Trim: 246mm x 189mm
CUUK2404-04

56

Top: 10.556mm Gutter: 19mm
CUUK2143/Choleris ISBN: 978-0-521-19035-0

April 22, 2013

The organizational effects of oxytocin

and vasopressin

Behavioral implications
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4.1 Introduction

The critical role of the neuropeptides oxytocin (OT)
and arginine vasopressin (AVP) in regulating social
and socio-sexual behavior, from social recognition
to mating to pair-bond formation to parental care,
has been a major research focus for the past 30
years. The importance and wealth of information
that has resulted makes for great reading, as evi-
denced by most of Part II, Chapters 5-16, being
committed to covering this “modest” subject. Not
to give the punch line away, but Part II reveals at
least two critical things, first that the vast major-
ity of research has focused on adults and secondly
that while both OT and AVP may regulate many
of the same behaviors in males and females the
effects are often sexually dimorphic with OT play-
ing a greater role in females and AVP in males
(Cushing et al., 2001; Insel and Young, 2001). In
Chapter 1 (Caldwell et al., this book) another crit-
ical aspect of the effects of OT and AVP in adults
is discussed, which is that many of the behavioral
effects, especially the regulation of social and socio-
sexual behavior, are steroid dependent. Increasing
steroid levels either enhance or are necessary for
the behavioral effects of OT (estrogen) and AVP
(estrogen and dihydrotestosterone) (see Caldwell
et al., Chapter 1). This relationship is perhaps not
surprising given that many of the behavioral and
even physiological responses regulated by OT and
AVP are associated either directly or indirectly with

reproductive effort, that is, investigation of novel
individuals, social recognition, social memory (for
a review see Chapter 13), mating (Chapter 14),
pair-bond formation (adult and maternal infant),
parturition, maternal (Chapters 8-10) and paternal
behavior (Chapter 8), in which sex steroids typically
play a major role.

In contrast to this large body of research there
is an emerging interest in the effects of these neu-
ropeptides during development, both pre- and post-
natal, on the ultimate expression of physiological
and social behavior. While the hypothesis that AVP
and OT may have an organizational effect within
the brain producing long-term/permanent changes
was proposed in the mid to late 1980s (AVP: Boer,
1985; OT: Noonan et al., 1989) the study of this phe-
nomenon did not spark the same level of inter-
est or funding as neuropeptide regulation in adults
and languished compared to examination of post-
pubertal affects. However, the end of the twen-
tieth and the beginning of the twenty-first cen-
tury have seen a rebirth of interest in developmen-
tal effects producing increasing primary research
and a flourish of review papers examining the
role of neuropeptides during early critical periods
and their potential relevance to social deficit dis-
orders (Carter et al., 2009). Although I may be a
bit biased, these studies and papers have revealed
potentially critical findings, which have lead to
rethinking the role of neuropeptides. Major findings
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include: (1) demonstration of an “organizational”
effect of neuropeptides, (2) redefinition of the rela-
tionship between neuropeptides and steroids, and
(3) demonstration of the critical importance of the
early environment, including, the early social envi-
ronment, in epigenetic/non-genomic regulation of
not only the expression of adult behavior, but also
in transgenerational transmission, and (4) stimu-
lation of research on neuropeptides as a mecha-
nism of, and possible treatment for, social deficit
disorders, such as autism, schizophrenia, depres-
sion, and PTSD. Therefore, the goal of this chap-
ter is to summarize the essential findings of this
research discussing long-term behavioral and sexu-
ally dimorphic effects, the underlying mechanisms
of effects/actions, the non-genomic effects, and the
future direction of research of OT and AVP during
development.

The understanding and implications of devel-
opmental effects vary between OT and AVP for
several reasons: (1) OT has only one known, highly
conserved, receptor. In contrast AVP has multiple
receptors, V1 and V2, which have additional sub-
types, that is, V1A and V1B. While the distribution
of these receptors varies, V2 being found primar-
ily in the periphery, all types are found in the brain
and both of the V1 subtypes regulate behavior. This
means that sorting out the effects and actions of
vasopressin requires receptor-specific antagonists
and agonists. (2) In knockout models there could be
compensatory receptor expression for vasopressin
receptor knockout mice, but not OT receptor knock-
out mice. (3) It is difficult to directly manipulate
hormones within the CNS during development. In
adults, OT, AVP, and their antagonists can be deliv-
ered directly via injection into ventricles or to site-
specific regions in the brain. Although this has
been accomplished in a few acute studies (Chen
et al., 1988; Boer et al., 1994; Stribley and Carter,
1999) direct manipulation within the CNS is much
more difficult, and therefore peripheral injections
have been typically used for developmental stud-
ies. With a reduced blood-brain barrier in fetuses
and neonates (Vorbrodt, 1993) this is an effective
method for manipulating CNS affects. However, the
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peripheral administration of AVP has the potential
to have a more profound effect than OT. Although
both AVP and OT can affect a number of systems
and responses peripheral manipulations of AVP has
the potential to cause much greater adverse effects
in both the adult and during development. Acting
via the V2 receptor AVP plays a major role in water
balance and therefore circulating levels can and do
have a deleterious effect on an individual’s physiol-
ogy. In contrast, OT tends to affect smooth muscle
contraction and many of the effects are related to
adult behavioral responses.

4.1.1 Historical perspective

The vasopressin-deficient Brattleboro rat provided
early indication of the potential role of vasopressin
during development. Neonatal peripheral treat-
ment with vasopressin permanently alters some
systemic responses, including cardiac, and from
this Boer (1985) hypothesized that AVP might also
have an organizational effect within the central
nervous system. The finding that during embry-
onic development treatment of pregnant females
with vasopressin altered the development of the
brain (Boer et al.,, 1988) supported the concept
of an organizational effect. The development of
the brain was associated with vasopressin acting
via the V1 type receptor, as brain development in
Wistar rats was only affected by a V1 antagonist, but
not a V2 antagonist (Snijdewint and Boer, 1988).
Neonatal treatment of pups resulted in increased
emotionality in females and increased ambulatory
behavior in males in an open field test (Boer et al.,
1994). Results from this study provided some of the
first empirical evidence of long-term behavioral
changes associated with vasopressin during postna-
tal development, and support for an organizational
effect. It also demonstrated that neonatal effects
are sexually dimorphic. This study also tested the
effect of repeated treatment with OT and found
that as with a single injection of OT (Noonan et al.,
1989, see below) neonatal treatment with OT did
not affect behavior in an open field. These results
indicated that neonatal effects were sexually
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dimorphic and that vasopressin and OT regulate
different behaviors.

Noonan et al. (1989) proposed that OT could have
long-term effects on behavior through organiza-
tional effects within the brain and tested this by
treating rats with a single dose of OT on postna-
tal day three. The results supported the hypothe-
sis, with neonatal OT increasing novelty induced
grooming in both males and females. In 1989,
Shaprio and Insel described the ontogeny of OT
receptors in the rat and demonstrated that dur-
ing postnatal development the expression of OT
was transitory in many regions of the brain. Based
upon this transitory nature they hypothesized a lim-
ited time period for organizational effects that pre-
dicted a significant difference between responses to
OT during the neonatal period and adulthood. The
ontogeny and topography of vasopressinergic and
oxytocinergic neurons using mRNA was described
in theratin 1990 (Bloch et al., 1990), followed shortly
thereafter by a description of ontogeny of vaso-
pressin receptor expression in the fetal and infant
rat brain (Tribollett et al., 1991).

While these studies demonstrated a potential
organizational effect of OT and AVP they did not
provide evidence as to the system or systems being
affected. Boer had suggested that vasopressin could
be altering responses by organizing the central vaso-
pressinergic system. This hypothesis was based in
part upon the finding that neonatal treatment has
long-term effects on peripheral receptor expression
in the heart and kidney. Brattleboro rats, which dis-
played vasopressin deficiency, also displayed higher
than normal OT levels throughout life and offered
the possibility that one neuropeptide might affect
the sister neuropeptide (Boer et al., 1988). But it
would be almost a decade before it would be shown
that OT and AVP had major effects on the long-
term expression of social behavior, and we began to
demonstrate the systems being impacted by these
neuropeptides during development.

4.2 Behavioral effects

The goal of this to provide an understanding of the
impact that OT or AVP may have on the “ultimate”
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expression of behavior not to elucidate nor detail
all of the behavioral effects associated with these
neuropeptides during development. The behavioral
effects of OT and AVP can be divided into two cate-
gories, those that are relevant to the neonatal period
versus long-term effects. While it may be in part
due to the nature of the research questions that
were asked, the majority of studies indicate that the
behavioral effects associated with OT and AVP influ-
ence or regulate behaviors that are relevant to adult
social interactions rather than those associated with
the developmental period. To a large extent these
findings provide the support for and are the basis
of the hypothesis of an organizational effect of
AVP and OT. Age appropriate effects for OT include
altered ultrasound production in response to mater-
nal isolation in rats (Insel and Winslow, 1991) and
prairie voles (Kramer et al., 2003). In adults OT has
been shown to be anxiolytic, reducing responses to
stress, (McCarthy et al., 1997) and these findings
suggest that it may play the same role during the
neonatal period. In fetal rats intrathecal injections
of AVP increased fetal activity, including mouthing,
licking, wiping, and intracisternal injection of V1
antagonists reduced wiping and oral grasping of an
artificial nipple (Valinskaya et al., 1994). In con-
trast, intrahemispheric injections of a V1 antago-
nist increased wiping and grasping of an artificial
nipple. AVP deficient rat pups displayed a differ-
ent group dynamic, reduced huddling and proxim-
ity to other pups, which may be involved in social
interaction (Schank, 2009), but could ultimately be
involved in thermoregulation and water balance.
Central administration of vasopressin in rat pups
decreased ultrasonic vocalizations and locomotor
acitivty (Winslow and Insel, 1995).

The majority of studies have examined the sub-
sequent effects of neonatal treatment in adults.
Neonatal manipulations have subsequent long-
term effects on many of the same behavioral and
physiological responses that these neuropeptides
regulate in adults, indicating that during the neona-
tal period they function to establish adult behav-
ior. Given the nature of the critical role of OT in
regulating social behavior much of the research
on neonatal effects of these peptides has been
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conducted using the highly social prairie vole. In
prairie voles neonatal manipulation of OT affects
the subsequent expression of a number of socio-
sexual behaviors in adults. These included, but
are not limited to, aggression (Bales and Carter,
2003a), alloparental behavior (Bales et al., 2004b),
formation of partner preferences (Bales and Carter,
2003b), mating (Cushing et al., 2005), and reproduc-
tive success (Bales et al., 2004a; Cushing et al., 2005).
In the Mandarin vole (Microtus mandarinus) neona-
tal treatment increased the probability that females,
but not males, would form a partner preference, and
increased reproductive activity in males (Jia et al.,
2008). There are only a few studies examining the
effects of neonatal AVP on the expression of adult
behavior. This may be due in part to the constraints
of treating with AVP during the neonatal period (see
historical perspective). Neonatal manipulation of
vasopressin, and selective inhibition of V1a recep-
tor have been shown to have long-term effects on
aggression (Stribley and Carter, 1999), mating (Mey-
erson et al., 1988), and open field behavior (Boer
etal., 1993). While the effects of OT and AVP are typ-
ically sexually dimorphic, in adults, with AVP play-
ing a greater role in males and OT in females (Cush-
ing et al., 2001; Insel and Young, 2001), in neonatal
treatment the degree of sexual dimorphism depends
upon the behavior being studied. In some cases one
may regulate the behavior in males and the other
in females. For example in prairie voles neonatal
treatment with AVP increased aggression in adult
males but not females (Stribley and Carter, 1999),
while neonatal OT increased aggression in females
but not males (Bales and Carter, 2003a). In other
cases they have similar effects, for example, in the
prairie vole early treatment with OT enhanced the
formation of pair-bonds and partner-preference in
both male (Bales and Carter, 2003b) and female
(Bales et al., 2007). However, the response may also
be species specific as in Mandarin voles neona-
tal treatment, without mating, only enhanced part-
ner preference in females (Jia et al., 2008). Finally
for some behaviors the effect of OT may be lim-
ited to males. Male prairie voles typically display
higher levels of spontaneous alloparental behavior
than females (Roberts et al., 1998). Use of selective
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OT antagonist during neonatal development signif-
icantly reduced male, but not female, (Bales et al.,
2004a), indicating that inhibition of endogenous OT
has sexually dimorphic effects.

4.3 Early social environment

The early postnatal environment, especially in
mammals, is a period of intense social interac-
tion, maternal, sibling, and in some species pater-
nal or with other relatives. These early experiences
can and do influence the subsequent expression
of social behavior. This critical period is a time
of bidirectional affects, where the early environ-
ment may effect the development and sensitivity to
hormones and well as the hormones affecting the
neonatal social interactions. Early social experience
affects the oxytocinergic and/or vasopressinergic
system. In rats, the early social environment altered
the subsequent expression of adult social behav-
ior in both males and females (Francis et al., 1999).
This was associated with site-specific increases in
OTR in females and Vla in males (Francis et al.,
2002). Maternal care may be directly affecting
endogenous OT levels as contacts between mother
and infants are known to increase OT production
(Uvnés-Moberg et al., 1998). Conversely, maternal
separation reduced the subsequent expression of
socio-sexual behavior. In rats maternal separation
resulted in a decrease in OT neurons in the par-
aventricular nucleus of the hypothalamus (PVN) of
females and AVP in males (Todeschin et al., 2009),
which was associated with increased aggression and
reduced social investigation by males. In another
study long-term maternal separation produced a
decrease in OT immunoreactivity in the hypotha-
lamus and amygdala of three-week-old male rat
pups (Oreland et al., 2010). Maternal separation also
affects AVP and OT receptors in males (Lukas et al.,
2010).

The effect of the early social environment may
not only be expressed in the adult, but also has
been shown to be transgenerational in both rats
(for review see Champagne, 2008) and prairie
voles (Stone and Bales, 2010), with implications for
cross-generational OT transmission in humans
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(Feldman et al., 2010). The transgenerational and
long-term effects have been associated with epi-
genetic effects on estrogen receptor alpha (ER«a)
expression and the interplay of estrogen and OT
and AVP (for review, see Champagne, 2008; Shep-
ard et al., 2009). These reviews bring together a
significant body of literature on early environmen-
tal, genetic, and epigenetic effects with an empha-
sis on estrogen and ERa. In turn, they argue very
eloquently that, at least some of the behavioral
and physiological changes may then occur via the
oxytocinergic or vasopressinergic systems because
of the steroid-dependent nature of OT and AVP.
They discuss possible mechanisms including corti-
cotrophin releasing hormone (CRH) and other reg-
ulatory hormones. I would also suggest the intrigu-
ing hypothesis that it is the effects on OT and
AVP of the early social experiences that could be
involved in the epigenetic regulation of ERa. This
might be the case as OT has been shown to have
an organizational effect on ERa (see Section 4.4.1,
Yamamoto et al., 2004; Kramer et al., 2007; Perry
et al,, 2009). This also makes logical sense from the
standpoint that contact and social interaction can
have a fairly rapid effect on OT release/production,
while gonadal steroid responses are generally much
slower and very limited in females with inactive
ovaries.

4.4 Organizational effects

The long-term behavioral effects of manipula-
tion of endogenous or exogenous OT during the
neonatal period provide strong support for the
hypothesis that OT has an organizational effect on
the CNS (Noonan et al., 1989; Shapiro and Insel,
1989; Yoshimura et al., 1996). The mechanism or
mechanisms of OT actions or the systems that are
being affected are not clear and are a work in
progress. One approach to investigating long-term
organizational effects is to ask what response is
being affected and to then determine if the underly-
ing mechanisms associated with these behaviors or
physiological responses have been affected. While
the long-term effects of neonatal OT cover a wide
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variety of responses they can be classified into
two major categories : (1) Socio-sexual behavior,
including aggression, pair-bond formation, mating,
parental care, etc., and (2) Stress, such as social iso-
lation, novel encounters, cardiac response, and cor-
ticosterone levels. Not surprisingly these are many
of the same behaviors and responses that have been
shown to be regulated/influenced in adults (see
Chapters 5-16).

4.4.1 0T and estrogen

In adults, especially females, the behavioral effects
of OT are estrogen dependent (Choleris et al., 2003).
However, in mammals the ovaries are inactive dur-
ing the fetal and neonatal period and therefore lit-
tle or no estrogen is produced. This means that
the dependence on steroids is highly unlikely dur-
ing the neonatal period. In contrast, during the
neonatal period many of OT’s long-term effects
are on estrogen-dependent behaviors, suggesting
the hypothesis that during the neonatal period OT
could be organizing subsequent response to estro-
gen. In rats, OT-treated females weighed signifi-
cantly more after puberty and the increase was
associated with fat depositions regulated by estra-
diol (Uvnés-Moberg et al., 1998) and placental and
fetal growth during pregnancy as adults (Sohlstrom
et al., 2002). Neonatal OT influences the onset of
first estrus and vaginal opening in female rats (With-
uhn et al., 2003; Parent et al., 2008). In female prairie
voles a single neonatal treatment on the day of birth
affected sexual receptivity and the probability of
successfully producing a litter (Cushing et al., 2005).
Female prairie voles undergo induced estrus with
exposure to males, increasing estrogen levels and
stimulating mating. Mating is also associated with
increased female/female aggression and neonatal
treatment with OT simulates the effects of estrogen
by an increase in aggression following exposure to a
male in both prairie voles (Bales and Carter, 2003a)
and Mandarin voles (Jia et al., 2008b).

Studies in undifferentiated cancer cell lines
and the developing ovary suggested that the
developmental stage may play a role in the abil-
ity of OT to regulate the response/sensitivity to
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estrogen. In MCF7 breast cancer cells treatment
with OT inhibited the ability of estadiol to stimu-
late mitosis (Cassoni et al., 1997). OT had a direct
effect on several aspects of ERa expression includ-
ing production of ERe mRNA, binding affinity, and
transcriptional activity (Cassoni et al., 2002). Can-
cer cells are less differentiated than other cells,
and “capable” of undergoing the equivalent of
organizational effects. In prairie voles, OT treat-
ment increased sensitivity to estradiol, lowering the
threshold dose required to trigger estrus in sexually
naive females, but had no effect in sexually expe-
rienced females (Cushing and Carter, 1999). Unlike
most female mammals, the completion of sexual
development in prairie voles requires chemical and
social cues from males (Carter et al., 1987). Regard-
less of chronological age, females are not sexually
mature so that a sexually experience female and a
sexually naive female represent significantly differ-
ent developmental stages. The differential response
to OT suggests that the stage of development is asso-
ciated with the response to OT manipulation and
that puberty may alter the relationship between OT
and estrogen, with the behavioral effects becom-
ing steroid dependent, as observed in rats (Ivell
and Walther, 2002). Outside of the central nervous
system (CNS) there is evidence that during the
neonatal period OT can affect development. In rats,
neonatal OT affected apoptosis in the developing
ovary (Marzona et al., 2003). Since the ovary is
the primary site of estrogen production changes in
the cellular composition of the ovary during devel-
opment could alter the subsequent production of
estrogen and/or ovarian sensitivity to LH, FSH, and
estrogen. Finally, in rats maternal behavior altered
central OT (Francis et al., 2002) and expression of
ERa in females (Champagne et al., 2003) and vaso-
pressin receptors in males (Francis et al., 2002).

The direct effect of endogenous and exogenous
OT on the expression of estrogen receptors in the
neonatal period was determined in two rodent
species with distinctly different social systems, the
highly social prairie vole and Sprague Dawley rats.
In two studies, male and female prairie voles
received a single injection of OT, a selective OT
antagonist (OTA), or saline control on the day of
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Figure 4.1 Effects of neonatal oxytocin (OT) manipulation
on the number of cells expressing ERa immunoreactivity
in the MPOA and VMH in female prairie voles and female
rats. In both prairie voles and rats inhibiting the effects of
endogenous OT with and OT antagonist (OTA)
significantly decreased the number of cells expressing ERa
in the MPOA, while treatment with exogenous oxytocin
(OT) significantly increased the number of cells expressing
ERa in the VMH compared with controls (CON). * =
significantly different from control (vehicle treated)
females (p < 0.05). Prairie vole data adapted from
Yamamoto et al. 2006 and rat from Perry et al. 2009.

birth (P1). The expression of ERa was then exam-
ined on P1, P8, P21, and in adults. While not dis-
cussed in detail here it should be noted that the
expression of ERa is sexually dimorphic in adult
prairie voles with females expressing significantly
more ERa than males (Hnatczuk et al., 1994; Cush-
ing et al., 2004) and this difference is apparent by
P21 (Yamamoto et al., 2006). The results support
the hypothesis that OT has an organizational effect
of ERa expression and also indicate that the effects
of OT are sexually dimorphic. In females, by P21
site- and treatment-specific effects were apparent
with OT producing a significant increase in ERa in
the ventromedial hypothalamus (VMH) (figures 4.1
and 4.2), while OTA treatment produced a signifi-
cant decrease in ERa in the medial preoptic area
(figures 4.1 and 4.2) (Yamamoto et al., 2006). In con-
trast, effects in males were not observed until P60,
with OTA increasing the expression of ERa in the
bed nucleus of the stria terminalis (BST) (Kramer
et al., 2007). The prairie vole is a valuable model
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Figure 4.2 Photomicrographs of ERa« immunoreactivity in female prairie voles on postnatal day 21 in response to
manipulation of OT on the day of birth. 4x (40x magnification) represent ERa immunoreactivity in the MPOA in Control
(CON) and oxytocin antagonist (OTA) treated females. 10x (100x magnification) shows the representative increase in ERa
in the VMH resulting from OT treatment. Adapted from Yamamoto et al. 2006.

Figure 4.3 Photomicrographs of ER« immunoreactivity in female rats in response to manipulation of OT on postnatal days
1-7. ERa immunoreactivity in the MPOA in Control (CON) and oxytocin antagonist (OTA) treated females. 10x (100x
magnification) showing the representative increase in ER« in the VMH associated with OT treatment. Adapted from Perry

etal. 2009.

for studying human relevant social behavior in part
because it is socially monogamous, monogamy is
a rare trait found in only 3 to 5% of mammalian
species (Kleiman, 1977). To determine if the orga-
nizational effects of OT on ERa is a general phe-
nomenon or specific to highly social species the
effects of neonatal OT manipulation were inves-
tigated in female rats. The effects of neonatal
OT manipulation in female rats was the same
as that observed in female prairie voles with OT
increasing ERa expression in the VMH (figures 4.1

and 4.3) and OTA decreasing ERa expression in the
(MPOA) (figures 4.1 and 4.3) (Perry et al., 2009).
These results clearly demonstrated that the orga-
nizational effects of OT are not species specific
and while the effects on the ultimate expression
of behavior may differ, the effects on the underly-
ing mechanisms are the same. Further results indi-
cate there may be a dose-dependent effect of OT
during the neonatal period as female prairie voles
treated with a lower dose of OT on P1 also displayed
an increase in ERa in the lateral septum (LS) and



Trim: 246mm x 189mm

CUUK2404-04

Top: 10.556mm Gutter: 19mm

CUUK2143/Choleris ISBN: 978-0-521-19035-0

April 22, 2013

The organizational effects of oxytocin and vasopressin

63

Figure 4.4 Photomicrographs of oxytocin expression in the paraventricular nucleus of the hypothalamus (A, C, E) and the
supraoptic nucleus (B, D, F) on postnatal day 1 (A + B), day 8 (C, D), and day 21 (E, F) in female prairie voles. Adapted from

Yamamoto et al. 2004.

central amygdala in addition to the VMH (Kramer
et al.,, 2007). The fact that OT has an organizational
effect on ERa could be highly significant as it sug-
gests the possibility that non-genomic events, such
as early social experiences that influence neonatal
OT expression, can have a major impact on the ulti-
mate expression of social behavior and influence
social interactions.

Although the mechanism by which OT alters
the expression/organizes ERa is unknown find-
ings from studies of non-neural tissue provide
potential options. In breast cancer cells, which are
less differentiated than adult cells, OT treatment
directly affected the expression of ERa. Effects of OT
included altering ERe mRNA production, binding
affinity, and transcriptional activity (Cassoni et al.,
2002), while in the neonatal ovary OT affected the
rate of apoptosis (Marzona et al.,, 2003). In vivo
studies in prairie voles support the hypothesis that
neonatal OT can directly affect the expression of
ERe, as within 2 h of OT treatment on P1 the expres-
sion of ERe mRNA was altered. OT treatment sig-
nificantly increased ERe mRNA in the hypothala-
mus and hippocampus, but not the cortex, while
OTA decreased ERa mRNA in the hippocampus
(figure 4.4, Pournajafi-Nazarloo et al., 2007a). These
effects were mRNA specific as ERB mRNA expres-
sion was unaffected. The direction of the effect is
consistent with the effect of neonatal manipula-
tion on ERa-IR (Yamamoto et al., 2006; Perry et al.,
2009) with OT increasing and OTA decreasing ERa.

The effect of OT on ERe mRNA was not limited to
the brain as OT treatment also altered the expres-
sion of ERe mRNA in the heart of both prairie
voles (Pournajafi-Nazarloo et al., 2007b) and rats
(Pournajafi-Nazarloo et al., 2007c). The effect in the
heart suggests two things. First, the organizational
effect of OT on ERa could in part be responsible for
changes in cardiovascular response/performance
reported in response to prepubertal OT treatment
(Uvnids-Moberg et al., 1998; Holst et al., 2002; Grippo
etal., 2007). Second, the organizational effects of OT
are not limited to the CNS. If neurons responded to
OT like breast cancer cells then OT could be alter-
ing affinity and transcription of ER, which could
account in part for longer-term effects and could
contribute to the ultimate expression of ERa and
sensitivity to estradiol.

Our lab tested the hypothesis that neonatal OT
may be altering the number of cells that express
ERa through regulating apoptosis. Neonatal treat-
ment of prairie voles did not support this hypothe-
sis as there was no evidence that OT altered apopto-
sis or apoptosis in ERa expressing neurons (unpub-
lished data). In females treated with OT or OTA on P1
the number of apoptotic cells, as indicated by stain-
ing for TUNEL, was low throughout the limbic sys-
tem, on P8 and P14, and there was no colocalization
with ERa-expressing neurons. This suggests that the
effect of OT differs between ovarian tissue and CNS
neurons, and further implies that in neurons OT is
acting by directly affecting ERa expression.
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Figure 4.5 Effects of manipulation of OT on day 1 in
female prairie voles on ERae mRNA 2 hrs after treatment.
Treatment with oxytocin (OT) increased ERe mRNA
relative to control (CON) and females treated with an OT
antagonist (OTA) in the hippocampus and hypothalamus,
but not the cortex, while OTA treatment reduced ERa
mRNA in the hippocampus. Bars with different letters are
significantly different from one another (p <0.05).
Adapted from Pournajafi-Nazarloo et al. 2007a.

Responses to OT and AVP are sexually dimorphic
and have been linked to sexually dimorphic expres-
sion of several social deficit disorders, including
depression, schizophrenia, and autism (Heinrichs
et al., 2009). While I may admittedly be one of the
few that find this perplexing, there is no indication
that either during development or in adults that the
oxytocinergic system is sexually dimorphic, so how
then can OT be associated with sexually dimorphic
responses? The organization of ERa could explain
in large part the sexually dimorphic effect. Dur-
ing development the male gonad actively produces
testosterone, which is converted intracellularly to
estradiol by aromatase, while in the female there
is little or no estrogen production until the ovaries
become active at the onset of puberty. Therefore,
changes in ERa expression would have differential
effects in males and females. Additionally, organiza-
tion of ERa would have a significant impact in adult
females when the oxytocinerigc system is estrogen
dependent (see Chapters 1 and 9).
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4.4.2 Other organizational effects

Organizational effects on ER may explain many of
the long-term changes in behavior. However, there
are a number of reasons why it is unlikely that
changes in response to steroids are sufficient to
explain all of the effects of OT. First, during pre- and
postnatal development the ovaries are inactive. This
means that neonatal females would show little or
no response to changes in ERa because there is no
steroid to bind to the receptors. As such, changes
in ERa are unlikely to explain changes in behavior
that occur during the neonatal period. Second, in
adults as well as neonates, behavioral and physio-
logical responses to stressors are frequently rapid,
and these types of responses are not typically asso-
ciated with changes in nuclear receptors. Activation
of nuclear receptors, ERa, involves transcriptional
and translational activity, which are not consid-
ered rapid responses. Thirdly, many of the affected
behaviors are also influenced or regulated by other
mechanisms, including OT and AVP (for a review,
see Cushing and Kramer, 2005), which at the very
least suggests there could be changes in these or
other underlying mechanisms.

Although the evidence is still limited there are
studies that indicate OT may affect/organize other
systems. OT may affect both neonatal responses
and have long-term effects through the oxytocin-
ergic system. In both prairie voles (Yamamoto
et al., 2004) (figure 4.5) and rats (Perry et al., 2009)
neonatal OT and OTA treatment increased the num-
ber of cells expressing OT in the PVN. The long-term
effect on OT production is species specific. In female
rats the increase in the OT positive cells in the
PVN continued into adulthood (Perry et al., 2009),
while adult female prairie voles no longer displayed
differential production of oxytocinergic neurons
(Kramer et al., 2007). The variation could be the
result of a differential species response or the fact
that in the vole study females only received a sin-
gle treatment on P1 while rats were treated from P1-
P6. It seems most likely that the difference is species
specific, as a single treatment on P1 in female
rats produced long-term increased OT production
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in the posterior pituitary of adults (Young et al.,
2005).

Only one study has examined the potential effect
of neonatal OT on CNS neuropeptide receptor
expression. In this study, P1 OT manipulation did
not alter the expression of OTR but did affect Vla
receptor binding in adult prairie voles (Bales et al.,
2007). The effects were site specific and sexually
dimorphic. In females, P1 treatment reduced Vla
binding, with OT decreasing binding in the MPOA,
BST, LS, medial dorsal thalamic nucleus, and the
Cingulate Cortex, while OTA treatment produced a
reduction in binding in the BST and Cingulate Cor-
tex. In males, OT treatment increased V1a binding
in the Cingulate Cortex, while OTA treatment had
the opposite effect resulting in a decrease in Vla
binding in the MPOA, BST, and LS. Most of these
regions regulate social behavior and the medial
dorsal thalamic nucleus is one of the regions that
displayed increased neuronal activity in response to
neonatal OT treatment (Cushing et al., 2003). This
means that neonatal effects of OT could alter behav-
ioral response through an organizational effect on
the receptor of its “sister” nonapeptide. This could
explain sexually dimorphic effects.

Interestingly, this same study did not find an orga-
nizational effect of OT on OTR expression in either
males or females. This, however, does not rule out
the possibility that OT does affect the expression of
OTR. In the heart, OT manipulation on P1 resulted
in a change in OTR, as measured by real-time
PCR, in both P21 rats (Pournajafi-Nazarloo et al.,
2007c) and P21 prairie voles (Pournajafi-Nazarloo
et al., 2007b). However, these studies did not exam-
ine the effects in adult hearts, so it is unknown
if these changes persisted. In the prairie voles,
neonatal effects on OT production in the PVN were
observed on P21 but not in adult females, indicat-
ing that, at least in prairie voles, while the effects are
significant they were not permanent. If the same
thing happened in the brain then OTR expression
would need to be looked for at an earlier age. In
contrast, in rats the effects on PVN OT neurons was
long term and still apparent in adult females. The
difference between voles and rats suggests that it
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would be valuable to determine if there was also
a long-term effect on OTR in female rats. If this
were the case it would support the concept of OT
playing a significant role in the expression of
species-specific social behavior. The differential
response also might be indicative of the change
in the relationship between OT and estrogen that
occurs in most adult females, but not prairie
voles.

The study of the organizational effects of OT and
AVP is a wide open field with tremendous potential
and implications for understanding both basic
regulatory mechanisms and possible prevention
and treatment of social deficit disorders. The sur-
face has barely been scratched in terms of the
effects on ER, let alone OT and AVP. There are also
indications that OT may have other major long-
term organizational effects. In the heart, neonatal
treatment affected endothelial nitric oxide synthase
expression (Pournajafi-Nazarloo et al., 2007¢) and
we have recently demonstrated that neonatal OT
has site-specific organizational effects on the sero-
tonergic system (Eaton et al., 2011), which fits with
the anxiolytic effects of OT and may explain, at least
in part, the ability of OT treatment to prevent the
onset of depression (Grippo et al., 2009; Heinrichs
etal., 2009).

4.5 Ontological effects

Critical periods, when hormones, neurohormones,
neurotransmitters, and other compounds have
windows of time in which they can act to organize
the brain, may occur throughout the life of an organ-
ism, but the developmental period, both embryonic
and neonatal, typically represents a period when
many changes are occurring. Therefore, the neona-
tal effects of OT and AVP are dependent upon the
ontogeny of the oxytocinergic and vasopressinergic
systems. While there are significant differences
between the ontogeny of these systems, one thing
that stands out is that there is little or no sexual
dimorphism in these systems. In eutherian mam-
mals the vasopressingeric system develops during
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Figure 4.6 Photomicrograph of oxytocin expression in the paraventricular nucleus of the hypothalamus on day 21 in
response to neonatal manipulation of oxytocin (OT) on the day of birth. Treatment with OT and an oxytocin antagonist
(OTA) both resulted in an increase in the number of cells expressing OT compared to untreated (NT) and saline, vehicle,

(SAL) treated females. Adapted from: Yamamoto et al. 2004.

the embryonic period (E), while the oxytocingeric
system develops postnatally (P).

4.5.1 Oxytocinergic system

In mammals, central OT production either begins
just prior to birth or shortly after. In mice, OT mRNA
has been detected several days before birth on E18.5
(Jing et al., 1998), but peptide production is not
observed until the early postnatal period, P1, in
prairie voles (Yamamoto et al., 2004), and P4 or P7
in rats (Choy and Watkins, 1979; Altstein and Gainer,
1988). While OT was present in cell bodies of the
PVN in prairie voles on P1 it was not until P8 that
oxytocingeric fibers were observed emanating from
the cell bodies (figure 4.6) (Yamamoto et al., 2004),
suggesting that there may be a delay between pro-
duction and release.

The ontogeny of OTR may explain much of the
organizational effects of OT during the neona-
tal period and either the loss of effects or the
dramatic changes in response observed in adults.

Neonatal OTR expression is considered to be tran-
sitory with many regions expressing OTR only dur-
ing early, preweaning, postnatal development. The
trajectory of OTR expression also varies so that
the period of maximum OTR expression differs by
region across postnatal age (Choy and Watson, 1979;
Shaprio and Insel, 1989; Jing et al., 1998; Chen et al.,
2000). Taken together this means that first, there
is definitely a neonatal critical period and second,
the effects of OT should vary across the neonatal
period, beginning on P1. Therefore, a single treat-
ment on P1 would be predicted to have a differ-
ent effect from one on P8, because different regions
would be responsive. Paradoxically, a single treat-
ment on P1 might not differ from repeated daily
treatments starting on P1. A single treatment with
OT during the neonatal period increased the num-
ber of OT neurons in the PVN (Yamamoto et al,,
2004) and the production of OT in the posterior
pituitary (Young et al., 2005). The results of early
treatment indicate an initial positive feedback sys-
tem with increased OT increasing endogenous OT
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production, which could then interact with the
changing pattern of OTR function in a manner simi-
lar to exogenous treatment. This may also explain, at
least in part, long-term non-genomic effects of even
single events, such as handling or maternal separa-
tion, which if they cause a change in endogenous
levels of OT, stimulate a positive feedback on OT
production.

The postnatal development of the oxytocinegric
system may at least in part be due to the role of OT
during pregnancy and labor in eutherian mammals.
During pregnancy, circulating levels of OT are high
and, depending upon the species, peak toward the
end of pregnancy. At parturition there are additional
pulses of OT, which facilitate uterine contractions. If
OTR was present in the late-term fetus then circu-
lating levels could have a significant impact on the
organization of the fetal brain. Although limited in
its scope, a comparative examination of ontogeny
of the oxytocinergic system in the Brazilian opos-
sum, a South American marsupial, supports this
hypothesis. The ontogeny of the vasopressinergic
and oxytocingeric systems are similar to eutherian
mammals with AVP immunoreactivity occurring as
early as E12 (Igbal and Jacobson, 1995a), while
OT-IR appears in the median eminence P1 with pro-
duction occurring in the PVN and SON and poste-
rior pituitary between P3 and P5 (Igbal and Jacob-
son, 1995b). The development of the two systems
in a primitive marsupial suggests that the develop-
mental timing of the two systems is adaptive and
may have evolved in the ancestral state. It also sug-
gests birth is a critical aspect in the ontogeny of the
oxytocinergic system. Compared to eutherian mam-
mals birth in marsupials occurs at a significantly
earlier stage of development. However, despite
this chronological difference development of both
systems occurs within a similar timeframe, suggest-
ing that changes associated with parturition trigger
development of the oxytocinergic system.

4.5.2 Vasopressinergic system

While Boer et al. (1994) speculated on an orga-
nizational effect of vasopressin there is little
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experimental evidence indicating pre- or postnatal
organizational effects of AVP on the mechanisms
regulating social behavior. At least two factors may
have acted to limit study. First, as previously dis-
cussed, peripheral AVP plays a major role in water
balance therefore manipulation of AVP can have
significant impacts on physiological responses,
which in turn may result in significant changes in
behavior. Second, very early in the study of the role
of AVP, in contrast to OT, it was discovered that not
only are adults, but also the pre- and post-natal
effects of AVP are testosterone dependent. Neonatal
castration reduced the number of cells produc-
ing AVP in the brain and replacement restored it
(DeVries et al.,, 1983). Testosterone has a direct
effect on the expression of AVP mRNA in both the
medial amygdala and the BST (Wang, 1994), two
regions of the brain that are part of the social neural
network and play a critical role in the expression of
social behavior (Newman, 1999). Prenatal treatment
with flutamide, an androgen receptor antagonist,
eliminated the dependence of adult male rats on
vasopressin for the formation of social memory and
recognition (Axelson et al., 1999). Testosterone has
the potential to organize the male vasopressinergic
system from the onset as the vasopressinergic
system begins embryonic development at the same
time as testosterone increases in the fetal male. The
steroidal regulation of AVP may also explain the
sexually dimorphic role of AVE, with AVP playing
a more significant role in male behavior (Cushing
et al., 2001; Insel and Young, 2001). Combined,
these studies suggest that many of the early devel-
opmental effects of AVP are under the regulation
of testosterone, especially in males, and may have
helped focus research on the role of testosterone
on the vasopressinergic system rather than the
organizational effects of AVP. Despite the lack of
empirical evidence, given the close structural rela-
tionship of AVP to its sister nonapeptide OT, which
has organizational effects, and the importance of
AVP in regulating social behavior, it is probable that
AVP does have organizational effects. The question
is not only whether AVP has organizational effects,
but also if they are independent of testosterone?
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The organizational effects of AVP are a potentially
significant area of research, but only time, and
possibly funding, will tell.

4.6 Implications in social deficit disorders

Given the critical role OT and AVP play in the reg-
ulation of social behavior, it is not surprising that
there is intense interest in, and rapidly expanding
research programs to understand, the role of OT
and AVP not only as underlying mechanisms of, but
also for possible treatments of social deficit disor-
ders. The potential importance/role of neuropep-
tides in social deficit disorders is discussed in detail
Part III — Human studies; and there are a num-
ber of comprehensive reviews that include informa-
tion about neuropeptides and social deficit disor-
ders (e.g., Heinrich et al., 2009; Ryckmans, 2010).
Some of which review specific conditions, such as
autism (Chapters 19 and 20), schizophrenia, depres-
sion, and ADHD (see Carter, 2007; Marazziti and
Dell’Osso, 2008; Neuhaus et al., 2010). The goal of
this section is to highlight specifically some of the
findings as associated with the early onset of social
deficit disorders and the role of OT and AVP.
Literature reviews of the neurobiology of social
deficit disorders and empirical human studies indi-
cate that the same factors, the organizational and
epigenetic effects of OT and AVP, as discussed in this
chapter, may play a significant role in the expres-
sion of social deficit disorders (Carter, 2007; Gre-
gory et al., 2010; Insel, 2010). It has also been
hypothesized that the sexually dimorphic expres-
sion of social deficit disorders may be explained, at
least in part, by the differential effects of AVP and
OT. For example, it has been argued that the sex-
ually dimorphic actions of AVP may increase the
probability that a male will develop autism and
that OT may potentiate or buffer the effects of AVP
(Carter, 2007). In fact, individuals with ASD have sig-
nificantly higher levels of AVP (Boso et al., 2007),
while autistic children have reduced levels of OT
(Modahl et al., 1998; Green et al., 2001). Differen-
tial receptor expression may also play a role, as
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polymorphisms in the OTR gene have been corre-
lated with autism (Jacob et al., 2007) and attention
deficit and hyperactivity disorder (Park et al., 2010).

In adults, low circulating levels of OT have been
associated with autism and other social deficit dis-
orders and the use of OT has been shown to
temporarily reduce the symptomatic expression of
social deficits (Hollander et al., 2007). It is tempt-
ing to speculate that if early onset conditions, such
as autism, are subject to organizational influences
of neuropeptides then early intervention may pre-
vent permanent, or at least limit long-term, changes
within the CNS, as opposed to temporarily reduc-
ing symptoms. One case in point is Prader-Willi
Syndrome, which is associated with low circulating
levels of OT (Hoybye, 2004) and fewer OT neurons
(Swaab et al., 1995). In a potential mouse model
for Prader-Willi Syndrome, neonatal feeding deficits
were eliminated with a single injection of OT at birth
(Schaller et al., 2010). The findings from studies of
social deficit disorders underscore and emphasize
the take home message of this chapter is the signif-
icance of understanding the roles of critical periods
for the organizational effects of OT and AVP.
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