Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

ELSEVIER

Hormones
and Behavior

The Official Journal of the Society for Behavioral Neuroendocrinology

Edirtor
Elizabeth Adkins-Regan

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Hormones and Behavior 56 (2009) 436-443

journal homepage: www.elsevier.com/locate/yhbeh

Contents lists available at ScienceDirect

Hormones and Behavior

and Behavior

Prolactin's mediative role in male parenting in parentally experienced marmosets

(Callithrix jacchus)

Toni E. Ziegler **, Shelley L. Prudom ?, Sofia Refetoff Zahed P, A.F. Parlow €, Fredrick Wegner ?

@ Wisconsin National Primate Research Center, University of Wisconsin, Madison, WI 53715, USA

b Department of Zoology, University of Wisconsin, Madison, WI 53715, USA
€ Harbor-UCLA Research and Education Institute, Los Angeles, CA 90060, USA

ARTICLE INFO ABSTRACT

Article history:

Received 8 May 2009

Revised 24 July 2009

Accepted 29 July 2009
Available online 5 August 2009

Keywords:

Prolactin

Paternal care

Infant responsiveness
Testosterone
Estradiol

Common marmoset
Weight gain

Introduction

Prolactin has been implicated in promoting paternal care behaviors but little evidence of causality has been
found to date except for birds and fish. This study was designed to examine the possible causal relationships
between prolactin and male parenting behaviors, reproductive hormones, and physical changes in
cooperatively breeding common marmosets, Callithrix jacchus. Fifteen parentally experienced fathers were
studied over three consecutive infant care periods during two weeks prior and three weeks following their
mates' parturition under three-treatment conditions: normal control pregnancy, decreased prolactin and
elevated prolactin. The treatments significantly altered the serum prolactin levels in the fathers. Using three
methods of determining a father's level of parental care: infant carrying, family effort and responsiveness to
infant stimulus tests, we found that only the male response to infant stimuli was altered by the hormone
treatments. Lowering prolactin significantly reduced male responsiveness to infant stimuli but elevating
prolactin showed the same effect. Hormonal sampling indicated that testosterone levels showed an inverse
relationship to prolactin levels during a normal peripartum period and prolactin treatment reduced this
relationship. Prepartum estradiol levels were significantly elevated during the lowered prolactin treatment
and estradiol was significantly lowered postpartum with the elevated prolactin treatment. Father's weight
decreased significantly by the third week of infant care during the normal treatment. Males in the elevated
prolactin treatment lost little or no weight from prepartum while in the lowered prolactin treatment showed
the most weight loss. The present findings did not distinguish a direct causal relationship of prolactin on
behavior in experienced fathers but did find an interaction with other hormones and weight gain.
Published by Elsevier Inc.

hormones regulate maternal behavior onset but maintenance of
maternal behavior may be free from hormonal control where

The pituitary hormone prolactin is involved in regulating many
important systems in the body. Its most notable actions are found in
the reproductive, metabolic, osmoregulatory and immunoregulatory
systems (Ben-Jonathan et al., 2006). Within the reproductive system,
prolactin is known for its effect on lactation and its involvement in the
onset of rodent maternal behavior (McCarthy et al., 1994; Bridges
et al,, 1985). Prolactin is required for ovarian hormones to be effective
in stimulating maternal behavior (Bridges and Ronsheim, 1990). Key
target areas of the brain for maternal behavior have prolactin
receptors (Pi and Grattan, 1998). Neurogenesis in the forebrain
during pregnancy is stimulated by prolactin (Shingo et al., 2003). Nest
building and pup retrieval are regulated by prolactin in the medial
preoptic area of the rat brain (Bridges et al., 1997). Therefore,
prolactin has a role in promoting maternal behaviors. In the rat,

* Corresponding author. Fax: +1 608 263 3524.
E-mail address: ziegler@primate.wisc.edu (T.E. Ziegler).

0018-506X/$ - see front matter. Published by Elsevier Inc.
doi:10.1016/j.yhbeh.2009.07.012

experienced rats don't rely on hormonal input to be maternal
(Rosenblatt and Siegel, 1981; reviewed in Fleming et al., 2009).
Knowledge about prolactin's influence on paternal behavior in
biparental species is limited except for birds and fish (Buntin, 1996;
Pall et al, 2004). However, prolactin levels are elevated in the
periparturitional period in fathers, both first-time and experienced
fathers. Males do not undergo pregnancy; yet there are indications
that males undergo hormonal and other physiological changes during
their mate's gestational period (Wynne-Edwards and Reburn, 2000).
Prolactin levels are elevated in males at the end of their mate's
pregnancy in the common marmoset, (Callithrix jacchus), cotton-top
tamarin (Saguinus oedipus), Goeldi's (Callimico goeldii) monkeys and
some biparental rodents (Brown et al., 1995; Guberneck and Nelson,
1989; Reburn and Wynne-Edwards, 1999; Schradin et al., 2003;
Ziegler and Snowdon, 2000; Ziegler et al., 2004a; Schradin, 2008).
Prolactin is elevated during the chick-rearing period in ring doves
(Buntin, 1996) and an up-regulation and expression of the prolactin
receptor occurs in parental fish with paternal behaviors (Khong et al.,
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2009). Additionally, direct evidence for both prolactin and steroid
hormone involvement in paternal behavior has been shown in ring
doves (Buntin and Tesch, 1985; Buntin, 1996) and fish (Bliim and
Fiedler, 1965; Ruiter et al., 1986; Kindler et al., 1991; Pall et al., 2004).

Males from a number of biparental mammalian species show
elevated prolactin while they are actively participating in infant care.
Biparental rodent males, such as the Mongolian gerbil, California
mouse and dwarf hamsters show elevated prolactin postpartum
(Brown et al, 1995; Guberneck and Nelson, 1989; Reburn and
Wynne-Edwards, 1999). The naturally biparental hamster, Phodopus
campbelli, shows higher mRNA for prolactin receptors in the choroid
plexus of the brain than non-paternal males of Phodopus sungorus (Ma
et al,, 2005). In primates, cotton-top tamarins have elevated prolactin
both pre- and postpartum (Ziegler et al., 2000). The common
marmoset has elevated levels of prolactin postpartum specifically in
fathers carrying infants (Dixson and George, 1982; Torii et al., 1998;
Mota and Sousa, 2000) or when other group members carry infants
(Roberts et al., 2001a). Human fathers also have been reported to
exhibit increased prolactin levels before and after infant birth (Storey
et al.,, 2000) and fathers are more responsive to infant cries when they
have higher prolactin levels (Fleming et al., 2002).

Prolactin's role in promoting paternal care behaviors is unclear
since pharmacological experiments do not support a causal role of
prolactin on onset or maintenance of paternal care behaviors. Several
studies have examined the reduction of prolactin through dopamine
receptor agonists. In a study reported by Roberts et al. (2001b) who
used mainly females, parentally inexperienced young marmosets
reduced their retrieval of infants when their prolactin was suppressed
with bromocryptine. However, another study using the D, receptor
agonist, Cabergoline, showed no changes in experienced marmoset
father's infant care behaviors during observations made within the
family context (Almond et al., 2006). In the biparental Djungarian
hamster, (Phodopus cambelli), Brooks et al. (2005) found no reduction
in pup retrieval or retrieval latency after suppression of prolactin pre
and postpartum in first-time fathers using either Cabergoline or
Bromocryptine. A lack of clear evidence for prolactin's effect on
paternal care behaviors has been debated recently (Wynne-Edwards
and Timonin, 2007; Schradin, 2007).

While a causal relationship between prolactin and paternal care
behaviors has not been proven, the evidence for a correlational
relationship between prolactin and paternal care is evident in many
biparental species. Changes in prolactin levels in biparental males
definitely occur. The role of prolactin before and during infant care
periods for experienced fathers may have less to do with direct effect
on behaviors as it does for other prolactin functions such as the
metabolic roles of prolactin and its stimulation of other reproductive
hormones.

Infant care requires energetic demands (Clutton-Brock, 1991).
Species where infants need to be carried may present a greater
energetic demand (Kirkwood and Underwood, 1984; Goldizen, 1987).
However, the energetic demands of parenting may be shared by the
mate in biparental species (Tardif, 1994) and by other group members
in cooperatively care systems. Species of the neotropical primate
family, Callithricidae (marmosets and tamarins), have been reported
to have a high energetic cost to infant care (Tardif, 1994; Schradin and
Anzenberger, 2001). These species develop large multiple infants (up
to 20% of their body weight). Marmoset and tamarin infants are
carried almost continuously for the first month after birth (Tardif et
al., 1986). One cost associated with infant carrying is the inability of
the carrier to leap as far as a noninfant carrier (Schradin and
Anzenberger 2001). Another cost is the loss of body weight. Cotton-
top tamarin fathers have been reported by two different laboratories
to lose weight during the infant care period (Sanchez et al., 1999;
Achenbach and Snowdon, 2001). Males varied in the amount of
weight they lost but in both studies some males lost nearly 11% of
their body weight. Males, without offspring to serve as helpers, lost

the most weight (Achenbach and Snowdon, 2001). We have
previously reported that expectant common marmoset and cotton-
top tamarin fathers gain weight while their mate is pregnant (Ziegler
et al., 2006).

Prolactin may play a role in the energetics of parenting. The
hormone may work to change the metabolic process of energy
absorption of food or increase the rate of food intake. Increased food
consumption (hyperphagia) and corresponding elevations of prolactin
have been found in biparental ring doves (Streptopelia risoria) (Buntin
and Tesch, 1985). Peripherally or centrally administered prolactin in
nonbreeding ring doves has been shown to induce marked hyperpha-
gia (Buntin, 1989; Buntin and Figge, 1988; Buntin and Tesch, 1985).
The feeding response to prolactin is sexually dimorphic in ring doves
with males showing twice the increase of females (Buntin and Tesch,
1985). In humans when prolactin levels are elevated by hyperpro-
lactinemia, patients gain weight and lowering prolactin in these
patients also reduces weight gain suggesting a causative role for
prolactin in weight gain (Greenman et al., 1998).

In this study, we attempt to determine the effects of prolactin on
parental care behaviors, reproductive hormones, and weight gain in
parentally experienced male marmosets. While prolactin's role on
paternal behavior may be more like the maternal rat where prolactin
is most effective during the onset of maternal behavior, we wanted to
begin with the paternally experienced male who shows pronounced
paternal behaviors and pronounced levels of prolactin during the
perinatal period. We tested each male under 3 treatment conditions:
lowered prolactin, elevated prolactin and normal control during the
periparturitional period.

Methods
Animals

Common marmosets were socially housed at the Wisconsin
National Primate Research Center. All males were parentally experi-
enced (n=15) and had fathered two or three previous litters and
were between the ages of 2.5-9 years of age (5.27 £ 0.38) at the onset
of testing (mean + SEM). To test their difference by treatment, males
underwent three consecutive births and infant care periods under the
following treatments: “lowered” prolactin by a D, agonist (Cabergo-
line), “increased” prolactin by human recombinant prolactin (hPrl),
and a “control”, normal condition where no manipulation of prolactin
occurred. All males were in all treatment conditions and were
assigned to one of the three treatments in a randomized order.
Prolactin manipulations started 14 days prior to the estimated due
date of their mate and continued for 28 days postpartum. Marmoset
families were housed in cages that measured either 122x61x 183 cm
or 61x91x183 cm. Diets and husbandry details have been reported
previously for this colony (Saltzman et al., 1997). No changes in diet
quantity or quality occurred during the testing period. In the morning,
marmosets were fed a protein snack and a primary feed occurred near
noontime that included a fruit or a vegetable portion. Water was
provided ad libitum. Lighting was regulated on a 12:12 hour light/
dark cycle and the humidity was maintained at approximately 40%.
Housing conditions and behavioral testing met the guidelines for
nonhuman primates and were approved by the Animal Care and Use
Committee (IACUC) at the University of Wisconsin.

Behavioral testing

Behavioral tests and inter-male variability in responsiveness to
infant stimuli have been described for these subjects in detail (Zahed
et al., 2007). We collected three types of behavioral measures on
parentally experienced fathers. Fathers were observed in their family
groups for both (1) infant directed behaviors: touch, sniff, groom, face
lick, anogenital lick, attempt to retrieve, successful retrieve, (2) infant
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carrying during the first two weeks following birth: percent time
father carried, and on the third week postpartum for their (3) re-
sponsiveness to an infant stimuli outside the family group (infant's cries
presented as a recording on digital voice recorder served as the
stimulus): attempt to retrieve stimulus, search for stimulus, look at
stimulus, manipulate stimulus, enter stimulus cage. Measuring a
male's response to the infant vocalizations proved to be the most
effective method to measure a male's motivation and interest in infant
care (Zahed et al, 2007). Each father's frequency of caretaking
behavior was summed for analysis. Trained observers used a hand
held Tungsten C Palm Pilot (2005) and the “Hand Obs” observation
program (Dr. Kim Wallen, Emory University). The testing that
occurred outside of the family cage consisted of a specially designed
infant response cage where the male could cross a bridge to enter the
cage with the infant stimulus. Males were habituated to the testing
cage for three consecutive days and had alternating stimulus and non-
stimulus (control) testing days. We additionally tested a vocal control
(vowel E sound) presented to seven experienced fathers and found
the behaviors: look at stimulus and search for stimulus were
significantly different between the stimulus vocal, the vocal control
and the non vocal control, (look at stimulus: F=6.46, p=0.027,
search for stimulus: F=11.22, p=0.003, where the stimulus vocal
was significantly different, p<0.05).

Parentally experienced fathers were examined for their weight
loss from their average weight for the last two weeks of their mate's
pregnancy with weekly weights for the three weeks following birth.
Males were weighed each week on the same day between 0900 and
1000. To collect the weight, males were ushered into their nest boxes
and then weighed on a scale (Sartorius, Model BP12000-S, d =0.1 g).
The weight of the box was torn leaving the weight of the marmoset.
The male was weighed five times in a row and the average weight was
recorded for the week. Blood (0.2 ml) was collected prior to weighing
via femoral puncture and stored at —20 °C until analyses.

Prolactin manipulation

Cabergoline (Dostinex®), a dopamine agonist, was used to lower
prolactin beginning 14 days prior to the female's estimated due date
through to 28 days postpartum. Cabergoline powder, at 0.1 mg/kg,
was mixed with a dropper of Ensure® (Ross Nutrition, Abbott Labs,
Columbus, OH), a milk-like treat and given orally every 72 h to the
male while he was in his home cage. Males readily consumed the treat
from a dropper. All males received the Ensure treat in all treatment
conditions but only the lowered prolactin condition received the
cabergoline in the Ensure. Cabergoline was given every three days
between 1400 and 1500 h, and was given in enough time to suppress
the prolactin before the blood sample was taken the following
morning as indicated by prolactin analysis. All males were blood
sampled on the same schedule while cabergoline was given
consistently every three days.

Prolactin was raised above normal prolactin levels by using human
recombinant prolactin (hPRL) provided by Dr. AF Parlow (AFP795).
For pilot males, we attempted to elevate the prolactin by providing a
1.54 mg dose by time-release pellets (21-day release, Innovative
Research of America, Sarasota, FL). However, these pellets did not
raise the level of prolactin in the blood over the level of our control
parentally experienced fathers (mean4+S.E.=4.17+£0.83 ng/ml).
Therefore, we chose to use the osmotic minipump (Alzet, CA) for
our test males. The same dose, 1.54 mg of hPRL, was administered in a
28-day osmotic minipump (0.25 pl per hour). The hPRL was dissolved
in sterile buffer (0.1 M NaHC05;+0.15 M NaCL+ 1.6% glycerol) and
inserted into the pump a day prior to insertion into the male
marmoset. Pumps were inserted subcutaneously into the mid dorsal
area beginning 14 days prior to the female's due date, and a second
pump was inserted 21-24 days after the first pump at approximately
8-10 days after the birth of infants. The position of the pumps on the

lower area of a male's back precluded any interference with infant
carrying since infant carrying occurs nearer the neck. In a preliminary
study we tested a saline control osmotic pump over a one-month
period and found that there was no difference in the male's weight
due to carrying the pump. Due to the limited size of the marmoset
cages, urine collection for hormonal analysis was not feasible. Blood
was collected on the same schedule for all three periparturition
periods. Males were bled once weekly between 0900 and 1000
beginning 14 days prior to the female's estimated due date. After
infants were born, blood sampling occurred postpartum on day 3, one
sample between days 4 and 7, 2 samples were taken between days
8 and 14 postpartum and three additional samples on days 20, 23, and
27 postpartum. Males were restrained and 0.2 ml of blood was taken
from their femoral vein, followed by weighing. Blood was then
separated and stored at — 20 °C until analyses.

Prolactin (PRL) concentration was determined and validated for an
radioimmunoassay. This assay uses NHPP recombinant cynomo-
logus monkey PRL (AFP1059, National Hormone and Peptide
Program) as the standard reference preparation, and anti-cynomolo-
gus monkey PRL for the antibody (AFP291891). We used 50 pl of
marmoset serum with 100 pl antibody and 100 pl PRL trace
(10,000 cpm, in house iodination of AFP1059, IODOGEN, Pierce
Chemical Co.). After incubation overnight at room temperature, a
second antibody was added at 500 pl (3% goat, anti-rabbit gamma
globulin in assay buffer) and then samples were incubated again
overnight at room temperature. Samples were centrifuged for 30 min
at 2780 Gs, 7 °C and the fluid was aspirated, leaving the pellet intact.
Samples were counted in a gamma counter for 10 min. Serial dilutions
of marmoset serum were parallel to the standard curve, t=1.19,
p>0.05 and accuracy was 96.774+1.29% n=238. Pooled marmoset
serum was used to determine the intra and interassay coefficient of
variation for the monkey prolactin assay: n=7, intra CV=4.57, inter
CV=13.09.

After the prolactin assay, samples for each male where ample
serum was available were combined to provide two conditions:
prepartum and postpartum for measurement of testosterone and
estradiol for each male. To determine the levels of testosterone (T)
and estradiol (E;), samples of 200 pl of marmoset serum plus 300 pl of
distilled water were extracted with 5 ml of diethyl ether. After five
minutes of vortexing and centrifugation (3 min at 1500 rpm), the
aqueous portion of the sample was flash-frozen and the solvent phase
was decanted and dried under air in a water bath. Samples were
reconstituted into 1 ml 30% methanol and purified with solid phase
extraction (StrataX, 30 mg, phenomenx) as per directions with the
addition of 20% methanol for the rinse and eluting the sample in 2 ml
of methanol. After drying, the sample was reconstituted in 25 pl ACN:
H,0 (50:50) and injected onto a high-performance liquid chroma-
tography (HPLC, Beckman-Coulter, Fullerton, CA) system to separate
the steroids following the methods reported in Ziegler et al. (2004a).
Each sample was run for 15 min and fractions for E; and T were
collected on a Gilson fractionator (Gilson, Middleton, WI). Samples
were dried and reconstituted back to 200 pl in ethanol and the
individual fractions were assayed for either T or E,. The T was
validated for marmoset serum and assayed by EIA according to the
methods described in Ziegler and Wittwer (2005) at a volume of 15 pl.
Since all samples for T and E, were assayed in three or less assay, we
report the lab values: Intra and interassay coefficients of variation for
the T EIA were 3.2 and 12.0%, n=11. E; was validated and assayed
with a radioimmunoassay as described in Saltzman et al. (1998) using
200 pl amounts. Intra and interassay coefficients of variation for the E,
were 3.8 and 15.7%, n=11.

1125

Statistical analysis

The data from the parentally experienced males were compared
across prolactin treatments (lowered, normal, elevated) as repeated
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measures within subjects design. Differences by treatment for
prolactin levels were determined by repeated measures ANOVA
with pair-wise comparisons by Tukey. Male responsiveness to infant
cues for the three behavioral tests were log transformed and
compared across the three treatments as repeated measures ANOVA
with Tukey posthoc. T-tests were used to determine significant
differences for steroid levels both as pre- and postpartum in each
treatment.

Significant differences in weight across weeks for the males in the
normal control condition were assessed by within subjects repeated
measures ANOVA with Tukey post hoc. To compare males between
treatments, the mean weight lost during the infant care period from
the prepartum amount was determined for all males in all conditions.
An average weight loss was determined by comparing the most
amount of weight lost during the three-week parenting period with
the mean weight of the last two weeks prior to birth for each male in
each condition. Repeated measures ANOVA was used to determine a
difference in weight loss between treatments with Bonferroni's
Multiple Comparison Test between treatments. A Spearman Rank
Correlation was used to compare the mean weight loss with their
mean prolactin levels during the infant care period for all males
during their normal infant care period.

Results

Fourteen of our 15 parentally experienced males went through all
three-treatment conditions. Mean serum prolactin levels over the four
weeks of treatment were significantly different by treatment
(F=46.6, p=0.0001; treatments: lowered prolactin: 1.4+0.4 ng/
ml; normal: 4.2+ 0.8 ng/ml; elevated prolactin: 19.3 4+-2.3 ng/ml).
Mean increased prolactin treatment was significantly higher than the
other treatments (p =0.0001). Fig. 1 shows the mean prolactin levels
for the different treatments by week. Prolactin concentrations were
also different by week. Males in the normal control treatment, or non
hormonal manipulation, showed higher levels of prolactin in the
second and third week postpartum than in the week before and after

* p=0.03
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Fig. 1. Mean serum prolactin levels in experienced male marmoset fathers during the
prepartum (last two weeks prior to birth) and weeks 1, 2 and 3 following birth. All
males under went three succesive treatments during their peripartum periods:
lowering prolactin with a D, agonist, normal control, and increased prolactin in
random order. All males were actively involved in infant care during this time. Prolactin
levels were significanly different by treatment (p=0.0001) and by week (p=0.03) in
the increased condition.

birth (t=2.0, p=0.07, N=15) and males in the elevated prolactin
treatment showed significantly higher levels in the second and third
weeks postpartum (t=2.48, p=0.03, N=11).

Parenting behaviors were significantly different by treatment only
when tested outside the family group during the infant stimulus
response tests, Fig. 2. There were no significant differences in
frequencies of infant directed behaviors by treatment for the paternal
behavior within the family context or infant-carrying time. Males,
however, showed significant differences by treatment in their
responses to infant stimulus (F=5.05, p=0.02, N=13). The lowered
prolactin treatment was significantly lower than the normal treat-
ment (p<0.05) and the elevated treatment was also significantly
lower than the normal treatment (p<0.05).

We compared the specific paternal behavior in the responsiveness
to infant stimulus. Significant differences between the three treat-
ments occurred for the individual behaviors: searching for infant
(Friedman test=6.65, p=0.036), look at stimulus (F=7.51,
p=0.02), and nearly significant for manipulate stimulus (F=5.77,
p=0.055). The normal condition was significantly higher than the
other treatments, p<0.05.

Differences between mean concentrations of estradiol and
testosterone pre and postpartum were examined under the three

Family Effort
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1. T

Frequency score
=Y
L

0 L] L] L

Infant carrying

40 -

Frequency score

Responsiveness test

Frequency score

lowered normal elevated

Prolactin Condition

Fig. 2. Mean frequency scores per observation in parentally experienced fathers for
their infant directed behaviors under three treatments: lowered prolactin (D, agonist),
non-treated control, and elevated prolactin (human recombinant). Males showed no
differences in behavioral frequencies between treatments for their family effort
behaviors or percent carrying effort in the family. Males did show significant differences
between treatments for their infant responsivenss behaviors, * = p<0.05.
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Fig. 3. Mean level of estradiol (left panel) and testosterone (right panel) pre and post partum during three treatments: normal, lowered and elevated. Lowering prolactin significantly
increased estradiol pre partum while elevating prolactin decreased estradiol. Testosterone was significantly reduced under normal treatment postpartum.

treatments, Fig. 3. Estradiol levels were not different pre and
postpartum in fathers during the normal condition. However,
significant differences occurred in estradiol levels under the lowered
and elevated prolactin conditions. Prepartum levels of estradiol were
significantly higher than the postpartum levels when prolactin levels
were lowered (t=2.4, df=6, p=0.03). During the elevated prolactin
treatment mean levels of estradiol were significantly lower during the
postpartum period than the prepartum (t=5.75, df=4, p=0.002).
Mean testosterone levels were significantly different pre to postpar-
tum in males during the normal condition (t=1.89, df=13,p=0.04)
but no changes in testosterone levels occurred due to lowering or
elevating prolactin.

Analysis of weight data indicated that males lost weight during the
postpartum period when they were caring for infants. Males who had
gone through a non-treated, normal period of expectant fatherhood
and the following three weeks after birth, showed a significant
decrease in weight following birth (F=4.5, p=0.008, N=15; Fig. 4).
Prepartum weights were significantly higher than week 3 (Bonferro-
ni's Multiple Comparison Test, p<0.05). Males had lost the most
weight by the third week following birth during the infant care period
in the normal condition.

The amount of weight males lost from prebirth levels was
significantly different due to treatment (F=3.5, p=0.047, N=13).
Fig. 5 shows the mean weight loss postpartum from the mean
prepartum levels for the males by treatment condition. Males with
lowered prolactin levels lost significantly more weight than males
receiving increased prolactin treatments (Z=5.61, p=0.01), but not
more than the non-manipulated normal fathers. Males with elevated
prolactin levels lost the least or no weight.

A significant negative correlation per male was found between the
mean amount of weight lost during a normal infant care period and
mean prolactin levels (rs= —0.63, p=0.04). The males, who lost the
least amount of weight, or none, had the highest prolactin levels
postpartum.

Discussion

This study identifies an important role for prolactin in paternally
experienced marmosets. However, rather than a direct effect on the

4204

Weight in grams
3
b
*

380+

prepartum week 1 week 2 week 3

Postpartum weeks

Fig. 4. Mean weight (in grams), for 15 marmoset fathers during a normal peripartum
period (normal treatment). Father's weight was significantly lower during the third
infant-carrying week than prepartum (p<0.05).
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Fig. 5. Mean weight loss for parentally experienced fathers during the three-week
postpartum period from the prepartum period for 13 fathers by treatment. Fathers lost
significantly more weight in the lowered prolactin condition than in the increased
prolactin condition (p=0.01).

expression of paternal care, prolactin influences a male's weight
during the infant care period. Elevated prolactin postpartum, when
males are actively caring for infants, may work to prevent excessive
weight loss during their added energetic demands. Hormonal
responses to the prolactin changes indicate that changes in both
testosterone and estradiol are involved in paternal changes with
parenting. However, we did not find a direct causal relationship of
prolactin to behavior because elevated prolactin levels did not
enhance paternal behavior. We did not manipulate prolactin in first-
time and non fathers, and therefore do not know if prolactin changes
would have affected the onset of paternal behaviors as occurs in the
maternal rat (Rosenblatt and Siegel, 1981). This would be an
important next step in understanding the role of prolactin in
biparental primate paternal behavior.

The reduction of prolactin by use of the D, agonist, Cabergoline,
appeared to act specifically on a male's motivation to respond to
infant cries rather to general parenting participation, per se. As has
been reported in an earlier study on parentally experienced male
marmosets, this D, agonist does not appear to influence the time a
parentally experienced male spends with his infants within the family
(Almond et al., 2006). Yet our results were also consistent with the
findings of Roberts et al. (2001b) in that another D, agonist,
Bromocriptine, also lowered serum prolactin and disrupted respon-
siveness to infants in inexperienced common marmosets, although
most of these subjects were female. Activation of the dopamine D,
receptor appears to mediate dopaminergic action on maternal
behavior (Bridges, 1996). Dopamine suppresses prolactin release
and thereby would reduce prolactin's effect on parenting responses to
infant stimuli. Exploration of the effects of manipulating hormone
levels in parentally inexperienced male marmosets may provide a key
difference in results from those obtained from the experienced
fathers. It is clear the inexperienced males already behave differently
in response to infant stimuli than experienced fathers (Zahed et al.,
2007) and the difference might potentially be reduced or eliminated
with elevated prolactin levels.

If prolactin was responsible for the experienced males' infant
responsiveness, then males should have shown an increase in infant
responsiveness with the prolactin implants. However, elevating
prolactin did not increase infant directed behaviors or response to
infant stimuli in our study. Elevated prolactin surprisingly decreased
infant responsiveness behaviors to levels below normal as occurred
with the D, agonist. One explanation might be that there is a
threshold level for the efficacy of prolactin with effective prolactin
stimulation being more in the normal range of prolactin during the

periparturitional periods. Our elevated prolactin was higher than the
normal condition. Once a male is experienced in infant care, there may
be less of a need for additional prolactin with prolactin's behavioral
role as onset of paternal responsiveness as it is for the maternal rat
(Rosenblatt and Siegel, 1981).

Testosterone did show an inverse relationship with prolactin. In
the normal condition (no prolactin manipulation) we found that
testosterone levels were significantly lower during the infant care
period than before infant birth. Prepartum levels of testosterone were
around normal levels found for male marmosets from other studies
(Ziegler and Wittwer, 2005) while testosterone levels were signifi-
cantly lower during the postpartum period. The relationship with
prolactin was not altered by prolactin manipulation but was altered
by the normal increase in prolactin with infant care. The weeks
following infant birth are a time when prolactin levels are elevated
during infant care. The association of prolactin with the postpartum
period and infant contact has been reported previously (Dixson and
George, 1982; Mota and Sousa, 2000, Schradin et al., 2003). However,
the lowered prolactin treatment did reduce the difference in the pre
to postpartum levels with testosterone levels not as suppressed as
under the normal condition postpartum. When prolactin levels were
elevated, we found that both pre and postpartum levels of
testosterone were as low as postpartum in the normal condition.
Prolactin appears to be suppressing testosterone, especially under
parenting conditions.

In biparental primates, such as marmosets and tamarins, a reduction
in testosterone would not be expected since their mate has a
postpartum ovulation within two to three weeks of birth. Cotton-top
tamarin males show a sustained elevation in testosterone and DHT
during the ten days around their mate's postpartum ovulation while
they are actively engaged in infant care and in sexual activity (Ziegler et
al., 2004b). However, fathers in the Weid's marmoset (Callithrix kuhli)
have decreased testosterone levels with increasing infant-carrying
rates (Nunes et al., 2001). Apparently, the testosterone to prolactin
relationship in biparental primates can adjust to the simultaneous
parenting and breeding relationship by lowering testosterone for
parenting and increasing testosterone during the female's fertile
period. The flexible changes in testosterone are most likely due to
testosterone's response to fertility and parenting signals. Due to the
long generation time of sperm production in primates (Amann, 2008),
testosterone would be facilitating behavioral responses in the male
rather than increasing fertility by sperm production.

Prolactin manipulations affected estradiol levels differently before
and after infant birth. Estradiol levels were significantly higher
prepartum with the lowered prolactin treatment and significantly
lower postpartum during the elevated prolactin treatment. These
inverse relationships most likely indicate the different roles of
estrogen before infant birth than after. Estradiol does not appear to
be required for paternal care in dwarf hamsters, Phodopus campbelli,
(Hume and Wynne-Edwards, 2006) but it is well known that estradiol
is a key hormone in the induction of maternal behavior (Bridges,
1996). All other maternal hormones such as progesterone, prolactin
and oxytocin require some exposure to estradiol to produce their
stimulatory effects. Estradiol has a permissive action that allows
prolactin to stimulate the neural processes (Moltz et al., 1970; Zarrow
etal, 1971).

While more data is needed on the role of estradiol and
testosterone on infant care behaviors, the present results suggest
that there is an interaction of prolactin with estradiol and testosterone
during the periparturitional period for fathers. Prolactin by itself does
not initiate maternal behavior, but decreases the latency to the onset
of maternal behavior in rats (Bowen et al., 1996; Freeman et al., 2000).
Whether the interaction of the steroid hormones with prolactin acts
the same in paternal males as it does in maternal females has yet to be
determined. While males do not have the same pregnancy induced
changes in estradiol to promote prolactin changes, it does appear that
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estradiol is a stimulus in males as well. The increase in prolactin due to
infant contact appears to be the same in both sexes. Even non-
paternal male rats will show the same induction of brain prolactin
receptors of the long form mRNA expression as occurs in female rats
(Sakaguchi et al., 1996). Exposure to estrogens increases the
expression of prolactin receptors in the brain and elevates serum
prolactin levels. Estrogens stimulate prolactin both in the hypothal-
amus and the pituitary (Lieberman et al., 1982). There appears to be a
feedback loop where estrogen stimulates prolactin, which then
negatively feeds back on estrogen. This relationship may change
depending on whether or not infants are present.

Our results indicate that there is an energetic cost to caring for
infants for common marmoset fathers. Fathers experience a signifi-
cant weight loss while carrying infants during a normal three-week
postpartum period. They also show increased prolactin levels during
this time. This suggests that prolactin plays a role in buffering father
marmosets from losing too much weight. Manipulating prolactin
levels resulted in changes in the amount of weight a male lost,
providing evidence of a causative role for prolactin. Males with high
levels of prolactin show no or limited weight loss, while males who
had lowered or low prolactin showed a decrease in body weight.

Each male marmoset in this study went through all three
treatments in a randomized order that allowed us to follow each
male's physiological changes under the three conditions. These males
showed a significant physiological response to the prolactin. This
provided for a more powerful test of their weight response to
prolactin and eliminated a source for between-groups differences.

Recently, prolactin's actions as a metabolic hormone have been
reviewed extensively (Ben-Jonathan et al., 2006). In rats, chronic
elevations of prolactin are associated with increased food intake and
body weight. This has been found by use of dopamine antagonists,
daily injections of prolactin and with ectopic pituitaries (Byatt et al.,
1993; Moore et al., 1986; Baptista et al., 2004). The use of a dopamine
agonist, bromocryptine, shows the reverse affect and lowers weight
gain (Knudtzon et al., 1986). Bromocriptine reduction is most
effective in rats that are lactating, suggesting their enhanced
sensitivity (Byatt et al.,, 1993). Humans also show weight gain with
prolactinomas (Doknic et al., 2002; Greenman et al., 1998) and also
with antipsychotic drugs (Baptista et al., 2000). Treatment to lower
prolactin in these cases will lower body weight and occurs in both
men and women. Interestingly, not all patients show the clear
response to prolactin and therefore, it is hypothesized that there may
be variations in the expression of the prolactin receptor or signaling
process (Ben-Jonathan et al., 2006).

While the above studies elucidate the relationship of prolactin to
weight, they do not address the normal condition of increased
energetic load due to parental care and its affect on prolactin. Our
study examines a unique condition where males gain weight prior to
their mate's pregnancy and then lose weight during their extensive
infant care period. While weight gains occur during pregnancy in
concert with increasing prolactin in male marmosets and tamarins
(Ziegler et al., 2006; Ziegler and Snowdon, 2000; Ziegler et al., un
published data), we saw a loss of weight following infant birth while
prolactin was increasing. Our studies on prolactin manipulations
suggest that weight in the experienced male common marmoset is
responsive to prolactin levels. Therefore, the data suggest that males
may have lost even more weight while carrying infants if a normal
increase in prolactin, associated with infant care, had not occurred.

Infant carrying has been associated with increased prolactin in the
common marmoset. Fathers carrying infants have elevated prolactin
after infant contact (Dixson and George, 1982; Torii et al., 1998; Mota
and Sousa, 2000). Additionally, other helpers in the group or even
unfamiliar subadult marmosets have an increase in prolactin with
infant carrying (Roberts et al., 2001a; Mota and Sousa, 2000). These
data and ours suggest that prolactin rises in response to infant contact
and that this assists in preventing severe weight loss in fathers.

Carrying infants is costly and is considered to be the most costly
form of parental care after lactation (Altmann and Samuels, 1992;
Kramer, 1998). Within a cooperative breeding system of the
marmosets and tamarins, males are a necessary component in
ensuring the survival of their offspring (Snowdon, 1996). The cost
of paternal care is less when there are other offspring in the family to
share the carrying burden of the newborn infants. Physiological
changes in metabolic hormones, such as prolactin, may protect males
during the stressful event of carrying multiple infants and ensure a
higher reproductive advantage in these species.

While these studies have examined the role of prolactin on the
maintenance of paternal care they have not addressed the role of
prolactin in the onset of infant care. The present results suggest that
prolactin levels may be more important in the energetics of paternal
care in parentally experienced fathers rather than in promoting
specific infant care behaviors. To fully understand the role of prolactin
on facilitating paternal care in the common marmoset, the next
process would be to manipulate prolactin in first-time fathers to
determine its role in the onset of infant care where prolactin may have
a stronger behavioral role.
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