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Abstract
During pregnancy, females undergo several physiologically driven changes that facilitate adaptive
behaviours and prepare the mother to care for her developing offspring. The nonapeptide hormone
oxytocin is best recognised for its involvement in mammalian pregnancy and has been tightly
associated with maternal care, in addition to its roles in pregnancy, parturition, and lactation. A
closely related nonapeptide hormone, arganine vasopressin, has received considerably less
attention for its role in pregnancy but has recently been implicated in modulating maternal care
and aggression. Here, we examine the expression patterns of receptors for oxytocin (OTR) and
vasopressin (V1aR) over the course of pregnancy, ranging from non-mated virgin to immediately
postpartum female prairie voles (Microtus ochrogaster). Surprisingly, we found that OTR was
highly stable in all measured structures in the forebrain. V1aR was also stable throughout most of
the brain. Two exceptions to this were found in the ventral pallidum (VPall) and the
paraventricular nucleus of the hypothalamus (PVN); both significantly correlated with the length
of time females were pregnant. Changes in the PVN may reflect functional feedback in
vasopressin release, or preparatory changes for ensuing maternal behaviour. The results also
indicate an unappreciated role for VPall V1aR in pregnancy, which may relate to the function of
the VPall in hedonic ‘liking’ and motivational ‘wanting.’ Taken together, our data indicate that
with a few compelling exceptions, nonapeptide dynamics during prairie vole pregnancy are largely
limited to changes in the synthesis and release of oxytocin and vasopressin, not the receptors to
which they bind.
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Introduction
It is well recognised that female physiology undergoes dynamic changes throughout the
course of pregnancy [1]. In mammals, many of these changes are governed by a
combination of endocrine and neuroendocrine mechanisms (including actions of sex
steroids, luteinising hormone, and nonapeptides) and environmental cues (such as the
presence of young), which induce and coordinate the expression of maternal behaviour [2,
3].

The neuromodulatory nonapeptide oxytocin (OT) asserts perhaps one of the more profound
influences on the maternal brain [4]. OT has engendered broad interest due to its
involvement in a wide variety of social behaviours including sexual behaviour, pairbonding,
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social memory, trust, and social cognition (for example see [5]). However OT is classically
recognised for its impact on maternal physiology (i.e., induction of parturition and lactation)
and its control over maternal care and aggression. In addition to being a prime driver of
labour and milk ejection [6, 7], OT synthesis and release just prior to and following birth is
responsible for the onset of maternal defensive aggression and maternal care (i.e., pup
retrieval, licking and grooming offspring, and adopting postures that enable successful
nursing and thermoregulation of young) [8]. Although it has received relatively less
attention for its role in maternal behaviour, the hypothesis that arganine vasopressin (AVP)
is important for the expression of maternal behaviour is beginning to garner support. Indeed,
central AVP acting on V1a receptors, is an important regulator of arched back nursing, pup
retrieval, and contact with offspring [9]. Because OT and AVP have such profound effects
on social behaviour, it is not surprising that they are so deeply involved in among the most
social of behaviours – offspring defense and care.

Our understanding of the hormonal coordination of maternal behaviour and the perinatal
neuroendocrine changes that govern them has been primarily built on studies in rats
employing diverse approaches (including microdialysis, immunolabeling, administration of
pharmacological agents, etc.) to provide a relatively clear understanding of the
neuroendocrine adaptations that prepare mothers to deliver and care for offspring (e.g., [1,
10–12]). For example, secretion of OT from the paraventricular nucleus and supraoptic
nucleus of the hypothalamus regulates neuronal activity important for the peripheral
pulsatile secretion of OT from the neurohypophysis [13–15], and operates to initiate and
coordinate maternal care [16–22]. AVP works with OT to produce maternal behaviour in
similar ways [9, 23–30].

The majority of what we have learned about the nonapeptide control of maternal behaviour
over the past half century has primarily focused on the synthesis, release, and action of
central and peripheral OT and AVP (refs Op cit.). What is striking is that only a few studies
have attempted to describe the changes that the receptors for these neuropeptides undergo.
Of these studies, two important themes have emerged: 1) oxytocin and vasopressin receptor
densities are relatively stable, with the possible exception of hypothalamic structures such as
the paraventricular nucleus, and 2) most of the dynamic changes occur postpartum and into
lactation. Focusing on the former point, OTRs in the paraventricular hypothalamus (PVN),
and possibly in the supraoptic nucleus (SON), bed nucleus of the stria terminalis (BST) and
medial preoptic area (mPOA), appear to only upregulate in the latest stages of pregnancy
[31–34]. Strangely, despite the clearest results for OTR upregulation in the PVN, levels of
OTR mRNA in the PVN do not change over pregnancy [35, 36]. On the other hand, AVP
mRNA increases in the PVN and SON during the peripartum period [18, 19, 29]. Taken
together, these data have implicated an important role in maternal priming for OTR- and
V1aR-mediated sensitivity to nonapeptides in a select few – primarily hypothalamic – neural
structures.

Although studies such as those described above are invaluable toward understanding the
neuroendocrine control of and physiological adaptations for maternal behaviour, it is crucial
to consider the extent to which such studies may be generalised [37]. Rats are social
breeders, and demonstrate the social organisation and promiscuous/polygynous mating
system seen in most mammalian species. On the other hand, mammalian social monogamy
is closely associated with exclusive bonds with mating partners and biparental care [38].
Although uncommon among mammals, social monogamy has been identified in several
taxa, including some aquatic species of mammal, bats, carnivores, ungulates, rodents, and
primates, including humans [39]. Due in large part to their size, adaptability to the lab, and
similarity to established rodent models, none of these species are more easily studied than
prairie voles (Microtus ochrogaster). Indeed, prairie voles have provided deep insight into
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the neurobiology of social monogamy and bi-parental care [40–42], and may therefore
represent a great opportunity to learn more about the neuroendocrine dynamics that occur
during pregnancy. To broaden our understanding of the changing maternal brain, we provide
a description of the receptor dynamics in a bi-parental and socially monogamous rodent
model. To this extent, our study, is among the first to investigate receptor densities as a
function of female pregnancy, and represents the first within a socially monogamous
mammal.

Materials and Methods
Animals

All animals used in this study were from the F1 generation originating from wild caught
animals trapped near Champagne, Illinois. Field-caught animals were transported to
Oklahoma State University where they were housed and bred in polycarbonate cages (29 ×
18 × 13 cm) under a 14:10 light:dark cycle. At 21 days, we weaned offspring, and separated
them into same sex litters. All animals had ad libitum access to rodent chow (Harland
Teklad, Madison, WI, U.S.A) and water. Temperature was maintained at 21 ± 2°C.

Study design
We created 20 pairs of sexually naive adult female and male prairie voles of similar age and
weight. Age ranged from 62 to 114 d. Immediately following introduction, each pair was
video recorded from the date of pairing until mating was confirmed; all but one pair mated
(see results below). Gestation lasts approximately 21 days in prairie voles. From the 20
pairs, we planned four equally sized groups of animals to encompass the first, second, and
third, weeks of pregnancy and post-parturition. To this end, we sacrificed females with CO2
gas at 4, 11, 18, days after first observed mating, or on the day of parturition. In the latter
case, females were sacrificed within 2 hours of giving birth. Our animal procedures were in
accordance with the guidelines set and approved by the Institutional Animal Care and Use
Committee of Oklahoma State University.

Our design was intended to produce four groups of females spanning the course of early-
stage pregnancy to immediately post-partum. Unfortunately, first mating did not translate
into fertilisation (see results), and the degree to which females were pregnant was discordant
with our original planed comparisons. Therefore, rather than treating our animals as four
discrete categories, we grouped all females together and analysed the data as correlations
(see Analyses below) between nonapeptide receptor expression in the brain and the length of
time females were pregnant.

Determination of pregnancy and time since fertilisation
To estimate the length of time females were pregnant, we assessed the crown-rump (C-R)
length of embryos. C-R length has been suggested as a reliable indicator of time since
fertilisation where 1 mm is approximately 1 day since fertilisation [43].

To harvest embryos, we extracted each foetus from the mothers’ uterine horns immediately
following brain extraction (see below). Each embryo was placed on a clean surface, we
removed the embryonic sac and placenta, and we took three measures of the C-R length. We
then calculated the mean embryo C-R length per litter to estimate the approximate time
since fertilisation for each breeding pair [43].

Tissue extraction, and cryosectioning
Upon sacrifice, we immediately extracted brains, snap froze them on powdered dry ice, and
stored them in −80°C. Later, we coronally cryosectioned brains at 20μm and mounted
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sections at 100μm intervals on Superfrost Plus slides (Fisher Scientific). Each of four sets
was then stored at−80°C until they were used to visualise receptor density using
autoradiography.

Autoradiography
On two of the four sets of brains, we used 125I radioligands to visualise either oxytocin
receptor (ornithine vasotocin analog, ([125I]-OVTA); NEX 254, PerkinElmer; Waltham,
MA) or vasopressin 1a receptor (vasopressin (Linear), V-1A antagonist (Phenylacetyl1, 0-
Me-D-Tyr2, [125I-Arg6]-); NEX 310, PerkinElmer; Waltham, MA). To process tissues, we
lightly fixed sections in 0.1% paraformaldehyde for 2 min, washed them two times in 1X
Tris for 10 min, incubated them either with 40pM [125I]-OVTA or with 50pM 125I-labled
vasopressin (Linear), V-1A antagonist for 90 min. Next, we washed slides in a series of 5
min baths of 1X Tris with MgCl2 followed by a final wash in 1X Tris with Mgcl2 for 30
min, and then rapidly air-dried them.

We exposed radiolabeled tissue to film (GE Healthcare, Buckinghamshire, UK) for three
(V1aR) or four (OTR) days; different exposure lengths compensated for differing degrees of
ligand radioactive decay at the time of use. The relative density of ligand binding was
assessed by inferring that receptor density relates to the optical density of exposed film [44],
and in this way optical density measurements serve as a proxy for receptor density. We
used 125I labelled radiographic standards (American Radiolabeled Chemicals; St Louis,
MO) to allow for conversion of optical density to receptor density. We digitised films on a
Microtek ArtixScan M1 (Microtek, Santa Fe Springs, CA) and measured optical densities
using NIH ImageJ Software. We calculated receptor density by first converting optical
density to disintegrations per minute (dpm), adjusted for tissue equivalence (TE; for 1 mg in
the rat brain), by using a log function to fit curves generated by radiographic standards.

We measured optical density for each structure of interest three times (once on a series of
three brain sections, bilaterally). We also measured nonspecific binding on each section by
measuring the background levels of cortex (bilaterally) in areas that do not express either
peptide receptor on each of the same sections measured. The values for each structure were
averaged, converted to dpm/mg TE, and adjusted to represent specific binding by
subtracting nonspecific binding from total binding for each area.

We measured OTR in the prefrontal cortex (PFC), anterior insular cortex (ICa), nucleus
accumbens (NAcc), septohippocampal nucleus (SHi), dorsal and ventral component of the
lateral septum (LSd and LSv), caudate-putamen (striatum; CPu), medial insular cortex
(ICm), central amygdala (CeA), basolateral amygdala (BLA), hippocampus (Hi), posterior
insular cortex (ICp), and the intermedial dorsal, centromedial, and centrolateral thalamic
nuclei (IMD, CM, and CL, respectively).

We measured V1aR in the main and accessory olfactory bulbs (MOB and AOB,
respectively), ventral pallidum (VPall), lateral septum (LS), medial, lateral and ventral
portions of the bed nucleus of the stria terminalis (BSTm, BSTl, BSTv, respectively),
anterior hypothalamus (AH), paraventricular nucleus (PVN), superchiasmatic nucleus
(SCN), posterior cingulate/retrosplenial cortex (RSC), lateral dorsal thalamic nucleus
(LDTh), medial dorsal thalamic nucleus (MDTh), ventroposterior thalamic nucleus (VPTh),
central amygdala (CeA), medial amygdala (MeA), and the ventral medial nucleus of the
hypothalamus (VMH).

Unfortunately, we were unable to quantify OTR or V1aR in some structures (primarily
hypothalamic) that are known to influence maternal behaviours in other rodents. These
included the PVN, mPOA, SON, and BST for OTR and the mPOA for V1aR. Receptor
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expression has not been described in other studies using prairie voles and is
indistinguishable from background in these structures [44–47], but see [48].

Analyses
We used a multivariate general linear model with average litter crown-rump length as a
covariate to compare receptor expression across the course of pregnancy for multiple neural
structures expressing either OTR or V1aR. This analysis enabled us to evaluate correlations
between pup C-R length (i.e., how long females were pregnant) and receptor expression in
each structure listed above, while controlling for issues of inflated power associated with
multiple comparisons.

Ultimately, our primary interest was to determine whether receptor expression differed as a
function of pregnancy. Given our inability to control when fertilisation occurred (see above),
our primary analyses treated our sample of 20 females as a continuous set of data beginning
with females that had not yet mated, through females that had mated but were not pregnant,
to females in various stages of pregnancy, and ending with females that had just given birth.
Although the number of females at any given stage of this continuum varied, treating the
data as a spectrum of stages of pregnancy can reveal the general pattern of receptor
dynamics during this crucial phase of life.

Results
Latency to first mating, average litter size, and average crown-rump length

Because female prairie voles are induced ovulators [49, 50], pairs usually require 2 to 3 days
of co-habitation before mating occurs. The majority of our animals demonstrated this
pattern, with 15 of 20 pairs mating within the first 72 hours of pairing. Of the remaining five
pairs, two mated on the fourth day, one mated on day 11, one on day 18, and one pair never
mated.

Litter sizes ranged from 0 to 6 embryos (Figure 1a); mean (± SE) litter size was 3.0 ± 0.50
pups per litter. Of the total 56 embryos, the average C-R length was 16.5 mm (±1.24),
ranging from 2 to 30.5 mm (Figure 1b). Six pairs never produced offspring. This highlights
an important point: although many of our pairs mated more or less according to our intended
design, first mating did not guarantee fertilisation. Therefore brain sampling occurred across
a spectrum of time points during the course of pregnancy. Ultimately the range of how long
females had been pregnant (estimated by average litter C-R length) at the time brains were
extracted ranged from an un-mated virgin female (N = 1), to mated females that were not
fertilised (N = 5), to females that had been pregnant for less than 5 days (N = 2, x̄ length <
3.0 mm), to females that had been pregnant for approximately 6–7 days (N = 4 x̄ length =
6.36 mm), to females that were approximately pregnant for 16–20 days (N = 4 x̄ length =
19.31 mm), to post-partum females (N = 4 x̄ length = 27.83 mm). The range of embryo sizes
presented in figure 1b provides an estimation of the extent to which females were pregnant.

Wolff et al. [43] have argued that C-R length can be used to predict the length of time
female prairie voles have been pregnant. Figure 1c demonstrates the significant relationship
between the time since first observed mating (excluding non-pregnant females and one
female who became pregnant approximately 17 days after the first observed mating) and
average embryo C-R length (Pearson’s correlation; r2 = 0.95, N = 13, p < 0.0001). Notice
that the slope of this trend-line was 1.67 (95% CI ± 1.4 – 1.9), which indicates that 1.5 mm
of C-R length is a better estimate of each day of postzygotic growth than the 1 mm proposed
by Wolff et al. [43]. Nevertheless, this robust relationship strongly indicates that C-R length
is a reliable indicator for the degree of female pregnancy.
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Forebrain nonapeptide expression
Crown-rump length did not predict the binding density for OTR in any forebrain structure
(Wilks’ lambda = 0.375, F(15, 4) = 0.44, p = 0.89; Table 1). In contrast, V1aR binding
density significantly changed over the course of pregnancy (Wilks’ lambda = 0.006, F(17, 2)
= 18.63, p = 0.05; Table 2). This effect was primarily driven by the fact that C-R length
predicted V1aR density in two areas of significant interest. First, C-R length was
significantly and positively correlated with V1aR binding density in the PVN (r2 = 0.32, N =
20, F(1) = 8.58, p = 0.009; Figure 2a). In contrast, C-R length was negatively correlated with
V1aR density in the VPall (r2 = 0.27, N = 20, F(1) = 6.72, p = 0.018; Figure 2b). Although
no other V1aR expressing areas correlated with the degree of female pregnancy, some
notable trends included the superchiasmatic nucleus (which showed a similar pattern to the
PVN), and the lateral septum (which showed a similar pattern to the VPall) (see Table 2).

Including non-pregnant (mated or virgin) females might bias the correlation between C-R
length and female brain expression because, although they were attributed a C-R
measurement of 0, unfertilised females have no embryos to measure. We therefore removed
all females that were not pregnant to provide a second measure of the relationship between
V1aR expression in the VPall and PVN with C-R length. Removing these individuals did
not affect the strength of the relationship in the PVN (r2 = 0.38, N = 14, F(1, 12) = 7.45, p =
0.02) and it strengthened the relationship in the VPall (r2 = 0.66, N = 14, F(1,12) = 22.96, p <
0.001). The correlations across all other brain structures for OTR or V1aR were not affected
by removing the non-pregnant females (all r2 ≤ |0.43|, N = 14, p ≥ 0.124). We also pooled
animals into three groups: non-pregnant females (N = 6), newly pregnant females (C-R
length between 1 and 15 mm; N = 6), and late pregnancy females (C-R length greater than
15 mm; N = 8). V1aR expression in the PVN significantly differed between these three
groups (ANOVA: F(2, 19) = 3.60, p < 0.05). Post hoc t-tests revealed that non-pregnant and
newly pregnant females demonstrated similar V1aR expression in the PVN (p = 0.99), but
each of these groups expressed significantly less V1aR than late pregnancy females (p <
0.05, p = 0.03 respectively; see Figure 3a). V1aR expression in the VPall was also
significantly different across these three groups of females (F(2, 19) = 7.63, p < 0.01).
However, unlike in the PVN, pallidal V1aR differed between newly pregnant and late
pregnancy females (p = 0.03) and between newly pregnant and non-pregnant females (p =
0.04) but not between non-pregnant and late pregnancy females (p = 0.64; see Figure 3b).
These data largely correspond with the correlational data (see Figure 2) that indicate an
increase of V1aR in the PVN as parturition approaches, and what appears to be a transient
increase in pallidal V1aR shortly after fertilisation.

Discussion
The mammalian nonapeptide hormones oxytocin and vasopressin are profoundly involved in
a breadth of social behaviours, including those associated with offspring care [51–53].
Whereas oxytocin has been closely associated with female pregnancy, parturition, lactation,
and several aspects of maternal behaviour [1, 8, 10, 54], only recently has the action of
vasopressin been linked to female maternal behaviour [8, 9, 32, 55]. Somewhat surprisingly,
although a great emphasis has been placed on describing how oxytocin and vasopressin
change in the brain during pregnancy, relatively little attention has been given to dynamics
of the receptors to which they bind over this course, and none have investigated such
changes in socially monogamous mammals.

OTR & V1aR Stability
Above all, our results demonstrate the highly stable nature of forebrain OTR and V1aR
during pregnancy. These results are fairly consistent with reports in rats. Indeed, in recent
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studies that have investigated OTR and V1aR expression during the perinatal period, the
overwhelming majority of neural areas studied showed no changes in density of either
receptor type [32, 33, 35], but see [36]. Despite the stability of OTR and V1aR during
pregnancy, recent studies have demonstrated that there are profound post-partum changes in
receptor density in rats. Indeed, the most dramatic differences can often be seen between
parturition and in the early to mid lactation period (e.g., [32]). In a series of elegant studies
(e.g., [9]) Bosch, Neumann and colleagues have provided compelling evidence that OT/OTR
and AVP/V1aR dynamics near and following parturition reflect changes in maternal care
and maternal aggression (see [8] and references therein). Furthermore, a rich literature exists
on the influence of how the synthesis and release of oxytocin changes over the course of
pregnancy and into lactation, accounting for many of the behavioural changes that females
demonstrate (e.g., [16, 18, 19, 23–26, 28–30, 56]). Taking these neuromodulatory dynamics
together with the relative pre-partum stability of OTR and V1aR, the mounting evidence
strongly supports the argument that maternal behaviour is primed by nonapeptide release
before birth and driven by adaptively transient sensitivity to release after birth and during
lactation. These structural changes at the end of pregnancy and when neonates are most
vulnerable potentially reflect an evolved physiological response [57] to increase female
sensitivity to hormonal changes, which presumably enable females to behave adaptively to a
changing social environment (i.e., the transition toward motherhood). Our data in prairie
voles, which are limited to characterising the receptor dynamics throughout the forebrain,
indicate that pregnant voles may be similar in most respects to pregnant rats in that receptor
expression is highly stable. Any changes that follow pregnancy into lactation have not yet
been described, though it is likely that female prairie voles undergo a similar receptor-
mediated preparatory transition to motherhood. The form that any such transition takes
could be similar to that seen in rats, or might differ from rats – potentially reflecting the
rather uncommon mating system that prairie voles demonstrate (e.g., see below).

What behavioural event might lead to a transient change in brain phenotype?
Our goal was to describe how or if OTR and V1aR density changed over the course of
pregnancy. We focused on a relatively narrow window of time, immediately following
pairing to immediately after birth, because prairie voles show the most pronounced changes
in affiliative and territorial behaviour during this period (e.g., [58]). Although our results
demonstrate that OTR and V1aR expression is largely stable across pregnancy, we found
that V1aR dynamically changes during pregnancy in two particularly compelling structures:
the ventral pallidum and the paraventricular hypothalamic nucleus (each discussed in more
detail below). We demonstrated that changes in the PVN were most striking in the later
stages (second half) of pregnancy (Figure 3a), whereas V1aR in the VPall exhibited a rise
after fertilisation and fall as parturition approached (Figure 3b). These different patterns of
receptor dynamics raise an interesting question: what was the cause for the apparent shift in
brain phenotype within the PVN and VPall? The changes in V1aR in the PVN and/or VPall
could represent a transient shift in neural phenotype resulting from pregnancy, or from any
number of behaviours that preceded pregnancy (such as mating, pairbonding, etc.). Although
it is difficult to disambiguate any effects attributable to pairbonding, mating, and fertilisation
because these events are highly coincided, the fact that all but one of the females in our
study were mated reduces the likelihood that mating is responsible for the neural changes in
either the PVN or VPall.

V1aR in the PVN of non-pregnant females was comparable to newly pregnant females, but
later-stage pregnancy females expressed more V1aR in the PVN than either of these two
groups (Figure 3a). This pattern of late-pregnancy up-regulation implicates the onset of
parturition, lactation, or physiological preparation for offspring arrival as a driver for PVN
V1aR dynamics. Results from Zheng et al. [47] are generally supportive of this overall
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pattern of V1aR up-regulation in the PVN; pregnant females living freely in natural outdoor
enclosures tended to express more V1aR in the PVN than non-pregnant females (p = 0.07,
unpublished data). Stepping back, the V1aR changes seen in the PVN indicate that
hypothalamic sensitivity to vasopressin as parturition (and/or possibly post-parturient
lactation) approaches could be particularly important for female prairie voles (see below).

Based on the current results, V1aR in the VPall appears to rise soon after fertilisation, and
then fall as pregnancy progresses (Figure 3b). As we stated just above, because all but one
female was mated, these results make it tempting to speculate that females transiently up-
regulate VPall V1aR immediately after fertilisation (or possibly pairbonding) and then
return to a ‘baseline’ following these events. On the other hand, Zheng et al. [47] showed
that V1aR density in the VPall was significantly lower in pregnant females than in non-
pregnant females. Although Zheng et al. [47] were unable to determine if un-pregnant
females had previously mated, their results would suggest that pallidal V1aR has a naturally
high starting point for non-pregnant females, followed by a progressive down-regulation
only after fertilisation has occurred, a conclusion that is supported by our overall pattern of
pallidal V1aR down-regulation (Figure 2d), but not supported by the fact that, on average,
non-pregnant females in the current study demonstrated less pallidal V1aR than newly
pregnant females (Figure 3b). Given these conflicting sets of data, it is difficult to determine
if non-pregnant females and newly pregnant females are similar or different from each other,
however it does appear to be the case that behaviours that follow mating (e.g., fertilisation or
pairbonding) may serve to initiate V1aR plasticity in the VPall.

V1aR dynamics in the paraventricular hypothalamic nucleus
V1aR density in the PVN increased as pregnancy progressed. While this result has not been
characterised in other species, it is worth noting the striking parallelism between the results
from our study with those reported for PVN OTR in rats. Specifically, among pregnant rats,
only the PVN differs (increases) in OTR expression between early and late stages of
pregnancy [32]. V1aR density in the PVN of rats, on the other hand, does not change during
or just after pregnancy [32].

In the latest stages of pregnancy and during the postpartum transition toward lactation,
several notable changes take hold. Both oxytocin and vasopressin gene expression is
stimulated just before parturition and during lactation in rats [29, 30] and OT and AVP
immunoreactivity are elevated in the PVN [25], whereas oxytocin – but not vasopressin – is
naturally released in late stages of pregnancy and into lactation in the PVN of both sheep
and rats [19, 26]. Note that oxytocin in the PVN inhibits local AVP release under stressful
conditions [28] and may therefore act to reduce the release of AVP during maternal stress.
In any case, the concomitant increase in local OT release to the PVN with the up-regulation
of OTR at parturition and into lactation suggests that PVN OT/OTR is particularly important
in regulating both partum and postpartum behaviours, a suggestion that is largely supported
by behavioural measures in rats and sheep [16, 19, 26, 32, 35].

The influences of oxytocin and vasopressin on behavioural changes during and just after
birth – to our knowledge – have not been studied in female prairie voles. However, the up-
regulation of PVN V1aR over pregnancy is likely to provide feedback on the synthesis and
release of nonapeptides considering that that the PVN is a hypothalamic source of both
vasopressin and oxytocin [59]. Although it is probable that oxytocin and vasopressin are
released during pregnancy and into lactation in a similar manner to rats, initiation of prairie
vole maternal behaviour is relatively independent from the direct control of these and other
hormones and requires vaginal-cervical stimulation to express [60]. It is plausible that
increased V1aR in the PVN functions to increase the vasopressinergic responsiveness of the
PVN to vaginal-cervical stimulation, which may in turn contribute toward modulating the
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induction of maternal behaviour of prairie voles – perhaps in a similar manner to the role
that OT influences rat and sheep maternal behaviour. Species differences such as this are
tempting to attribute to differences in social mating systems, however more work in this area
would be needed before this hypothesis could be substantiated. Nevertheless, the changes in
V1aR density of the PVN during pregnancy in prairie voles probably increase sensitivity to
the release of vasopressin over this period. How (or the degree to which) this influences
maternal behaviour remains an open question.

V1aR dynamics in the ventral pallidum
V1aR density in the ventral pallidum decreased as a function of pregnancy (Figure 2d).
More specifically, pallidal V1aR appears to increase soon after fertilisation, but decrease as
females approach parturition (Figure 3b). This is particularly interesting given the strong
evidence that V1aR in the VPall is necessary and sufficient to produce pairbonds in male
prairie voles, but evidently does not have this effect in females [61, 62], but see [63]. This
has largely been interpreted to mean that pallidal V1aR does not play a central role in female
bonding [42, 64]. However, this view has recently been called into question [47]. How the
ventral pallidum influences female social attachment remains unclear, however its functional
role in reward provides promising insight.

The ventral pallidum is the primary output for the ventral striatum and was historically
thought to function in motor output [65, 66]. Amore modern view of this structure is that it
functions as a point of convergence for limbic reward signals, governing motivational
‘wanting’ and hedonic ‘liking’ [67]. From this perspective, the ventral pallidum appears to
alter incentive value of cues and hedonic value of reward. For example, damage to the
ventral pallidum decreases the salience of, and drive to seek, reward [68–74]. We postulate
that the neuromodulatory effects of AVP on V1aR in the ventral pallidum may suppress
‘wanting’ (and possibly ‘liking’) the reward associated with social interaction (c.f., [67]). In
this case, high V1aR would increase sensitivity to naturally released AVP, resulting in
reduced mate searching (i.e., monogamy). This hypothesis is supported by comparisons
between monogamous and promiscuous species of rodents in which monogamous rodents
have more pallidal V1aR than promiscuous species [44, 46, 75]. Moreover, pairbonded
female prairie voles living under natural conditions have significantly more V1aR
expression in the ventral pallidum than single females [47]. Increasing the expression of
V1aR in promiscuous species induces monogamous-like partner preferences, and infusion of
AVP in the ventral pallidum of male prairie voles facilitates social bonding [62, 76, 77].
Even more supportive of this idea are the recent results by Barrett et al. [78], which found
that experimentally decreased pallidal V1aR in male prairie voles increased promiscuous
behaviour. All of these results are consistent with the hypothesis that high pallidal V1aR
eliminates the motivation for (or ‘wanting’ of) multiple mating partners and social
promiscuity.

So if high pallidal V1aR provides a mechanism to suppress social promiscuity, why might
expression patterns change over the course of pregnancy? One possible explanation is that
females undergo a transient shift away from ‘wanting’ sexual partners once they have
become fertilised. This hypothesis would predict the probability of multiple-male mating
should be lowest (and thus female fidelity should be highest) during early pregnancy. If true,
then one might expect V1aR manipulations (such as antagonist work or V1aR knockdown)
in females should be most likely to disrupt pairbonds in females following pregnancy, and
might explain why some V1aR antagonist studies have failed to alter female pairbonding
(e.g., [61]). Similarly, the observation that female aggression toward unfamiliar males
increases after mating [58], supports this hypothesis that female ‘wanting’ for social
interaction early in pregnancy should be reduced.
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If the results from the current study are generally representative of the pattern of changes in
pallidal V1aR among female prairie voles, then a reduction in VPall V1aR in late pregnancy
could represent a shift toward the need to engage in pro-social behaviour with newborn
offspring, the approaching need for post-partum fertilisation, or both. In support of the
former case, disinhibition of the ventral pallidum under GABAergic afferents from the
nucleus accumbens alters the incentive value of retrieving pups facilitating maternal care
[79]. AVP acts at V1a receptors to excite GABAergic neurons [80], such that decreased
V1aR in this context would enable the disinhibition of the VPall to facilitate maternal care.
In support of the later case, it is important to consider that female prairie voles experience
postpartum oestrus [81, 82]. Indeed females are most sexually receptive while giving birth,
and in some cases engage in mating between the birth of each pup (Ophir, personal
observation). Thus, the reduction in V1aR in the ventral pallidum near parturition could
contribute to the increased (potentially non-selective) mating drive that postpartum female
prairie voles experience. While both hypotheses are plausible, we are unaware of any study
that has directly tested either.

Conclusion
Whether due to mating, fertilisation, or something else, there is substantial evidence to
suggest that V1aR density within the PVN and VPall is dynamic over the course of
pregnancy, and merits further study. Such studies would be greatly enhanced by broadening
the scope of female life history to encompass more than pairing through parturition, and
include singly-housed virgin females and/or lactating females (post-parturition for more than
one day). Such studies would provide a robust understanding of the patterns of change that
OTR and V1aR undergo in the brains of this socially monogamous rodent. The potential role
of induced ovulation in V1aR dynamics makes future studies even more appealing.
Nevertheless, the fact that we have found that nonapeptide receptors across the forebrain of
female prairie voles are transient in only a couple of key neural structures provides deep
insight into the dynamics underway within the brains of at least one socially monogamous
species.

We have demonstrated that nonapeptide receptors are highly stable over the course of
pregnancy. The two exceptions to this observation appear to both have ties to maternal care.
In the case of the paraventricular nucleus of the hypothalamus, V1aR expression increases
as pregnancy progresses; the opposite was true in the ventral pallidum. Although the PVN
was not a surprising site to find such changes, the fact that it was V1aR (not OTR) marks a
departure from previous reports in rats and may indicate an interesting difference between
species, potentially attributable to differences in social organisation and mating system. The
changes we observed in pallidal V1aR in pregnant females indicate an important point: that
pallidal V1aR is very likely important for female prairie vole social behaviour, bonding, and
maternal care. Taken together, our data emphasise the need to consider the phenotypic
expression (and functional nature) of receptors in changing social environments, particularly
for receptors known to be important in social behaviour.
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Figure 1.
Panels a and b are frequency plots for the litter sizes across breeding pairs (a), and embryo
length (measured from crown to rump; mm) for each embryo (b). Panel c shows the
relationship between time since mating was first observed and embryo size (measured by
crown-rump length in mm).
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Figure 2.
The duration of pregnancy (measured as mean litter crown-rump length [mm]) predicts
V1aR expression (dpm/mg TE) in the paraventricular nucleus of the hypothalamus (b; PVN)
and ventral pallidum (d; VPall). Autoradiograms for the PVN (a) and VPall (c) are presented
for females in early, middle, and late stages of pregnancy (respectively from left to right).
The scale bar in panel a indicates 5 mm for the expanded autoradiograms (bottom of panel
a) showing the PVN; the scale bar in panel c indicates 5 mm for the whole brain sections
(for both panels a and c).
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Figure 3.
Mean (±SE) V1aR expression (dpm/mg TE) in the paraventricular nucleus of the
hypothalamus (a; PVN) and ventral pallidum (b; VPall) for females that were not pregnant
(Not), newly pregnant (New), or in late pregnancy (Late). Different letters (a, b) indicate
which groups significantly differed (all p’s < 0.05, otherwise p’s ≥ 0.64).
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