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  INTRODUCTION 

 Genetic and epigenetic factors infl uence social 
behaviors across the lifespan. Of particular 
importance are experiences in early life, especially 
when the nervous system is rapidly developing. 
At this time neural and endocrine systems may 
be vulnerable to modifi cations, with the capacity 
to re-tune social behavior in later life. The conse-
quences of early experiences may be mediated by 
endocrine changes origin ating in the developing 
organism itself (including systems that rely on 
steroids or peptides), or through maternal infl u-
ences, including the epigenetic effects of postna-
tal parental stimulation ( Kaffman  &  Meaney, 
2007 ). Compounds of maternal origin also might 
be transmitted through the mother to the infant, 
either during the prenatal or postnatal period. In 
addition, in the postnatal period maternal milk 
contains biologically active compounds, includ-
ing prolactin ( Grosvenor  et al ., 1993 ), corti-
sol ( Glynn  et al. , 2007 ), and OT ( Leake  et al. , 
1981 ). These hormones, in turn, may regulate 
the endocrine system of the developing neonate, 
with long-lasting consequences for behavior and 
physiology. 

 Oxytocin is widely manipulated by medical 
interventions and potentially by different pat-
terns of infant care. It is particularly common 
to manipulate OT in women for the purpose 
of regulating the timing of birth. It has been 
assumed that exogenous OT (pitocin) given to 
the mother does not pass through the placenta in 
amounts suffi cient to affect the baby. However, 

the placental barrier may be disrupted during 
birth. In addition, exposures to pitocin (used to 
hasten labor), or treatments such as atosiban (an 
OT antagonist; OTA used to delay labor) vary 
in timing, duration, and dose. Treatments given 
to the mother hold the potential to affect the 
infant indirectly (e.g., by altering the strength or 
duration of uterine contractions, relative expo-
sure to hypoxia, or the subsequent ability of the 
mother to lactate or interact normally with her 
offspring). 

 The main focus of the studies described here is 
how early hormonal experience might infl uence 
the offspring. Because of the complexity associ-
ated with the birth process, the experimental 
approaches described focus on direct treatments 
given to offspring during the immediate post-
natal period. We also have centered our initial 
investigations of the effects of early experiences 
on social behaviors and neuroendocrine pro-
cesses that are known to be, in later life, peptide 
dependent or strongly infl uenced by OT or AVP. 
We have focused our chapter on studies in prai-
rie voles, a highly social rodent species in which 
OT and AVP have been shown to be of particu-
lar importance to behavior and physiology.  

  BACKGROUND ON OXYTOCIN AND 
VASOPRESSIN 

 OT and AVP are neuropeptides consisting of a 
six amino acid ring, with a three amino acid tail. 
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The molecular structures of OT and AVP differ 
by two of nine amino acids. OT and AVP are 
synthesized primarily in the central nervous sys-
tem. Both peptides are found in particularly high 
concentrations in the paraventricular (PVN) and 
the supraoptic nuclei (SON) of the hypotha-
lamus. From the PVN and SON, OT and AVP 
are carried by axonal transport to the posterior 
pituitary, where they are released into the blood 
stream. OT and AVP are also released into the 
central nervous system. Only one OT receptor 
(OTR) has been described. The same receptor is 
present in neural tissue and in other parts of the 
body including the uterus ( Gimpl  &  Fahrenholz, 
2001 ). Three distinct receptor subtypes have 
been identifi ed for AVP. Of these, the V1a recep-
tor (V1aR), which is found in the brain, has 
been associated with parental behavior ( Bester-
Meredith  &  Marler, 2003 ;  Bales  et al. , 2007b ) 
and pair bond formation, especially in males 
( Winslow  et al. , 1993 ). Receptors for both OT 
and AVP are localized in areas of the nervous 
system that play a role in reproductive, social, 
and adaptive behaviors, and in the regulation of 
the hypothalamic–pituitary–adrenal (HPA) axis 
and the autonomic nervous system. The AVP 
V1aR exhibits species and individual differences, 
due at least in part to variations in the promotor 
region of the gene responsible for expression of 
that receptor ( Hammock  &  Young, 2005 ). The 
OTR also shows species differences ( Witt  et al. , 
1991 ;  Insel  &  Shapiro, 1992 ) in expression, 
although the molecular basis of these differences 
is less well understood. 

 AVP peptide synthesis within the central 
nervous system is sexually dimorphic and infl u-
enced by developmental exposure to androgens 
( De Vries  &  Simerly, 2002 ). Specifi cally, cells 
that synthesize AVP in the amygdala and bed 
nucleus of the stria terminalis (BNST) and fi bers 
from these cells that extend into the lateral sep-
tum, are more abundant in males. In addition, 
males seem more responsive than females to 
AVP ( Winslow  et al. , 1993 ). These fi ndings, as 
well as research in knock-out mice made defec-
tive for the V1aR, support the general conclu-
sion, with regard to behavioral and emotional 
regulation, that males are more behaviorally 
dependent than females on central AVP and AVP 
receptors ( Lim  et al. , 2004 ;  Bielsky  et al. , 2005 ). 

 Recent studies in humans implicate OT 
and AVP in the response to stressors, repetitive 
behaviors and anxiety (reviewed,  Carter, 2007 ). 
OT may reduce anxiety and reactivity to stres-
sors, as well as repetitive behaviors. Research in 

animals also implicates OT in maternal behav-
iors, sexual behavior, social recognition, and 
social contact, and OT can facilitate pair bond-
ing. AVP, working in conjunction with OT, may 
be of particular relevance to male social behav-
iors including parental behavior, pair bond 
formation, and mate guarding. The effects of 
AVP probably differ as a function of dose, with 
lower doses being anxiolytic and higher doses 
anxiogenic ( Carter, 2003 ). 

 Sex differences in the AVP system could 
have broad consequences for behavior and 
physiology, forming an underlying substrate 
for processes that are typically attributed to the 
effects of androgens. It is possible that in males 
both peptide synthesis and receptor functions 
are primed by early exposure to androgens, 
including exposure in the early postpartum 
period. The capacity of OT manipulations 
in early life to have long-term effects on neu-
ral systems involving AVP would be expected 
to have sexually dimorphic consequences for 
many aspects of physiology and behavior. 
However, in comparison to OT, the possible 
behavioral functions of AVP in females have 
received less attention, so these conclusions 
must remain tentative.  

  SIMILARITIES OF FUNCTION 
BETWEEN OT AND AVP 

 OT and AVP have some overlapping functions, 
possibly because they can bind to each  other ’ s 
receptors ( Barberis  &  Tribollet, 1996 ). In some 
situations the behavioral actions of OT and 
AVP appear similar, but more often the behav-
ioral effects of OT and AVP seem to be oppos-
ing ( Carter, 1998 ). In general OT is associated 
with increases in sociality, reductions in mobi-
lization, and can induce reductions in the 
activity of the HPA axis, while AVP may also 
facilitate certain forms of social behavior, but 
is often associated with increased arousal and 
elevations in the activity of the HPA axis. 
Female reproductive strategies including birth, 
lactation, and immobile sexual posters may be 
facilitated by OT, while active coping and overt 
defensive behaviors may rely on AVP ( Porges, 
1998 ). The differential actions of OT and AVP 
may be of particular importance to under-
standing sex differences in social behavior. 

 During critical periods in development, 
manipulations of OT or AVP may infl uence the 
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expression of these same peptides, as well as 
their receptors, with life-long behavioral con-
sequences. However, it is not a simple matter 
to untangle differential functions of OT and 
AVP, especially using available pharmacological 
tools. In addition to the ability of OT and AVP 
to bind to each other ’ s receptors ( Barberis  &  
Tribollet, 1996 ), the OTA widely used in behav-
ioral studies is not totally selective for the OTR 
and also affects the AVP V1aR.  

  EFFECTS OF EARLY HANDLING IN 
PRAIRIE VOLES 

 In prairie voles we fi nd that small manipula-
tions, created by different methods of hand-
ling the parents or offspring in the postnatal 
period, can have life-long behavioral conse-
quences ( Bales  et al. , 2007a ; see  Table 27.1   ). 
In a series of experiments, we have examined 
the effects of differential early behavioral 
treatments of the infants and family during 
the neonatal period on later behavioral and 
neuroendocrine responses in prairie voles. 
Compared to studies done in rats, which typi-
cally involve periods of separation from the 
mother, the handling manipulations described 
here in voles were very subtle. During a regular 
cage change, usually within the fi rst day of life, 
the parents and offspring were transferred to 
a fresh cage using a cup, either without direct

 “ handling ”  of the animals (MAN0) or by 
picking them up by the scruff of the neck for 
between cage transfers (MAN1). Because pups 
of this species have milk teeth, they are typically 
attached to their mother and are transferred 
with her when she is moved. Observations 
during the postnatal periods suggest that  mild  
disruptions of the family, such as those expe-
rienced in the MAN1 treatment, are followed 
by increases in parental behavior, especially on 
the part of the mother, but also by the father. 
In contrast, the MAN0 treatment was associ-
ated with lower levels of parental stimulation 
of the young. Furthermore, excess stimulation 
in early life, induced by repeated neonatal han-
dling (picked up three times on the fi rst day of 
life; MAN1       �       3) seemed to distract the par-
ents from showing pup-directed behaviors. 
Thus, repeated handling, especially in the fi rst 
days of life, produced immediate and long-
term effects that were in some respects simi-
lar to those observed in the MAN0 condition 
( Boone  et al. , 2006 ; Tyler, Carter, and Bales, in 
preparation) . 

 Behavioral testing as a function of early 
experienced, summarized below, was typically 
conducted in the postweaning, juvenile period 
(approximately 21–23 days of age) or in adult-
hood (at approximately 60–90 days of age). 
The postweaning period is especially important 
in prairie voles since the willingness of ani-
mals to show social responses within the fam-
ily, including alloparental behavior (care for 

{AQ1}

 TABLE 27.1        A summary of effects of early experience on prairie voles. Changes 
are in comparison to MAN1 animals, whose parents are picked up by the scruff of 
the neck during cage changes. Parents of MAN0 animals are handled with a cup 
during early cage changes, while parents of MAN1      �      3 animals are picked up by 
the scruff three times on PND1  

   MAN0  MAN1      �  3 

 Alloparental care  Low in males, normal in females  Low in MAN1      �      3 males 

 Anxiety (reduced EPM exploration)  High in both sexes  High in males 

 Pair bonding  Inhibited in females, but not in males  Not measured 

 OT-ir, PVN  No change from MAN1  Males lower than MAN1 

 OT-ir, SON  Lower than MAN1  Males lower than MAN1 

 Baseline corticosterone  No change from MAN1  No change from MAN1 

 Stress changes in corticosterone  Longer to return to baseline  Higher in MAN1      �      3 males
than MAN1 males 

 Parental care toward own offspring  Lower licking of pups for both males
and females 

 Not measured 
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offspring that are not their own) can have 
impact for the development of extended fami-
lies. In nature increased availability of care-
takers is associated with high levels of infant 
survival ( Getz  &  Carter, 1996 ).  

  EARLY EXPERIENCE ALSO ALTERS 
SUBSEQUENT BEHAVIOR AND 
MEASURES OF OT AND THE OTR S  

 As a function of early differential handling, male 
and female voles both show subsequent changes 
in behavior; however, the nature of these effects 
is often sexually dimorphic. For example, ani-
mals that received minimal manipulations 
during the fi rst week of life, here described as 
 “ unmanipulated ”  or MAN0, have been com-
pared to animals exposed to mild stimulation 
(MAN1). MAN0 males were later less likely 
to exhibit alloparental care toward pups (see 
 Figure 27.1   ) and in later life were less explora-
tory in the open arm of an elevated plus maze 
(EPM), often used to index anxiety ( Bales  et al. , 
2007a ). In contrast, MAN0 vs. MAN1 female 
voles did not differ in alloparental behavior 
(measured in the postweaning period). However, 
in adulthood MAN0 females were less likely 
than MAN1 females to form pair bonds, but 
were also more anxious, as measured by behav-
ior in the EPM. The fi rst week appears to be a 
critical period for effects of differential handling,

and animals that were fi rst manipulated on 
postnatal day 8 were similar to MAN0 animals 
( Bales  et al. , 2007c ). 

 Among the long-lasting effects of early hand-
ling were relative differences in the expression 
of the OT peptide in the central nervous sys-
tem, which might account for at least some of 
the reduced sociality in MAN0 animals that 
received reduced handling disturbance in early 
life. In comparison to MAN1 animals, MAN0 
voles of both sexes had signifi cantly fewer OT 
immunoreactive cells in the supraoptic nucleus 
at 21 days of age ( Bales  et al. , 2007c ). Pair 
bonding in female prairie voles is facilitated 
by OT and blocked in adulthood by OTA 
( Williams  et al. , 1994 ). Thus, experiences that 
reduce available OT could produce animals that 
are less likely to pair bond.  

  INTERGENERATIONAL EFFECTS OF 
EARLY EXPERIENCE 

 There is increasing evidence from rats that 
early experience, possibly mediated by differ-
ential parenting, can be transmitted to subse-
quent generations of offspring ( Francis  et al. , 
1999 ;  Pedersen  &  Boccia, 2002 ). Using the 
handling model described above, infants reared 
under MAN0 and MAN1 conditions were as 
adults mated in various combinations (MAN0 
female  �  MAN1 male, MAN0 male  �  MAN1
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 FIGURE 27.1        Proportion of animals that behaved parentally as a function of neonatal manipulation 
group ( n       �      67,   �   2       �      29.16 ,  p       �      0.0001). Data for males include result of three replications in two different 
laboratories. Data for females are from a single experiment carried out at the University of Illinois at Chicago 
( Source : Reproduced from  Bales  et al . (2007a) ).    
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female, MAN1 male  �  MAN1 female) and 
examined for possible differences in sexual 
behavior, reproductive success, and parental 
behavior toward their own offspring. While 
most effects on reproduction fell short of sta-
tistical signifi cance, pairs containing a MAN0 
male took longer to produce their fi rst litter, 
although the frequencies of sexual activities, 
such as bouts of mounting and intromission, 
were actually higher in pairs containing MAN0 
than MAN1 males. Females in pairs with either 
MAN0 males or MAN0 females licked their 
pups less than MAN1  �  MAN1 pairs ( Bales 
 et al ., 2007c ). Earlier studies in prairie voles 
have suggested that OT can inhibit male sexual 
behavior in this species ( Mahalati  et al. , 1991 ), 
while OT may enhance parental behavior in 
both sexes in this species ( Bales  et al. , 2004b, 
2007d ). In the second generation all animals 
were treated like the MAN1 condition. The 
offspring of the second generation, reared by 
parents with either a MAN0 father or mother, 
displayed signifi cantly lower frequencies of 
alloparental behavior than that of pairs reared 
by MAN1  �  MAN1 parents ( Bales  et al. , 
2007c ). Thus, this demonstrates that these 
effects of early handling in prairie voles can be 
passed to the next generation.  

  THE CONSEQUENCES OF EARLY 
EXPERIENCE FOR PEPTIDE RECEPTORS 

 There is increasing evidence that the long-
lasting effects of social experiences may be in 
part mediated via developmental changes in 
receptors for OT or AVP. In rats, experience-
based changes in both the OT and V1aRs 
are sexually dimorphic ( Champagne  et al. , 
2001 ;  Francis  et al. , 2002 ), with more marked 
changes in OTRs in females and the V1aRs 
in males. In mice, the consequences of geneti-
cally induced defi ciencies in the V1aR are also 
gender specifi c, having greater consequences in 
males than females ( Lim  et al. , 2004 ;  Bielsky 
 et al. , 2005 ). In addition, in rats prenatal stress 
is associated in later life with reductions in the 
OTR ( Champagne  &  Meaney, 2006 ). 

 Our preliminary data indicate that the mani-
pulations of early experience described above 
also have long-term effects on peptide receptors, 
particularly OTRs. These effects are not always 
in the predicted directions and also appear to be 
sexually dimorphic ( Bales  et al. , 2007c ).  

  DEVELOPMENTAL MANIPULATIONS 
OF OXYTOCIN 

 The OT system has exceptional plasticity and 
may be affected by a variety of developmen-
tal factors. OT neurons in adult rats have been 
described as  “ immature. ”  These neurons have the 
capacity to change shape and form new synapses, 
in part through changes in the glia that normally 
separate neurons. Both OT and AVP may directly 
or indirectly infl uence cellular growth, death or 
motility, infl ammation or differentiation. The 
potential to remodel the nervous system, espe-
cially in early life, offers another process through 
which OT or AVP may have effects on physiol-
ogy and behavior. The OTR is also susceptible to 
epigenetic regulation, for example, by silencing 
genes via methylation ( Kimura  et al. , 2003 ;  Szyf 
 et al. , 2005 ). The capacity of genes that code for 
receptors to be silenced or otherwise modifi ed in 
early life may be particularly relevant to under-
standing the long-lasting consequences of early 
experiences, whether originating as behavioral or 
hormonal experiences. 

 Possible short-term and long-term conse-
quences for young mammals for exposure to 
exogenous OT or OTAs have been investigated, 
primarily in prairie voles ( Carter, 2003, 2007 ). 
The data collected thus far in animal models have 
confi rmed our original hypothesis that expo-
sure to either OT or an OTA during develop-
ment can have both immediate and long-lasting 
consequences for behavior and physiology. 

 In the experiments described below neonatal 
prairie voles were treated with either OT (usu-
ally 1       mg/kg) or OTA (0.1       mg/kg). Control treat-
ments included either a sterile saline injection or 
handling. Treatments were given as an intra-
peritoneal injection on postnatal day 1 (PND1); 
infants were marked by toe-cl ipping and then 
returned to their parents. Litters comprised ani-
mals of both sexes receiving one experimental 
treatment (OT or OTA) and one control treat-
ment (saline or handling).  

  IMMEDIATE OR SHORT-TERM EFFECTS 
OF NEONATAL OT OR OTA 

  Neural Activation Following Neonatal 
Treatment 

 When neonatal voles were exposed on PND1 
to OT or OTA, changes were detected in neural
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activation, as measured by changes in c-Fos 
expression within 1       h or less of treatment 
( Cushing  et al. , 2003b ). Both OTA and OT 
treatment caused changes in c-Fos expres-
sion in the supraoptic area (SON), with OT 
increasing c-Fos in males while OTA increased 
c-Fos in females. Additionally OTA decreased 
c-Fos expression in the medial dorsal thalamic 
nucleus in females, but not males ( Cushing
 et al. , 2003b ).  

  Behavioral and Endocrine Changes 
in Neonates 

 In female voles treatment on PND1 with OT 
or OTA (vs. control procedures) produced 
changes in corticosterone, and in reactivity 
to acute social isolation in animals tested on 
PND8 ( Kramer  et al. , 2003 ). Females receiv-
ing OTA (PND1), relative to controls, had on 
PND8 elevated basal plasma corticosterone and 
also vocalized signifi cantly less when isolated 
from their family. The effect of OTA differed 
as a function of single vs. repeated injection 
procedures; females given repeated exposure to 
OTA (daily injections PND1–7) vocalized sig-
nifi cantly more during social isolation than did 
controls injected daily with saline or handled 
on PND1–7.   

  LONG-TERM EFFECTS OF NEONATAL 
OT AND OTA 

  Alloparental Behavior, Sociality, and 
Reproduction in Males 

 The long-term consequences of transient neo-
natal exposure to comparatively low doses of 
OT (1       mg/kg on PND1) tended to be similar to 
those seen when OT was administered during 
adulthood. When effects were detected, neona-
tal OT was associated with increased levels of 
sociality. For example, males receiving a single 
neonatal exposure to OT (PND1) formed pair 
bonds more quickly than animals receiving 
either no treatment or a saline injection ( Bales 
 &  Carter, 2003b ). The behavioral effects of 
neonatal OTA (0.1       mg/kg on PND1) often (but 
not always) were in directions that were oppo-
site to those of OT; in general, reductions in 
social behavior in later life were seen in animals 
neonatally exposed to OTA. Males receiving 
OTA (PND1) were in later life less alloparental

and more aggressive toward pups ( Bales  et 
al. , 2004c ). OTA-treated males also tended to 
be less aggressive toward same-sexed stran-
gers, which in this species may be indicative of 
increased anxiety ( Bales  et al. , 2004c ). 

 When a higher neonatal dosage of OT 
(4       mg/kg) was administered, males also formed 
a pair bond ( Figure 27.2   ). However, males 
receiving an intermediate dosage of 2       mg/kg did 
not demonstrate a preference for either the part-
ner or the stranger, suggesting that the effects of 
OT exposure are not necessarily linear. 

 We also carried out a preliminary study in 
males in which we attempted to remediate the 
defi cits in alloparental behavior produced by 
PND1 exposure to OTA (0.1       mg/kg) (or saline), 
and using a subsequent treatment on PND8 with 
OT (1       mg/kg) (or saline) (Bales  &  Carter, unpub-
lished data). Each male received two injections, 
including OT, OTA, or SAL (saline, the vehicle 
control) in the following combinations SAL/
SAL, OTA/SAL, or OTA/OT. Alloparental care, 
measured by huddling over pups on PND21, 
was low in animals that received OTA/SAL 
(11%), but was improved to 45% by PND8 
exposure to OT (i.e., OTA/OT). 

 In another study of male prairie voles 
PND1 exposure to either OTA or OT also was 
capable of disrupting subsequent sexual behav-
ior and reproductive potential ( Bales  et al. , 
2004a ). Both OT- and OTA-treated animals, 
showed in adulthood, indications of defi cien-
cies in sperm transport; OT-treated males also 
demonstrated temporal differences in mating 
behavior ( Bales  et al. , 2004a ).  

  Social Behavior in Females 

 In general females seemed to be less sensi-
tive than males to the effects of PND1 treat-
ments with OTA (0.1       mg/kg) or OT (1       mg/kg). 
However, females were affected by higher dos-
ages of exogenous OT when given on PND1. 
OT (2–8       mg/kg) tended to slightly enhance cer-
tain aspects of sociality, including postweaning 
alloparental behavior. As adults these females 
were also tested under conditions that usually 
reveal selective social behaviors, including the 
partner preference behaviors used to index 
pair bond formation in voles ( Williams  et al. , 
1992 ). In the case of partner preferences, the 
effects of neonatal exposure to OT were dose 
dependent and bimodal. Partner preferences 
were signifi cantly enhanced in the group that 
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received neonatal OT at 2       mg/kg, but were dis-
rupted by higher doses of OT (4       mg/kg), and at 
a very high dose (8       mg/kg) OT-treated females 
later showed a preference for a stranger rather 
than the familiar partner. Once more these data 
reveal the capacity of early peptide exposure to 
alter later social interactions, but in the case of 
exposure to the highest dose the familiar ani-
mal later was either less preferred or possibly 
even aversive ( Bales  et al. , 2007d ; see  Figure 
27.3   ). Alloparenting also varied with neonatal 
OT dosage, although the optimal dosage for 
facilitation of alloparenting differed from that 
for partner preference, suggesting the possi-
bility that neonatal peptides act on these two 
forms of social behavior through mechanisms 
that are not identical.  

  Neonatal OTA in Females 

 The effects of neonatal OTA (PND1 at 0.1       mg/kg) 
were generally less disruptive in females than 
males. We have hypothesized that this com-
parative insensitivity of females or sensitivity 
of males to neonatal OTA may be due to OTA-
induced disruptions in AVP-dependent pro-
cesses, which are more critical to male behavior 
than female behavior. However, in females one 
interesting effect of neonatal OTA was detected: 
when female prairie voles were exposed to 
OTA (0.1       mg/kg on PND1) and then as adults 

paired with a male, neural activation of the 
central amygdala was increased (as measured 
by increased c-Fos expression). In prairie voles 
the central amygdala is not normally activated 
after pairing with an individual of the oppo-
site sex, and activation of this area may refl ect 
an increased state of emotional arousal or even 
fear in the OTA-treated females. No treatment 
effects were apparent in males in that study 
( Kramer  et al. , 2006 ). The mechanisms for this 
apparent sex difference remain to be studied, 
but might in this case be due in females to OTA-
induced changes in systems that rely on OT.   

  EFFECTS ON NEONATAL OT OR OTA ON 
BRAIN HORMONES AND RECEPTORS 

  Effects on Brain Peptides 

 In female prairie voles a single PND1 exposure 
to either OT (1       mg/kg) or OTA (0.1       mg/kg) was 
associated with increased central OT, meas-
ured at the time of weaning (PND21). In males 
there were no signifi cant effects of either neo-
natal OT or OTA on central OT, but changes 
were detected in the AVP system. In males 
following neonatal OTA there was an appar-
ent decrease in AVP, also measured on PND21 
( Yamamoto  et al. , 2004 ). In a related study, 
effects of early OT (1       mg/kg and lower) on OT 
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 FIGURE 27.2        Effects of early OT treatment in  males  on preference for a partner vs. a stranger meas-
ured as a proportion of test time spent in side-to-side contact. Data presented here are from two different 
studies. 1       mg/kg data are from  Bales and Carter (2003b) . 2       mg/kg and 4       mg/kg data are previously unpub-
lished, while saline data are combined for the two studies. Both 1       mg/kg ( t (12)      �      2.23,  p       �      0.05) and 4       mg/kg 
( t (10)      �      4.29,  p       �      0.002) groups showed a statistically signifi cant within-group partner preference.    
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production in the PVN were no longer detect-
able in adulthood ( Kramer  et al. , 2007 ). 

 AVP is important to a variety of male behav-
iors in this species, including pair bond forma-
tion and mate guarding ( Winslow  et al. , 1993 ), 
male parental behavior ( Wang  et al. , 1994 ), 
and the management of anxiety or reactions to 
stressful experiences ( Carter  &  Keverne, 2002 ). 
Thus, sexually dimorphic consequences of dif-
ferential availability of either AVP or OT may 
be explained in part by the capacity of these 
peptides to be altered by differential peptider-
gic experiences in early life.  

  Effects on Peptide Receptors 

 Brain tissues from animals exposed to these 
same doses of neonatal OT or OTA were stud-
ied using autoradiography for possible changes 
in the OTR, AVP receptor (V1aR), as well as 
dopamine receptors (D1 or D2) ( Bales  et al. , 
2007b ). Effects on the OTR and dopamine 
receptors of neonatal OT or OTA manipula-
tions were comparatively small, and not sta-
tistically signifi cant. However, manipulations 
of OT on PND1 were associated with a pat-
tern of regional changes in the V1aR system. 
Sex differences in the distribution of V1aRs 
in untreated prairie voles were not observed, 
consistent with earlier reports in this species.

However, neonatal manipulations of OT pro-
duced long-lasting, sexually dimorphic effects 
on V1aR levels ( Figures 27.4 and 27.5     ). 
Particularly striking were changes in the ven-
tral pallidum in OT-treated males – increases in 
V1aR binding. In contrast, OT-treated females 
showed decreases in V1aR binding in this 
region. The ventral pallidum has been impli-
cated in pair bond formation in male prairie 
voles, and is a region in which AVP V1aRs 
and dopamine-based  “ reward ”  processes may 
coexist ( Young  et al. , 2005b ). Long-lasting 
increases in the V1aR in the ventral pallidum 
could help to explain the enhanced sociality 
of males receiving neonatal OT. Reduced AVP 
binding following neonatal OTA, especially 
in males that depend on AVP, might help to 
explain reductions in later social behavior in 
OTA exposed males ( Carter, 2007 ). 

 Males exposed neonatally to OTA also 
showed reductions in V1aR binding in sev-
eral other brain regions that have been impli-
cated in both social behavior and emotionality, 
including the BNST, medial preoptic area, and 
lateral septum. AVP acting in these same brain 
regions has been associated later in life with 
male parental care in several species ( Wang
 et al. , 1994 ;  Bester-Meredith  &  Marler, 2003 ) 
and with male–male aggression ( Marler  et al. , 
2003 ), which in pair-bonded prairie voles is 
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a component of mate guarding ( Winslow
 et al. , 1993 ). We have observed that male, but 
not female, prairie voles treated neonatally 
with OTA showed reduced alloparental behav-
ior ( Bales  et al. , 2004c ), and tended to show 
lower levels of same-sex aggression than con-
trol males ( Bales  &  Carter, 2003a ), support-
ing a role for AVP and/or the V1aR in these 
behaviors.  

  Neonatal Manipulations of AVP also 
Affect Subsequent Social Behaviors 

 Earlier studies in prairie voles have revealed that 
neonatal exposure to AVP (in this case given as 
daily injections in the fi rst week of life) were 
associated with a later dose-dependent increase 
in same sex aggression, especially in males 
( Stribley  &  Carter, 1999 ). In contrast, neonatal 
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exposure to an AVP antagonist was associated 
in later life with very low levels of aggression. 
Other aspects of behavior including exploration 
in an EPM and partner preference formation 
were not signifi cantly affected by either neona-
tal AVP or the AVP antagonist. The effects of 
neonatal AVP manipulations on V1aR binding 
have not yet been examined in voles. However, 
because these studies involved repeated daily 
injections and handling, the effects of AVP 
cannot be compared directly to those of OT 
described here, in which treatments were typi-
cally given once on the fi rst day of life.  

  Early Exposure to Gonadal Steroids 
Facilitates the Response of Adult Male 
Prairie Voles to Exogenous AVP 

 In adult male prairie voles AVP plays a major 
role in pair bond formation ( Winslow  et al ., 
1993 ). However, following neonatal castration, 
males tested as adults did not form partner 
preferences in response to centrally adminis-
tered AVP. Neonatal treatment with testoster-
one restored the ability of castrated male prairie 
voles to respond to AVP in adulthood, in this 
case with the formation of a partner prefer-
ence. Replacement of testosterone in adulthood 
did not restore partner preference formation in 
response to AVP in neonatally castrated males, 
suggesting once again that the postnatal period 
is a time when animals are especially sensitive 
to hormonal manipulations. Interestingly, neo-
natal castration did not affect the distribution 
of AVP V1aR, as measured by autoradiography 
( Cushing  et al. , 2003a ). This conclusion is also 
supported by the general absence of sex dif-
ferences in either the OTR or AVP V1aR that 
have been reported in several studies. The lack 
of an effect of neonatal castration on the V1aR 
is in contrast to the signifi cant and sexually 
dimorphic effects of neonatal manipulations of 
OT on the V1aR ( Bales  et al. , 2007b ). These 
fi ndings suggest the hypothesis that changes in 
peptides in early life may be more relevant than 
changes in gonadal steroids in regulating later 
peptide receptor distribution.  

  Estrogen Receptors also Affected by 
Neonatal OT or OTA 

 Among the other long-lasting changes that fol-
lowed neonatal manipulations of OT or OTA 

were effects on the later expression of estrogen 
receptors (ER � ) ( Cushing  &  Kramer, 2005 ; 
 Kramer  et al. , 2007 ). In female prairie voles, 
neonatal OT increased the later expression of 
ER �  in the ventromedial hypothalamus, while 
OTA decreased ER �  in the medial preoptic area 
( Yamamoto  et al. , 2006 ). A follow-up study 
indicated that during the neonatal period OT 
may affect the expression of ER �  by infl uenc-
ing the production of ER �  mRNA ( Pournajafi -
Nazarloo  et al. , 2007a ). On the day of birth 
female prairie vole pups were treated with OT, 
OTA, or saline (as above). Within 2       h of treat-
ment, OT signifi cantly increased ER �  mRNA 
expression in the hypothalamus and hippoc-
ampus, but not the cortex (measured by RT-
PCR). In contrast, neonatal exposure to OTA 
was associated with a later reduction in the 
expression of ER �  mRNA in the hippocam-
pus. Neonatal treatment did not affect the later 
expression of the ER �  mRNA. Regional specifi c 
changes in ER �  mRNA expression in females 
are consistent with studies examining the 
behavioral and physiological effects of neona-
tal manipulation of OT in females. Signifi cant 
effects on ER �  of neonatal OT manipulations 
were not detected initially in males ( Cushing  &  
Kramer, 2005 ). However, in a subsequent study 
exposure to neonatal OTA was associated 
with an increase in ER �  in the BNST ( Kramer 
 et al. , 2007 ). These studies again support the 
hypothesis that manipulations of OT can have 
organizational effects, and that the effects of 
OT are sexually dimorphic. However, in the 
case of ER �  females tended to be more sensi-
tive than males, at least to the effects of neona-
tal OT. ER � s play a role in a variety of social 
and reproductive behaviors; alterations in ER � s 
would be expected to have broad consequences 
for many systems upon which steroid hor-
mones act both during development and also 
in adulthood, and are possible mediators of at 
least some of the effects of neonatal manipula-
tions of peptides.   

  EFFECTS OF NEONATAL OT 
OR/AND OTA IN RATS 

  Reproductive and Endocrine Effects 

 An extensive analysis of the consequences of 
neonatal peptides in species other than prairie 
voles remains to be conducted. However, in rats 
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comparable neonatal manipulations of OT did 
have long-lasting, sexually dimorphic effects 
on pituitary levels of OT ( Young  et al. , 2005a ). 
In female rats, treatment with OTA on PND1 
signifi cantly decreased pituitary OT levels as 
adults. In contrast, OTA treatment (PND1) in 
males resulted in increased pituitary OT lev-
els in adulthood, at least when compared to 
males treated with OT (PND1). In rats receiv-
ing daily OT in the fi rst week of life (PND1–7), 
subsequent puberty was delayed. This treatment 
with OT signifi cantly delayed the age at vagi-
nal opening and the age at fi rst estrus ( Withuhn
 et al. , 2003 ).  

  Cardiovascular and Autonomic Effects 
of Neonatal OT 

 In rats early exposure to OT (1       mg/kg) (daily 
on PND1–14) was followed in later life by 
increased abundance of  � 2 adrenergic recep-
tors ( Diaz-Cabiale  et al. , 2004 ). These changes 
were most obvious in the hypothalamus and 
the amygdala, as evaluated by quantitative 
receptor autoradiography. In offspring from  ad 
libitum  fed dams, OT treatment signifi cantly 
increased the density of  � 2-agonist binding 
sites in the nucleus tractus solitarius and in the 
hypothalamus. In addition, in offspring from 
food-restricted dams, OT treatment also pro-
duced a signifi cant increase in indicators of  � 2-
activity, supporting the more general hypothesis 
that chronic exposure to OT in early life might 
be capable of reducing sympathomimetic activ-
ity and enhancing parasympathetic functions, 
with broad signifi cance for behavioral and 
emotional reactivity in later life. 

 Neonatal exposure to OT in rats also had 
consequences for gene expression in heart tis-
sue ( Pournajafi -Nazarloo  et al. , 2007b ). In this 
study female and male rats received either OT 
or saline on PND1. Hearts were collected either 
on PND1, 1       h following injection, or PND21. 
At these times the expression of mRNAs (using 
RT-PCR) was measured for the OTR, atrial 
natriuretic peptide (ANP), inducible nitric 
oxide synthase (iNOS), endothelial nitric oxide 
synthase (eNOS), ER � , and ER � . OT treat-
ment signifi cantly increased gene expression 
in the heart for OTR, ANP, and eNOS meas-
ured on PND1 in both males and females. As a 
function of OT treatment, ER �  increased only 
in females. Signifi cant treatment effects were 
no longer detected in PND21 animals.   

  SEX DIFFERENCES 

 The consequences of developmental manipu-
lations of OT are often sexually dimorphic, 
relying on different neural substrates in males 
and females ( Carter, 2007 ). One possible rea-
son for the differences between the sexes may 
be because in males the developmental effects 
of OT or OTA are mediated, at least in part, 
through differential effects on AVP ( Yamamoto 
 et al. , 2004 ) and/or its receptor ( Bales  et al. , 
2007b ). In both sexes OT manipulations, 
either OT (1       mg/kg) or OTA (0.1       mg/kg), did 
not have a signifi cant effect on the OTR or 
dopamine receptor (D1 or D2) as measured by 
autoradiography ( Bales  et al. , 2007b ). 

 Because parental care behavior was a major 
dependent variable in these studies, we also 
have analyzed the impact of factors, including 
peptide administration and stressful experi-
ences, on adult parental behavior. Adult male 
parental behavior was only eliminated by high 
dosages of both OTA and a vasopressin V1aR 
antagonist ( Bales  et al. , 2004  ; see  Figure 27.6   ). 
In one study in adults, prairie voles were either 
stressed (by a 3-min swim) or not stressed, and 
then tested with infants. Components of adult 
male alloparental responses toward infants 
were increased by the prior swim, while female 
alloparental behaviors were unaffected ( Bales 
 et al. , 2006 ; see  Figures 27.7 and 27.8     ). It is 
likely that AVP, as well as OT, were released 
during these stressors. Sex differences in cen-
tral AVP and sex differences in the physiology 
of parental behavior ( Wang  et al. , 1998 ;  Bales 
 et al. , 2004b ), and specifi cally the reliance of 
males on AVP, may help to explain the capa-
city of stressful experiences to enhance male 
alloparental behavior.  

  DEVELOPMENTAL SIGNALING 
CONSEQUENCES OF NEUROPEPTIDES 

 Maternal OT can act as a signaling mechanism 
between the mother and fetus. Based on stud-
ies in rats, maternal OT, released during birth, 
also triggers a transient switch in GABA signal-
ing in the fetal brain from excitatory to inhibi-
tory.  In vivo  administration of an OTA before 
delivery prevented this switch of GABA activity 
in fetal neurons, and aggravated the severity of 
anoxic episodes. Thus, it appears that maternal 
OT inhibits fetal neurons and increases their 
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 FIGURE 27.6        (A) Proportion of male voles responding parentally (displaying kyphosis, non-kyphotic 
contact, retrieving, or licking or grooming) toward infants. Signifi cance was assessed in comparison to the 
aCSF group. Treatments are as follows: control (NC – no cannulation), aCSF (artifi cial cerebrospinal fl uid), OT 
(oxytocin), OTA1 (1       ng oxytocin antagonist), OTA10 (10       ng OTA), AVP (arginine vasopressin), AVPA1 (1       ng AVP 
antagonist), AVPA10 (10       ng AVPA), COMB1 (combination treatment, 1       ng AVPA and 1       ng OTA), and COMB10 
(combination treatment, 10       ng AVPA and 10       ng OTA). Only the COMB10 group differed signifi cantly from 
the aCSF control (Fisher ’ s exact probability test, ** p       �      0.002). All group sizes are equal to 9–11 males. (B) 
Proportion of male voles (out of those not attacking) that displayed kyphosis. Signifi cance was assessed in 
comparison to the aCSF group. **Different from aCSF group at  p       �      0.05 ( Source : Reproduced from  Bales
 et al.  (2004b) ).      
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resistance to hypoxic insult ( Tyzio  et al. , 2006 ). 
In addition, the birth-related surge in OT also 
helps to regulate the synchronization of the 
fetal hippocampal neurons, possibly allowing 
the transition from prenatal to postnatal life 
( Crepel  et al. , 2007 ). Such changes would be 
expected to have consequences for both emo-
tional and cognitive functions.  

  EARLY EXPERIENCE IN THE CONTEXT 
OF NATURAL HISTORY 

 Laboratory experiments have revealed that rela-
tively subtle changes in early experience have 
long-term and sexually dimorphic consequences 
for the later social behavior of the offspring. 

ch027.indd   426ch027.indd   426 3/11/2008   10:57:54 AM3/11/2008   10:57:54 AM



EARLY EXPERIENCE, PEPTIDES AND DEVELOPMENT 427

For example, disruption of the family associ-
ated with a single handling in the immediate 
postnatal period (MAN1) was associated in 
later life with increased alloparental behavior 
in male offspring and an increased tendency 
to form new pair bonds in female offspring. 
Conversely, reduced handling produced off-
spring that appeared anxious. Under these con-
ditions female offspring were less likely to form 
pair bonds. Additional handling or manipu-
lation in the neonatal period did NOT pro-
duce further increases in alloparenting, and in 

fact appeared to inhibit certain aspects of later 
social behavior. Preliminary data suggest that 
repeatedly manipulated animals (both parents 
and offspring) showed increased fear and anxi-
ety. For example, when families were disturbed 
three times on PND1 (MAN1       �       3), males in 
particular were later less alloparental compared 
to MAN1 males. Under some conditions, the 
more frequently disturbed animals, especially 
males, showed reduced alloparenting or even 
attacked pups. Upon an initial disruption most 
mothers increased their interactions with their 
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regression, likelihood ratio   �   2       �      3.4522,  p       �      0.032; one-tailed), while females were not ( Source : Reproduced 
from  Bales  et al.  (2006) ).    

0

20

40

60

80

100

120

140

160

180

200

T
im

e 
sp

en
t i

n 
be

ha
vi

or
 (

s)

Stress
No stress

Kyphosis Non-kyphotic
contact

Sniffing Licking/Grooming

**

*

 FIGURE 27.8        Time spent (seconds) by males in parental care behaviors, following exposure or no expo-
sure to stress ** p       �      0.05, * p       �      0.1 ( Source : Reproduced from  Bales  et al.  (2006) ).    

{AQ5}

ch027.indd   427ch027.indd   427 3/11/2008   10:57:54 AM3/11/2008   10:57:54 AM



428 THE NEUROBIOLOGY OF PATERNAL CARE

pups. However, following repeated disruptions 
mothers appeared agitated and less attentive to 
pups ( Boone  et al. , 2006 ). 

 These fi ndings may be best interpreted in 
the context of circumstances that occur under 
fi eld conditions. In nature prairie voles may 
live under a variety of social circumstances 
with consequences for the care of young. 
A percentage of males and females form pair 
bonds, live together, and produce their own 
offspring. However, it has been estimated that 
approximately 70% of young animals do not 
form new families, but remain instead as part 
of a communal breeding group ( Getz  &  Carter, 
1996 ). Under conditions of high mortality or 
mate abandonment, females may become sin-
gle parents. However, even if the father is not 
present, older offspring can help to care for 
their younger siblings. Variation in the compo-
sition of the family would result in naturally 
occurring differences in the amount of stimu-
lation received by offspring. Such variation 
could be translated into hormonal messages 
and epigenetic modifi cations that would deter-
mine whether a young animal would remain in 
the natal nest, where it would be an alloparent, 
or alternatively attempt to fi nd a partner and 
establish a new pair bond and family. Variation 
in AVP V1aRs has been observed in fi eld caught 
animals, usually exceeding the variation in ani-
mals reared under routine laboratory conditions 
( Phelps  &  Young, 2003 ), which may approxi-
mate the MAN1 conditions of our experimental 
manipulations of early experience.  

  TRANSLATIONAL IMPLICATIONS OF 
PERINATAL MANIPULATIONS OF OT 

 Of particular concern and largely unstudied in 
humans are the possible consequences of expo-
sure to exogenous peptides, including OT, in 
the perinatal period. The use of synthetic OT 
(Pitocin) has grown in prevalence as a method 
for inducing or augmenting labor. As just 
one example, Pitocin was used in 93% of the 
approximately 10,000 births at Northwestern 
Hospital in Chicago in 2005 (Cynthia Wang, 
personal communication). Prematurity also 
continues to be a major medical problem and 
treatments attempting to delay labor hold the 
potential to affect the fetus. OTAs, such as 
Atosiban (currently not approved in the United 
States, but available in 43 other countries), 

have been used to delay or prevent premature 
labor ( Husslein, 2002 ). Other OTAs are being 
developed as methods for delaying parturition. 
However, the consequences for human brain 
and behavior of early OT manipulations, includ-
ing exogenous OT, or of the use of OTAs remain 
largely unknown. 

 The possible effects of early experience or 
hormonal manipulations also have not been 
systematically studied in human development. 
The neural systems that are altered by neonatal 
peptide manipulations in prairie voles are evo-
lutionarily ancient and have broad behavioral 
and physiological actions. Our studies suggest 
that these systems may be accessible to change 
and thus vulnerable during development to 
neural changes that could have long-lasting 
consequences. Results from the present study 
suggest the need for a deeper understanding of 
the mechanisms through which manipulations 
in endogenous or exogenous peptides might 
affect neuroanatomy, physiology, and behav-
ior. For example, manipulations in OT could 
have long-lasting consequences for behavioral 
endophenotypes, including sociality and reac-
tivity to stressors, that are core to personality 
types and in extreme cases to several psychiat-
ric disorders, including autism ( Carter, 2007 ), 
anxiety, and depression ( Carter  &  Altemus, 
2004 ), and possibly schizophrenia. Functional 
sex differences in neuropeptides, including 
AVP and possibly OT may have particular 
signifi cance for understanding sexually biased 
disorders ( Carter, 2007 ). Early manipulations 
of OT also can program various aspects of the 
body ’ s management of stressful experiences, 
including measures of behavior, brain activity 
and chemistry, stress-related hormones, and 
even receptors for stress hormones in the heart 
( Pournajafi -Nazarloo  et al. , 2007b ).   
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