primates.

Non-human primates are valuable scientific, biomedical and experimental models, sharing
physiological, neuroanatomical and reproductive, as well as developmental, cognitive and
social similarities with humans (Phillips, Bales et al. 2014). Social cohesion, and the
significance of social monogamy, are topics of considerable current interest, contributing

to reproductive fitness in many species (Thompson 2019). However it is defined, monogamy
is more common among primates than other mammalian taxa (Diaz-Munoz and Bales

2016, French, Cavanaugh et al. 2018). Still, even among primates, stable family units
supported by monogamy as a social construct are not seen in a majority of species perhaps
because monogamy incurs costs not expected to favor evolutionary success (Carter and
Perkeybile 2018, Klug 2018). Titi monkeys, as a socially monogamous primate, provide

a promising model for human pair bonding, the psychosocial wellbeing that is enhanced

by it and the potential effects of oxytocin on these traits (Tardif, Bales et al. 2006, Bales,
Avrias Del Razo et al. 2017, Savidge and Bales 2020). Moreover, relatively little is known

of the reproductive biology of titi monkeys (Valeggia, Mendoza et al. 1999). No studies
specifically investigating reproductive development have been reported for either males or
females of this species. Whether or not oxytocin treatment during juvenile or adolescent
development might have detrimental effects on the reproductive success of this monogamous
primate has not been examined.
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Based on observations in rodents, we hypothesized that oxytocin treatment would delay
sexual maturation and decrease fertility. To test that hypothesis, male and female titi
monkeys were treated daily with saline or oxytocin intra-nasally from 12 to 18 months

of age (Arias Del Razo, Berger et al. 2020). Reproductive function was monitored in both
sexes from approximately 1 to 3 years of age using urinary steroid hormone concentrations.
The appearance of sperm in urine or in stimulated ejaculates of males as well as serum
testosterone concentrations (at 13, 23 and 33 months of age) were also examined. Testicular
tissue was recovered by hemi-castration performed at 3 years of age for morphometric

and gene expression analysis. Puberty was defined by regular, cyclic elevations of immuno-
reactive pregnanes and estrogen conjugates (Lasley, Stabenfeldt et al. 1985, Valeggia,
Mendoza et al. 1999) as evidence of ovulation in females, and the appearance of sperm

in males (urine or ejaculate). Fertility was assessed by the establishment of pregnancies after
pairing males and females with reproductively experienced, fertile mates.

Materials and Methods

Subjects: Female and male titi monkeys were enrolled in a study reported previously
investigating the possible effects of intra-nasal oxytocin administration (n=8 females, n=7
males) or saline (n=7 females, n=7 males), given daily from 12 — 18 months of age,

on reproductive development and behavior (Arias Del Razo, Berger et al. 2020). All
protocols and procedures used in the conduct of the research as described were approved

by the Institutional Animal Care and Use Committee, University of California, Davis. Birth
weights were measured and body weights were monitored at least once a week from the start
of the study period (12 months of age). Oxytocin acetate salt (Santa Cruz Biotechnology,
Dallas, Texas, USA) was dissolved in saline so as to administer 0.8 1U/kg of body weight
(0.81U/kg =1.6 ug/kg) by intra-nasal application each day using a pipette dripping 25

ul of oxytocin solution or saline into each nostril. Subjects were trained using positive
reinforcement techniques and were habituated to all required steps before treatments began.
Sampling of urine started at 12 months of age and continued three times a week on average
through peri-adolescent development until pregnancies were achieved in subject females
paired with (known fertile) mature males or subject males established a pregnancy with

a mature (known fertile) female partner. Subjects were removed from their family units

and paired at 898 + 3 days (30 months) of age, with mature, unrelated partners of the
opposite sex. Procedures involving anesthesia [for positron emission tomography (Arias Del
Razo, Berger et al. 2020)] were performed at 13, 23 and 33 months which allowed blood
samples to be collected from the saphenous vein for analysis of testosterone in males. Males
were also conditioned to mechanical stimulation of their perineal region with a vibrator to
stimulate ejaculation.

Testicular analysis: Males underwent hemi-orchidectomy at 36 months of age.

Testis was weighed and testicular tissue was frozen for transcript analysis as well

as fixed for morphometric analysis after immuno-histochemistry. The forward and
reverse primers for the reference gene HPRT (ATGCTGAGGATTTGGAAAGGGT and
AGAGGGCTACAATGTGATGGC, respectively) yielded a product size of 114 bp,

and at 50 nM primer concentration, had an efficiency of 104.8%. The forward

and reverse primers for the oxytocin receptor (CAAGATCCGCACGGTCAAG and
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CGAAGAAGAAAGGCGTCCAG, respectively) amplified a 74 bp product with 97%
efficiency at 300 nM. Sertoli cell numbers were determined following immuno-labeling
of GATAA4 as previously described (Berger, Sidhu et al. 2019). Numbers of initial
spermatogonia were similarly determined using immuno-labeling with UTF1 (Kristensen,
Nielsen et al. 2008). Detergent resistant spermatid numbers, a measure of spermatogenic
efficiency, were determined in testicular tissue from four males (Amann and Lambiase
1969).

Steroid analysis: Urine collections were conducted from inside the cage between 5:45 and
7:00 AM using disposable specimen cups, and samples were stored in aliquots at —80°C.
Assays for urinary estrogen (E1C) and pregnanediol (PgG) conjugates were conducted
essentially as previously described (Valeggia, Mendoza et al. 1999) using the same primary
antisera (Clinical Endocrinology Laboratory, University of California, Davis). Briefly, urine
was diluted in water to ensure determinations were within the range of the standard

curves for each analyte. For estrogen analysis, urine samples from cyclic females were
diluted 1:200 and samples from pregnant females were diluted 1:1000, 40 uL of which

was assayed in each case. For pregnanes, samples were diluted 1:4 with water, 20uL of
which was assayed. Nunc Maxisorb plates were coated with antisera (R522-2 for E1C or
R13904 for PdG, both at 1:10,000 in coating buffer) and washed before adding standards
and samples. The standard curve for E1C ranged from 0.6 — 300 pg/well, and for PdG

from 0.8 — 10 pg/well. A polyclonal antisera (R156/7) raised against testosterone (Clinical
Endocrinology Laboratory, University of California, Davis) that has been used previously
in reproductive monitoring of fecal androgen analysis (Bales, French et al. 2006) was

used for the analysis of urine from males. Since the possible conjugated metabolites

of testosterone and other androgens in urine (Hagey and Czekala 2003) have not been
characterized in titi monkeys, the results are described hereafter as urinary androgens.

For urinary androgen determinations, 500 ul of urine was hydrolyzed with 100 pl of

HCI, diluted 1:21 (25 pl into 500 pl of buffer), 50 pl of which was assayed directly.
Standard curve was 1.95-1000 pg/well. Horseradish peroxidase (HRP) conjugated to E1C
(1:240,000 dilution) or PdG (1:150,000 dilution) was added, plates were thoroughly mixed
and incubated at 4°C overnight. The following morning, plates are washed 4 times in wash
solution, then 100 ul of freshly prepared substrate solution (0.05 M citrate, pH 4.0, .4

mM ABTS, 1.6mM H,0,) was added. Plates were read when the average optical density
(OD) of the total binding wells was at an absorbance of 1.0. Urinary steroid concentrations
were expressed after normalization to creatinine concentrations using established methods
(Taussky 1954). Intra- and inter-assay coefficients of variation were <15% for both E1C
and PdG assays. Testosterone concentrations were also determined in serum samples from
males by radio-immunoassay, essentially as reported previously (Stabenfeldt, Hughes et al.
1979). Briefly, 50 uL of serum was extracted with diethyl ether, dried, reconstituted in
buffer and incubated overnight with diluted antisera (S-250, Dr. G. Niswender, 1:130,000)
and tracer (1,2,6,7-3H-testosterone). Free tracer was separated using dextran-coated charcoal
and the bound fraction counted after addition of scintillation cocktail. The standard curve
ranged from 2.5-200 pg/tube. All samples were assayed in a single assay and the intra-assay
coefficient of variation was <10%.
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Statistical analysis

Results

Body weight was not normally distributed and was consequently log transformed to meet
assumptions of ANOVA. Data were analyzed with individual nested within main effects of
sex and treatment, both considered fixed factors, and age as the repeated measure using

the aov procedure in R. Correlations between birth weight and body weight at 12 mo of

age were analyzed separately for males and females using cor.test procedure in R. Plasma
testosterone concentrations were not normally distributed and were log transformed before
analysis to meet both normality and homogeneity of variance assumptions for ANOVA.

The log10 transformed testosterone data at each age, testis weights, Sertoli cell numbers,
spermatogonial cell numbers and oxytocin receptor transcript concentration in testis and vas
were analyzed using the Imer procedure in R with individual males as random factor and
treatment as a fixed factor. Effect size (nzp) was calculated as: Sums of squares of effect/
[Sums of squares of effect + Sums of squares of error] (Lakens 2013). Since partial effect
size is equal to effect size for one-way ANOVA, only 2 is indicated in this circumstance. A
P value of 0.05 was accepted as indicative of statistical significance.

Females and males averaged 0.078 + 0.003 and 0.086 + 0.012kgs at birth and by 12 months
of age were 0.808 + 0.017 and 0.893 + 0.012kgs, respectively. There was a significant
positive correlation between weight at birth and at 12 months of age among females (R2
=0.46, P < 0.01) but not in males (R? = 0.17, P > 0.05). Males were heavier on average

than females at all ages thereafter (Figure 1). Male weights appeared to plateau briefly
around 18-20 months of age, but accelerated again from 24-30 months of age. Female body
weights increased more consistently month to month until their growth began to slow around
30 months of age (Figure 1). Body weight was significantly affected by age (F1 ggg 3933,
n?p = 0.85, P < 0.0001) and sex (F1 23 26.70, 12, = 0.54, P < 0.0001) but there was no main
effect of oxytocin treatment. There were significant treatment by age (F1 g9 5.342, nzp =
0.008, P = 0.02) and sex by age interactions (F1 ggg 25.688, nzp =0.04, P <0.0001) but no
significant treatment by sex interaction. The decrement in female compared with male body
weight (-10%) remained relatively constant throughout.

The initiation of ovarian activity was evident by increases in urinary steroid secretion after
an initial period of consistently low E1C (<500ng/mg Cr) and low PdG (<100ng/mg Cr)
concentrations in females from 12 months until at least 20 months of age (Figure 2).
Ovulation was assumed to have occurred if PdG concentrations were >100ng/mg Cr in
two consecutive samples that together totaled >400ng/mg Cr, and were defined as luteal
phases. E1C concentrations were higher than PdG. Elevations in urinary PdG indicative
of luteal phases coincided with elevations in E1C and occasionally a second elevation

was observed that immediately preceded the initiation of the luteal phase and presumptive
ovulation. Regular cyclicity was defined by 3 or more such luteal phases occurring at
intervals averaging 17-18 days. Using these criteria, regular cyclicity was established at
924 + 10 days (2.5 years) of age (Figure 2A-D). In several females, much earlier, luteal
phases were observed, varying in number (1-6), and occurring at irregular intervals and
with variable peak PdG concentrations (range 235-2468 ng/mg Cr, Figures 2B and C). Five

Horm Behav. Author manuscript; available in PMC 2023 June 01.
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of the six females that experienced the earliest luteal phases were treated with oxytocin
and oxytocin-treated females experienced their first luteal phases earlier than saline-treated
females (717 = 40.4 vs 868 + 40.4, respectively, P=0.02). These early luteal phases were
followed by variable periods of apparent ovarian inactivity (Figure 2B & C) until sustained
cyclicity was initiated.

Females were paired with males at 898 + 3 days of age. Some females had initiated cyclicity
before introduction of males (Figure 2A) and the introduction of a male did not appear

to have an immediate effect on cyclicity in those that had not. Pregnancy was associated
with sustained and increasingly elevated PdG and E1C concentrations exceeding the length
of normal luteal phases (Figures 2A-D). First pregnancies were established (by sexually
mature male partners) in subject females at 1113 + 70 days (>3 years) of age and proceeded
to term (133.6 + 1.3 days of gestation, n=8; Figure 2A-C) or ended in a miscarriage at
76.3+13.3 days (range 33-117 days; saline treated n=4, oxytocin treated n=3; Figure 2D).
The loss of pregnancy was characterized by the appearance of blood around the genitalia in
three females at 41, 47 and 117 days of gestation. These lost pregnancies were confirmed
later to be coincident with an abrupt decline in PdG and E1C concentrations in urine (Figure
2D) and with the resumption of cyclicity thereafter. The other four pregnancy losses were
identified only by the sudden and precipitous disappearance of urinary PdG and E1C. These
miscarriages were not associated with any obvious excretory signature of either steroid
conjugate that was apparent before or after pregnancy was established or prior to the loss of
the pregnancy.

Urinary androgen concentrations increased progressively and in a linear fashion from 12 to
24 months of age in both saline and oxytocin-treated males (Figure 3). Sperm (Figure 3,
insert) was first detected in urine, or in ejaculates when these were obtained, as early as

15 months of age and from all males by 22 months of age. Serum testosterone increased
with age in control males (0.40 + 0.70, 1.99 + 0.81 and 2.29 + 1.46 ng/ml at 13, 23 and

33 months of age, respectively; Table 1, F, 12 5.93, nzp =0.50, P =0.016). There was
considerable variability among individuals, especially at months 13 (oxytocin-treated; range
0.26 — 4.99 ng/ml) and 33 (saline-treated; range of 0.50 — 17.55 ng/ml), but the increase

in serum testosterone with age was delayed significantly in males treated with oxytocin
(P<0.05). There was no effect of peri-adolescent oxytocin treatment on the time of first
detection of sperm, or on any measures of adult male reproductive function at 36 months
of age (Table 2). Detergent-resistant spermatid numbers averaged 5.7 million/g testicular
parenchyma, and testicular weight was positively correlated with Sertoli cell number (R? =
0.77, P<0.0001).

Puberty, defined as the appearance of sperm in urine or the ejaculate of males, and regular
cyclicity (3 or more luteal phases at 17-18 day intervals) or pregnancy, was tallied among
individuals cumulatively by months of age for both sexes (Figure 4). Males initiated puberty
months before females, from as early as 15 months of age, and all 14 males were pubertal by
22 months of age. Nine females initiated puberty at 29 months of age and all 15 were cyclic
by 32 months of age (Figure 4).
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Discussion

The possible effects of oxytocin treatment on reproductive function and success have

not been examined previously in a non-human primate. The data reported here were
collected in the context of exploring the possible effect of intra-nasal oxytocin treatment

of peri-adolescent titi monkeys on their subsequent affiliative behaviors (Arias Del Razo,
Berger et al. 2020). To our knowledge, this is also the first examination of the onset of
puberty (as defined by sperm production in males and ovarian cyclicity in females) in

titi monkeys, a species exhibiting social monogamy (Mason 1975), perhaps even sexual
exclusivity (Dolotovskaya, Roos et al. 2020), forming small family units with paternal
involvement in infant care (Mendoza and Mason 1986, Mendoza and Mason 1997). In
males, the ratio of testicular weight to body weight was low in titi males, consistent with
that reported for other monogamous primates (Clutton-Brock, Harvey et al. 1977). Our
observations indicate that male titis initiate spermatogenesis several months earlier than
females initiate regular cyclicity. Female ovarian cyclicity and fertility relies ultimately

on oocyte release at ovulation and luteal formation. Luteal phases are either terminated

at a predictable time in the absence of pregnancy or are sustained longer if pregnancy

is established, all of which can be monitored in titi monkeys (Valeggia, Mendoza et al.
1999) as in other primates (Lasley, Stabenfeldt et al. 1985). Regular luteal phases with a
periodicity of 17-18 days confirmed previous estimates (Valeggia, Mendoza et al. 1999) and
was indicative of ovulation and the attainment of fertility or puberty as defined here. The
establishment of pregnancy in some females in the present study after a single similar luteal
phase further supports that view. Oxytocin had subtle effects on reproductive function in
both sexes. Although oxytocin treatment had no observable effect on the onset of puberty
in male titis, or their ability to establish pregnancies when paired with mature females
subsequently, it temporarily delayed the puberty-associated rise in serum testosterone. In
females, oxytocin-treatment increased the incidence of apparent, early ovulations around
21 months of age followed by a period of ovarian inactivity before they resumed cyclicity
several months later. Apparent luteal phases in female titi monkeys as early as 26 months of
age followed an extended period without elevations in PdG have been observed previously
in some titi females (Valeggia 1996). Oxytocin treatment of peri-adolescents appeared to
increase this otherwise infrequent event. In general therefore, it appears that, in contrast

to the earlier reactivation of the hypothalamic-pituitary axis in female than male rhesus
macaques (Plant 2008), gamete production in male titi monkeys is initiated long before it is
in females. While not affecting the spermatogenesis, oxytocin appears capable of provoking
precocious ovulation.

The sexual behavior and mating systems of primates have long held the attention of
biologists in terms of discerning their potential impact on the development of physical
attributes and behavior (Dixson 1983, Dixson 1998). Mating systems in particular are
believed to influence the evolution of sexual dimorphisms including body weight (Plavcan
and van Schaik 1997) and, at the same time, the attainment of mature body weight has long
been thought to linked to the onset of puberty (Plant, Terasawa et al. 2015). With respect to
body weight, males are often heavier than females, especially in species exhibiting polygyny
whereas the differentials between the sexes are diminished in species exhibiting monogamy
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(Clutton-Brock, Harvey et al. 1977). Even among platyrrhine species with relatively modest
differences between male and female body weight, sexual conflict is believed to drive
differences in the size of canine teeth (Kay, Plavcan et al. 1988). Our assessment of body
weight of colony-housed titi monkeys closely align with previously published field data
(Ford 1994). Females were approximately 90% of the weight of males when weight gain
began to plateau in both sexes at around 30 months of age. The initiation of puberty as
early as 15 months of age in male titi monkeys therefore was clearly not related to the
attainment of mature body weight. Similarly, male squirrel monkeys (Saimiri sciureus),
another platyrrhine species, experience puberty within their first year while continuing to
grow well into their third (Coe, Chen et al. 1981). The apparent suppressive effect of
oxytocin on the increase in body weight with age is also notable. Male rhesus macaques
fed an obesity-inducing diet ate less and gained less weight when treated with oxytocin,

an effect that persisted for months after treatment ceased (Blevins, Graham et al. 2015).
Oxytocin appears capable of influencing multiple regulatory neural circuits, consistent with
the stimulatory effect it has on glucose update in brain regions known to be associated with
social behaviors (Arias Del Razo, Berger et al. 2020).

Past studies on titi monkey reproduction described cyclicity and pregnancy in females

that were over 30 months in age (Valeggia, Mendoza et al. 1999) but did not specifically
investigate puberty or any aspect of reproduction in males. In light of the present data,

few of the females in that earlier study were likely to have been pre-pubertal. Though it

was stated that conception could occur as early as 2 years of age (Valeggia, Mendoza et

al. 1999), the current observations suggest that regular cyclicity (17-18 day inter-ovulatory
intervals) and the ability to establish pregnancy in this colony is unlikely in females less
than 2.5 years old. The closely related owl monkey (Aotus azarae) has a similar cycle

length (17 days) without a clear seasonal bias and regular cyclicity is uncommon before 3
years of age in the wild (Corley, Valeggia et al. 2017). In contrast to female titi monkeys,
spermatogenesis was accomplished at a much earlier age in males, though it is unknown

if males were mature otherwise. Male titis exhibit agonistic displays toward unfamiliar
males for instance (Cubicciotti 111 and Mason 1978), a response possibly associated with
reproductive or more general behavioral maturity. When such male typical behaviors
develop in relation to puberty is another interesting but unanswered question. Among the
Primates, puberty has been examined most extensively in catarrhines (Stephens and Wallen
2013, Plant, Terasawa et al. 2015), especially in females where menses can often be detected
visually. However, ovulation is not a pre-requisite for menses and, in adolescent women,
menses can occur for months or even years in the apparent absence of ovulation (Vihko and
Apter 1984). In contrast to the Catarrhines, the onset of puberty has not been documented

in many South American species (Corley, Valeggia et al. 2017). Neotropical primates do not
exhibit overt signs of menses (Mayor, Pereira et al. 2019) and the capacity to initiate puberty
can be difficult to determine in species exhibiting reproductive suppression for instance,
especially in those exhibiting co-operative breeding (Epple and Katz 1980, Ziegler, Savage
et al. 1987, French, Bales et al. 2003). Males do not appear to be so affected (Ginther,
Carlson et al. 2002). Seasonality and body weight can influence the onset of puberty in some
species, female squirrel monkeys for example (Coe, Chen et al. 1981).
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Oxytocin had subtle but significant effects on both female and male reproductive function.
Females treated with oxytocin experienced an earlier onset of luteal phases indicative of
ovulation, though not regular cyclicity, which was established months later in some cases.
Oxytocin receptors are expressed in ovarian tissues of primates and may be involved in the
process of luteinization (Einspanier, Jurdzinski et al. 1997). However, luteal phases were
observed months after the end of treatment and an acute effect of oxytocin therefore seems
unlikely, suggesting that an organizational effect at the hypothalamic-pituitary level instead.
Consistent with this possibility, a 6 day treatment of juvenile rats with an oxytocin receptor
antagonist can delay the onset of vaginal opening and the first estrus through effects on
glial production of prostaglandin E; (Parent, Rasier et al. 2008). However, the effects of
oxytocin on cyclicity appear to be dependent on the timing of treatment because rats treated
with oxytocin for the first 6 days of post-natal life were reported to experience a delayed
vaginal opening and first estrus (Withuhn, Kramer et al. 2003). As to male reproductive
function, oxytocin may affect testosterone secretion. Leydig cells express oxytocin receptors
(Einspanier and Ivell 1997), and testicular androgen concentrations were low in mice over-
expressing oxytocin as a transgene (Ang, Ungefroren et al. 1991). Similarly, testosterone
secretion by rat Leydig cells was inhibited by oxytocin both /n vitro and /n vivo (Adashi
and Hsueh 1981, Kwan and Gower 1988, Nicholson, Guldenaar et al. 1991). Despite the
possibility of direct effects on Leydig cell steroidogenesis, there was no effect on serum
testosterone at 13 months of age, a month after treatments began, even though an increase
at 23 months of age was delayed by oxytocin, several months after treatment ceased. The
observation of delayed effects, both promoting early ovulation in females and delaying
serum testosterone secretion in males months after treatment ceased, is consistent with the
involvement of higher levels of the regulatory axis which is further supported by observed
changes in behaviors still evident long after treatment ended (Arias Del Razo, Berger et

al. 2020). How oxytocin treatment affected neural centers in the hypothalamus perhaps, the
pre-optic area and arcuate nucleus for instance, would be of particular interest, especially

if found to express oxytocin receptors at levels seen in centers associated with behaviors
such as social bonding (Freeman, Walum et al. 2014). Further studies will be required to
investigate proximate mechanisms in both sexes.

It is equally interesting that almost half of all first pregnancies failed among the females
studied. This was not related to oxytocin treatment and loss occurred over a wide range of
gestational stages from early to relatively late-term abortion. There was no obvious sign of
illness among any of these females and only trace blood was evident in the perineal region
of a few, that was found to be coincident with a drop in both urinary pregnane and estrogen
conjugate concentrations. Cyclicity resumed soon after the loss of the pregnancy which also
suggests these females were healthy at the time. Abbott & Hearn (Abbott and Hearn 1978)
noted a high incidence (45%) of spontaneous loss of first pregnancies established in recently
pubertal marmosets ( Callitrix jacchus) but no details were provided on when losses occurred
during gestation. This is remarkably similar to the rate of loss observed here in pubertal titi
monkeys, suggesting that social influences are perhaps not a significant contributing factor
in either case. Moreover, the wide range in the timing of loss (from as early as 33 to as late
as 117 days of gestation) seen here also argues against a single or common mechanism. In
any case, the rate of pregnancy loss is similar to rates seen in livestock (First and Eyestone
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1988). Actual rates of loss are difficult to estimate at any stage of embryonic or fetal
development (Jarvis 2020), in part because it requires constant monitoring, but these losses
are thought to be highest in earlier stages in general (Chen, Di et al. 2020). Maternal age

is clearly not a factor here, though fertility declines as pregnancy failures increase with age
in human (Cohain, Buxbaum et al. 2017) and non-human primate (Gagliardi, Liukkonen et
al. 2007) populations. What impacts the maintenance of pregnancy and ultimate fertility in
pubertal females certainly warrants additional investigation.
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References

Abbott DH and Hearn JP (1978). “Physical, hormonal and behavioural aspects of sexual development
in the marmoset monkey, Callithrix jacchus.” J. Reprod. Fertil 53(1): 155-166. [PubMed: 417178]

Adashi EY and Hsueh AJ (1981). “Direct inhibition of testicular androgen biosynthesis revealing
antigonadal activity of neurohypophysial hormones.” Nature 293(5834): 650-652. [PubMed:
7290200]

Amann RP and Lambiase JT Jr. (1969). “The male rabbit. 3. Determination oaily sperm production by
means of testicular homogenates.” J Anim Sci 28(3): 369-374. [PubMed: 5773537]

Anagnostou E, Soorya L, Brian J, Dupuis A, Mankad D, Smile S and Jacob S (2014). “Intranasal
oxytocin in the treatment of autism spectrum disorders: a review of literature and early safety and
efficacy data in youth.” Brain Res 1580: 188-198. [PubMed: 24508578]

Ang HL, Ungefroren H, De BF, Foo NC, Carter D, Burbach JP, Ivell R and Murphy D (1991).
“Testicular oxytocin gene expression in seminiferous tubules of cattle and transgenic mice.”
Endocrinology 128(4): 2110-2117. [PubMed: 1706267]

Avrias Del Razo R, Berger T, Conley AJ, Freeman SM, Goetze LR, Jacob S, Lawrence RH, Mendoza
SP, Rothwell ES, Savidge LE, Solomon M, Weinstein TAR, Witczak LR and Bales KL (2020).
“Effects of chronic intranasal oxytocin on behavior and cerebral glucose uptake in juvenile titi
monkeys.” Psychoneuroendocrinology 113: 104494, [PubMed: 31862614]

Bales KL, Abdelnabi M, Cushing BS, Ottinger MA and Carter CS (2004). “Effects of neonatal
oxytocin manipulations on male reproductive potential in prairie voles.” Physiol Behav 81(3): 519—
526. [PubMed: 15135025]

Bales KL, Arias Del Razo R, Conklin QA, Hartman S, Mayer HS, Rogers FD, Simmons TC, Smith
LK, Williams A, Williams DR, Witczak LR and Wright EC (2017). “Titi monkeys as a novel
non-human primate model for the neurobiology of pair bonding.” Yale J Biol Med 90(3): 373-387.
[PubMed: 28955178]

Bales KL, French JA, McWilliams J, Lake RA and Dietz JM (2006). “Effects of social status, age, and
season on androgen and cortisol levels in wild male golden lion tamarins (Leontopithecus rosalia).”
Horm Behav 49(1): 88-95. [PubMed: 15978593]

Bales KL, Perkeybile AM, Conley OG, Lee MH, Guoynes CD, Downing GM, Yun CR, Solomon M,
Jacob S and Mendoza SP (2012). “Chronic intranasal oxytocin causes long-term impairments in
partner preference formation in male prairie voles.” Biol. Psychiatry.

Berger T, Sidhu P, Tang S and Kucera H (2019). “Avre testicular cortisol and WISP2 involved in
estrogen-regulated Sertoli cell proliferation?” Anim Reprod Sci 207: 44-51. [PubMed: 31208847]

Blevins JE, Graham JL, Morton GJ, Bales KL, Schwartz MW, Baskin DG and Havel PJ (2015).
“Chronic oxytocin administration inhibits food intake, increases energy expenditure, and produces
weight loss in fructose-fed obese rhesus monkeys.” Am J Physiol Regul Integr Comp Physiol
308(5): R431-438. [PubMed: 25540103]

Carter CS (1998). “Neuroendocrine perspectives on social attachment and love.”
Psychoneuroendocrinology 23(8): 779-818. [PubMed: 9924738]

Horm Behav. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Conley et al.

Page 11

Carter CS and Perkeybile AM (2018). “The Monogamy Paradox: What Do Love and Sex Have to Do
With 1t?” Front Ecol Evol 6.

Chen Q, Di Z, Garcia Roger EM, Li H, Richmond P and Roehner BM (2020). “Magnitude and
significance of the peak of early embryonic mortality.” J Biol Phys 46(3): 233-251. [PubMed:
32803624]

Clutton-Brock TH, Harvey PH and Rudder B (1977). “Sexual dimorphism, socionomic sex ratio and
body weight in primates.” Nature 269(5631): 797-800. [PubMed: 927503]

Coe CL, Chen J, Lowe EL, Davidson JM and Levine S (1981). “Hormonal and behavioral changes at
puberty in the squirrel monkey.” Horm Behav 15(1): 36-53. [PubMed: 7216188]

Cohain JS, Buxbaum RE and Mankuta D (2017). “Spontaneous first trimester miscarriage rates per
woman among parous women with 1 or more pregnancies of 24 weeks or more.” BMC Pregnancy
Childbirth 17(1): 437. [PubMed: 29272996]

Corley M, Valeggia C and Fernandez-Duque E (2017). “Hormonal correlates of development and natal
dispersal in wild female owl monkeys (Aotus azarae) of Argentina.” Horm Behav 96: 42-51.
[PubMed: 28870603]

Cubicciotti 111 D and Mason WA (1978). “Comparative Studies of Social Behavior in Callicebus and
Saimiri: Male-Female Emotional Attachments.” Behavioral Biology 16: 185-197.

Cushing BS, Levine K and Cushing NL (2005). “Neonatal manipulation of oxytocin influences female
reproductive behavior and success.” Horm. Behav 47(1): 22-28. [PubMed: 15579262]

Diaz-Munoz SL and Bales KL (2016). ““Monogamy” in Primates: Variability, Trends, and Synthesis:
Introduction to special issue on Primate Monogamy.” Am J Primatol 78(3): 283-287. [PubMed:
26317875]

Dixson AF (1983). “Observations on the evolution and behavioral significance of “sexual skin” in
female primates.” Advances in the Study of Behavior 13: 63-106.

Dixson AF (1998). Sexual selection and genital evolution. Primate Sexuality: Comparative Studies of
the Prosimians, Monkeys, Apes, and Human Beings. Oxford, Oxford University Press: 265-267.

Dolotovskaya S, Roos C and Heymann EW (2020). “Genetic monogamy and mate choice in a
pair-living primate.” Sci Rep 10(1): 20328. [PubMed: 33230212]

Dykens EM, Miller J, Angulo M, Roof E, Reidy M, Hatoum HT, Willey R, Bolton G and Korner P
(2018). “Intranasal carbetocin reduces hyperphagia in individuals with Prader-Willi syndrome.”
JCI Insight 3(12).

Einspanier A and Ivell R (1997). “Oxytocin and oxytocin receptor expression in reproductive tissues of
the male marmoset monkey.” Biol. Reprod 56(2): 416-422. [PubMed: 9116141]

Einspanier A, Jurdzinski A and Hodges JK (1997). “A local oxytocin system is part of the luteinization
process in the preovulatory follicle of the marmoset monkey (Callithrix jacchus).” Biol Reprod
57(1): 16-26. [PubMed: 9209075]

Epple G and Katz Y (1980). “Social influences on first reproductive success and related behaviors in
the saddle-back tamarin (Saguinusfuscir callitrichidae).” International Journal of Primatology 1(2):
171-183.

First NL and Eyestone WH (1988). “Reproductive efficiency in domestic animals.” Ann N Y Acad Sci
541: 697-705. [PubMed: 3195946]

Ford SM (1994). “Evolution of sexual dimorphism in body weight in platyrrhines.” Am J Primatol
34(2): 221-244. [PubMed: 31936970]

Freeman SM, Walum H, Inoue K, Smith AL, Goodman MM, Bales KL and Young LJ (2014).
“Neuroanatomical distribution of oxytocin and vasopressin 1a receptors in the socially
monogamous coppery titi monkey (Callicebus cupreus).” Neuroscience 273: 12-23. [PubMed:
24814726]

French JA, Bales K, Baker AJ and Dietz JM (2003). “Endocrine monitoring of wild dominant and
subordinate female Leontopithecus rosalia.” International Journal of Primatology 24(6): 1281-
1300.

French JA, Cavanaugh J, Mustoe AC, Carp SB and Womack SL (2018). “Social Monogamy in
Nonhuman Primates: Phylogeny, Phenotype, and Physiology.” J Sex Res 55(4-5): 410-434.
[PubMed: 28704071]

Horm Behav. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Conley et al.

Page 12

Gagliardi C, Liukkonen JR, Phillippi-Falkenstein KM, Harrison RM and Kubisch HM (2007). “Age as
a determinant of reproductive success among captive female rhesus macaques (Macaca mulatta).”
Reproduction 133(4): 819-826. [PubMed: 17504925]

Ginther AJ, Carlson AA, Ziegler TE and Snowdon CT (2002). “Neonatal and pubertal development
in males of a cooperatively breeding primate, the cotton-top tamarin (Saguinus oedipus oedipus).”
Biol Reprod 66(2): 282-290. [PubMed: 11804940]

Hagey LR and Czekala NM (2003). “Comparative urinary androstanes in the great apes.” Gen Comp
Endocrinol 130(1): 64-69. [PubMed: 12535626]

Jarvis GE (2020). “Misjudging early embryo mortality in natural human reproduction.” F1000Res 9:
702. [PubMed: 33224477]

Kay RF, Plavcan JM, Glander KE and Wright PC (1988). “Sexual selection and canine dimorphism in
New World monkeys.” Am J Phys Anthropol 77(3): 385-397. [PubMed: 3228171]

Klug H (2018). “Why monogamy? A review of potential ultimate drivers.” Frontiers in Ecology and
Evolution 6: 1-6.

Kristensen DM, Nielsen JE, Skakkebaek NE, Graem N, Jacobsen GK, Rajpert-De Meyts E and Leffers
H (2008). “Presumed pluripotency markers UTF-1 and REX-1 are expressed in human adult testes
and germ cell neoplasms.” Hum Reprod 23(4): 775-782. [PubMed: 18281244]

Kwan TK and Gower DB (1988). “Inhibition of rat testicular microsomal steroidogenesis by oxytocin
and metyrapone.” Biochem. Int 16(4): 629-637. [PubMed: 3390195]

Lakens D (2013). “Calculating and reporting effect sizes to facilitate cumulative science: a practical
primer for t-tests and ANOVAs.” Front Psychol 4: 863. [PubMed: 24324449]

Lasley BL, Stabenfeldt GH, Overstreet JW, Hanson FW, Czekala N and Munro C (1985). “Urinary
hormone levels at the time of ovulation and implantation.” Fertil Steril 43(6): 861-867. [PubMed:
3996630]

Lee HJ, Macbeth AH, Pagani JH and Young WS 3rd (2009). “Oxytocin: the great facilitator of life.”
Prog Neurobiol 88(2): 127-151. [PubMed: 19482229]

Mason WA (1975). “Comparative studies of social behavior in Callicebus and Saimiri: strength and
specificity of attraction between male-female cagemates.” Folia Primatol (Basel) 23(1-2): 113-
123. [PubMed: 806507]

Mayor P, Pereira W, Nacher V, Navarro M, Monteiro FOB, El Bizri HR and Carretero A (2019).
“Menstrual cycle in four New World primates: Poeppig’s woolly monkey (Lagothrix poeppigii),
red uakari (Cacajao calvus), large-headed capuchin (Sapajus macrocephalus) and nocturnal
monkey (Aotus nancymaae).” Theriogenology 123: 11-21. [PubMed: 30269006]

Mendoza SP and Mason WA (1986). “Parental division of labour and differentiation of attachments in
a monogamous primate (CaUicebus moloch).” Animal Behaviour 34: 1336-1347.

Mendoza SP and Mason WA (1997). “Attachment relationships in New World primates.” Ann N'Y
Acad Sci 807: 203-209. [PubMed: 9071352]

Nicholson HD, Guldenaar SE, Boer GJ and Pickering BT (1991). “Testicular oxytocin: effects of
intratesticular oxytocin in the rat.” J. Endocrinol 130(2): 231-238. [PubMed: 1919394]

Ojeda SR, Andrews WW, Advis JP and White SS (1980). “Recent advances in the endocrinology of
puberty.” Endocr Rev 1(3): 228-257. [PubMed: 6112144]

Parent AS, Rasier G, Matagne V, Lomniczi A, Lebrethon MC, Gerard A, Ojeda SR and Bourguignon
JP (2008). “Oxytocin facilitates female sexual maturation through a glia-to-neuron signaling
pathway.” Endocrinology 149(3): 1358-1365. [PubMed: 18039781]

Phillips KA, Bales KL, Capitanio JP, Conley A, Czoty PW, t Hart BA, Hopkins WD, Hu SL, Miller
LA, Nader MA, Nathanielsz PW, Rogers J, Shively CA and Voytko ML (2014). “Why primate
models matter.” Am J Primatol 76(9): 801-827. [PubMed: 24723482]

Plant TM (2008). “Hypothalamic control of the pituitary-gonadal axis in higher primates: key advances
over the last two decades.” J Neuroendocrinol 20(6): 719-726. [PubMed: 18601694]

Plant TM, Terasawa E and Witchel SF (2015). Puberty in non-human primates and man. Knobil and
Neill’s Physiology of Reproduction. Plant TM and Zelenznik AJ. Amsterdam, Elsevier Science &
Technology. 2: 1487-1536.

Plavcan JM and van Schaik CP (1997). “Intrasexual competition and body weight dimorphism in
anthropoid primates.” Am J Phys Anthropol 103(1): 37-68. [PubMed: 9185951]

Horm Behav. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Conley et al.

Page 13

Rowell TE (1977). “Variation in age at puberty in monkeys.” Folia Primatol (Basel) 27(4): 284-296.
[PubMed: 18386]

Savidge LE and Bales KL (2020). “An animal model for mammalian attachment: Infant titi monkey
(Plecturocebus cupreus) attachment behavior Is associated with their social behavior as adults.”
Front Psychol 11: 25. [PubMed: 32047459]

Stabenfeldt GH, Hughes JP, Kennedy PC, Meagher DM and Neely DP (1979). “Clinical findings,
pathological changes and endocrinological secretory patterns in mares with ovarian tumours.” J.
Reprod. Fertil Suppl(27): 277-285.

Stephens SB and Wallen K (2013). “Environmental and social influences on neuroendocrine puberty
and behavior in macaques and other nonhuman primates.” Horm Behav 64(2): 226-239. [PubMed:
23998667]

Tardif S, Bales K, Williams L, Moeller EL, Abbott D, Schultz-Darken N, Mendoza S, Mason W,
Bourgeois S and Ruiz J (2006). “Preparing New World monkeys for laboratory research.” ILAR J
47(4): 307-315. [PubMed: 16963811]

Taussky HH (1954). “A microcolorimetric determination of creatine in urine by the Jaffe reaction.” J
Biol Chem 208(2): 853-861. [PubMed: 13174594]

Thompson NA (2019). “Understanding the links between social ties and fitness over the life cycle in
primates.” Behaviour 156: 859-908.

Valeggia CR (1996). Social influences on the development of sexual physiology and behavior in titi
monkey females (Callicebus moloch). Doctor of Philosophy, University of California, Davis.

Valeggia CR, Mendoza SP, Fernandez-Duque E, Mason WA and Lasley B (1999). “Reproductive
biology of female titi monkeys (Callicebus moloch) in captivity.” Am. J. Primatol 47(3): 183-195.
[PubMed: 10075433]

Vihko R and Apter D (1984). “Endocrine characteristics of adolescent menstrual cycles: impact of
early menarche.” J Steroid Biochem 20(1): 231-236. [PubMed: 6231419]

Viner RM, Allen NB and Patton GC (2017). Puberty, Developmental Processes, and Health
Interventions. Child and Adolescent Health and Development. rd, Bundy DAP, Silva N et al.
Washington (DC).

Withuhn TF, Kramer KM and Cushing BS (2003). “Early exposure to oxytocin affects the age
of vaginal opening and first estrus in female rats.” Physiol Behav 80(1): 135-138. [PubMed:
14568318]

Ziegler TE, Savage A, Scheffler G and Snowdon CT (1987). “The endocrinology of puberty and
reproductive functioning in female cotton-top tamarins (Saguinus oedipus) under varying social
conditions.” Biol Reprod 37(3): 618-627. [PubMed: 3118981]

Horm Behav. Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Conley et al.

Body weight (kgs)

14

13

1.2

11

Page 14

i Male
—@— Control —@— Oxytocin

4
FEETTIY

Female
—@— Control Oxytocin

12 18 24 30 36
Age (months)

Figure 1.
Body weights in male and female titi monkeys treated with intra-nasal saline or oxytocin

from 12 to 18 months of age and monitored until pregnancies were established. Shown are
the means + standard errors of the means for control (saline) and oxytocin-treated males and
females.
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Urinary pregnane (PdG) and estrogen conjugate (E1C) profiles of peri-adolescent female titi
monkeys sampled three times per week from 12 months of age through to the establishment
of their first pregnancy. The timing of removal from their family unit and pairing with a
male are indicated, along with the birth or the loss of pregnancy as indicated by observed
bloody genitals and disappearance of PdG and E1C from their urine. A. Cyclicity in an
oxytocin-treated female experiencing 2 ovulations (860 and 902 days) before pairing at 914
days of age. Pregnancy was established and carried to term. Gestation length was 139 days.
B. An oxytocin-treated female exhibiting two consecutive “early” ovulations from 625-700
days of age initiated regular cyclicity (984 days) after pairing (904 days). Pregnancy was
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established at 1190 days after several cycles and was carried to term (134 days). C. A saline-
treated female exhibiting “early” ovulation before initiating regular cyclicity (897 days) after
pairing (893 days). A pregnancy was established (1110 days) after several cycles and was
carried to term (133 days). D. Cyclicity was initiated (880 days) before pairing (893 days)

in an oxytocin-treated female who established a pregnancy (1043 days) that failed soon after
(41 days) as indicated by observed bloody genitals coincident with disappearance of PdG
and E1C in urine. Regular cyclicity resumed immediately after and another pregnancy was
established at 1389 days which went to term successfully.
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Figure 3.
Urinary immuno-reactive androgen concentrations (ng/mg Crt) in males from 12 to 24

months of age. Sperm (inset) was detected in the urine of all males by 22 months of age,
confirming that all had initiated spermatogenesis.
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Figure4.
Cumulative tally (number of animals, y-axis) of the onset of puberty in male and female titi

monkeys from 12 — 32 months of age based on the appearance of sperm in voided urine
or stimulated ejaculates (males) or the onset of regular cyclicity (females) based on urinary
pregnane and estrogen conjugate profiles.
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Table 1

Serum testosterone concentration (ng/ml) in male titi monkeys treated with saline or oxytocin by intra-nasal
spray. Blood was drawn opportunistically under anesthesia that was induced before subjects underwent
PET imaging of the cranium as previously reported (Arias Del Razo, Berger et al. 2020). Shown are back
transformed log means and the standard errors of the means. Comparisons between log-transformed means
with different superscripts differ significantly, *P < 0.05.

Age (weeks)

Treatment 13 23 33

Saline 040+0.70 199+0.81%8 229+1.46
Oxytocin  0.66+1.41 076+0.87° 201+1.01

*
P <0.05
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Testicular characteristics in titi monkeys at 36 month of age after daily intra-nasal treatment with saline or

oxytocin from 12-18 months of age.

Saline Oxytocin
Testis weight (g) 0.27+£0.03 0.23+0.03
Sertoli cells (millions)/ testis 227+26 19.7+238
Spermatogonia (UTF1-positive cells) millions/testis  7.01+1.25 3.98+1.28
Age at conception (days) 937 £ 12 932+ 12
Oxytocin receptor expression (A Ct) 287+04 3381043
Sperm/ejaculate at 34 to 36 months (x 10°) 154£1.34 508+1.34
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