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Abstract

Most maternal caregiving behaviors change across lactation to match the developmental needs of
the continuously aging offspring. However, it is mostly unknown whether the dams’ postpartum
stage or litter age is the primary driving force of these changes. In this study, postnatal day 1 and 8
litters were cross-fostered or in-fostered to postpartum day 1 or 8 dams. Five days later,
undisturbed observations of maternal caregiving behaviors were performed on the subsequent two
days. We found a main effect of dams’ postpartum stage, which was driven by an interaction
between postpartum stage and litter age, on the frequency that mothers spent with the pups and
displayed erect postures over them (hovering over and kyphosis): early-postpartum dams were in
contact with younger litters and in erect postures more often with younger litters compared to
later-postpartum dams with younger litters. Additionally, there was an interaction between
postpartum stage and litter age on the litter weight’s because older litters living with later-
postpartum dams were heavier than older litters living with early-postpartum dams. There was also
an interaction between postpartum stage and litter age on the dams’ bodyweight, with early-
postpartum dams living with younger litters weighing the least and later-postpartum dams living
with younger litters weighing the most. Because activity of the neuropeptide, orexin, within the
medial preoptic area (MPOA) has been implicated in maternal nursing and other caregiving
behaviors, we measured mPOA levels of orexin-A but it was not affected by postpartum stage or
litter age (nor was there an interaction). However, high orexin-A was negatively associated with
frequency of contact with pups and display of erect postures. These results indicate that changes in
caregiving across lactation are driven by endogenous factors in the dams, cues they receive from
offspring, and interactions between these factors.
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1. Introduction

For many female mammals that give birth to altricial young, maternal caregiving involves
frequent and prolonged contact that is necessary for offspring survival. Mother-young
interactions decline across lactation, however, as the offspring achieve greater metabolic,
nutritional, and behavioral independence (Altmann, 2001; Grota and Ader, 1969; Konner,
1976; Reisbick et al., 1975). Research investigating the factors underlying this decline in
maternal care has mostly focused on changes in the sensory cues from the continuously
developing offspring and concludes that cues from older pups are unable to evoke strong
maternal responses from the mothers. In support, early research on laboratory rats showed
that the decline in mothering across lactation could be prevented if older litters are replaced
with younger litters (Reisbick et al., 1975; Rosenblatt, 1969), and a similar phenomenon has
been reported for brooding behavior in hens (Richard-Yris and Leboucher, 1987). This is
partly due to the fact that younger pups are especially rewarding to mother rats (Wansaw et
al., 2008), and even maternally inexperienced nulliparous rats are more likely to approach
and act maternally to younger pups than older pups (Stern and Mackinnon, 1978). Dams can
presumably distinguish among pups of different ages based on the pups’ size, fur,
vocalizations, odors, suckling patterns, and general mobility (Allin and Banks, 1971; Brake
et al., 1986; Bruce, 1961; Brunelli et al., 1996; Conely and Bell, 1978; Graham and Letz,
1979; Grant et al., 2012; Nitschke et al., 1975; Noirot, 1968; Okon, 1971; Oswalt and Meier,
1975; Sales, 1979), and maternal caregiving behaviors during both early and late lactation
are strongly regulated by these offspring sensory cues (Fleming and Rosenblatt, 1974;
Herrenkohl and Rosenberg, 1972; Smotherman et al., 1974; Stern and Johnson, 1989, 1990).

Although maternal behaviors across lactation are clearly regulated by changes in offspring
sensory cues, there has been less focus on how endogenous factors within mothers influence
and even interact with litter age to contribute to dams’ maternal caregiving behaviors toward
younger and older litters. Studies using conditioned place preference to examine the
rewarding properties of pups show that pups of any age are equally rewarding to early-
postpartum dams, but that late-postpartum dams only prefer chambers associated with
younger pups (Wansaw et al., 2008). Furthermore, while early work showed that interacting
with young donor pups can delay dams’ natural decline in pup anogenital licking, retrieval,
and nest building across lactation, the time that dams spent hovering over the litter or
nursing them was apparently unaffected by litter age (Reisbick et al., 1975). On the other
hand, while interacting with older donor pups does accelerate the natural decline in
caregiving, it does not do so to the degree expected based on the litter’s age (Rosenblatt,
1969). Taken together, these studies suggest that elapsed postpartum time also is an
important contributor to mothers’ caregiving behaviors.

While these previous studies indicate that both litter age and postpartum stage contribute to
the decline in mother-offspring contact across lactation, mother-offspring interactions were
observed each day immediately following temporary provisioning of test pups of varying
ages (Reishick et al., 1975; Rosenblatt, 1969). This procedure is problematic because
fostering pups, and the associated dam-pup separations that must then occur (i.e. “handing”),
acutely increases caregiving behaviors by postpartum laboratory rodents (Claessens et al.,
2012; Darnaudéry et al., 2004; Kelly et al., 2017; Reis et al., 2014; Sherrod et al., 1974; Van
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der Veen et al., 2008). A recent study also demonstrated that as little as one-minute
separations of dams and litters affects caregiving chronically across lactation, accelerating
the natural decline in nursing and increasing dams’ time away from the nest (Reis et al.,
2014). Fostering also alters the cues emitted by pups, by decreasing the number of ultrasonic
vocalizations produced by young pups but increasing vocalizations by older pups (Bell et al.,
1971; Darnaudéry et al., 2004). Therefore, interpreting the previous studies investigating the
effects of offspring age and postpartum stage on mother-litter interactions is complicated by
the unintended effects of the daily mother-offspring separations they used.

Brain sites underlying the decline in maternal behavior across lactation are almost never
studied but are known to include the medial preoptic area (mPOA). The mPOA is best
known for its positive role in the onset and early maintenance of maternal caregiving
behaviors (Lonstein et al., 2014; Numan and Insel, 2003), but it also has a role in their
termination. Pereira and Morrell (2009) have shown that inactivating the mPOA of late-
postpartum dams with bupivacaine increases caregiving back to early-postpartum levels
(Pereira and Morrell, 2009). Many neurochemicals released in the mPOA are probably
involved in how litter age and postpartum stage affect maternal caregiving, and may include
the neuropeptide orexin. Orexin (otherwise known as hypocretin) is synthesized by cells of
the lateral and posterior hypothalamic areas and has two forms, orexin-A and orexin-B, that
bind with differing affinities to the two known orexin receptors (Sakurai et al., 1998). In
parturient rats, hypothalamic orexin-A immunoreactivity falls if the litter is removed at
parturition (Sun et al., 2003), suggesting a role for offspring cues in maternal central orexin-
A content. Offspring-induced changes in maternal orexin-A are likely relevant for her
caregiving behaviors, as intracerebroventricular infusion of orexin-A even further increases
caregiving behaviors in early-postpartum mice (D’Anna and Gammie, 2006), and mPOA
infusion of orexin-A increases pup licking by late-postpartum rats (Rivas et al., 2016).
Conversely, orexin-1 receptor antagonism in the mPOA decreases pup licking by both early-
and late-postpartum rats (Rivas et al., 2016).

To examine the independent and interacting effects of litter age and postpartum stage on
maternal caregiving and mPOA orexin-A content, we permanently fostered postnatal day 1
and 8 litters within and between groups of postpartum day 1 and 8 dams before conducting
analyses of maternal behavior five and six days later. This five-day acclimation period
between fostering and testing avoided potential confounds due to daily fostering on maternal
behavior, and generated four groups for analysis: early-postpartum dams raising younger
litters (postpartum day 7/postnatal day 7 at the conclusion of testing), early-postpartum dams
raising older litters (postpartum day 7/postnatal day 14 at the conclusion of testing), later-
postpartum dams raising younger litters (postpartum day 14/postnatal day 7), and later-
postpartum dams raising older litters (postpartum day 14/postnatal day 14). We hypothesized
that caregiving behaviors would be under the control of both postpartum stage and litter age,
and would be associated with orexin-A levels in the mPOA.
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2. Methods

2.1 Subjects

Female Long-Evans rats were born and raised in our colony, descended from rats purchased
from Harlan Laboratories (Indianapolis, IN) as described previously (Smith et al., 2012).
Briefly, subjects were housed in clear polypropylene cages (48 cm x 28 cm x 16 cm) with
one or two female littermates starting at weaning (21 days of age). Animals were given
wood shavings for bedding, food and water ad /ibitum, and experienced a 12:12 light/dark
cycle (0600 h lights on). Subjects were impregnated between 75-100 days old by being
paired overnight with experienced male breeders in our colony during proestrus (determined
by vaginal smearing). After mating, subjects were housed with another pregnant female until
being singly housed starting five days before the expected day of parturition. All procedures
were conducted in accordance with the National Institutes of Health Guide for Care and Use
of Laboratory Animals and the Institutional Animal Care and Use Committee at Michigan
State University.

2.2 Litter Fostering

The study used a 2 x 2 factorial design with postpartum stage (early/later) and litter age
(younger/older) as factors to create four groups after in-fostering and cross-fostering the
litters: 1) early-postpartum dams raising younger litters (postpartum day 7/postnatal day 7 at
conclusion of testing: 7= 14), 2) early-postpartum dams raising older litters (postpartum day
7/postnatal day 14: n=11), 3) later-postpartum dams raising younger litters (postpartum day
14/postnatal day 7: n=11), and 4) later-postpartum dams raising older litters (postpartum
day 14/postnatal day 14: n=14). All litters were culled to contain 4 males and 4 females
within 24 h after birth. The day of parturition was considered postpartum day 0. For the
early-postpartum subjects (i.e., postpartum day 7 dams raising younger or older litters),
fostering occurred at the time of litter culling on postpartum day 1. For later-postpartum
subjects (i.e., postpartum day 14 dams raising younger or older litters), fostering occurred on
postpartum day 8. At the time of fostering, the subject’s litter was removed and then
permanently replaced with foster pups that were either less than one day old or 8 days old.
One hour later, cages were briefly checked to confirm that dams were caring for their new
litters, and all of them were. All pups in all four groups survived the fostering procedure.

2.3 Observations of Maternal Behavior

Subjects’ home cage behavior was observed at 0800 and again at 1100 hr. for 30 min each
on the fifth and sixth days after cross-fostering (i.e., on postpartum days 6 and 7, or
postpartum days 13 and 14). Maternal behaviors (digging/nesting, licking pups, hovering
over pups, and nursing in a crouched kyphotic posture or while lying supine on her side) and
non-maternal behaviors (resting alone, exploring the cage, self-grooming, and eating/
drinking) were recorded every 60 sec. and summed across the four observations for data
analyses. Contact with the litter was calculated as the frequency that dams were in physical
contact with any pup(s) during the spot checks. Maternal behaviors that occurred
simultaneously at the same spot check (e.g., hovering over pups while licking them) were
scored as instances of each behavior for the analyses of individuals behaviors, but were only
counted for one instance of contact with the litter.
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2.4 Sacrifice, Tissue Processing, and orexin-A EIA

During the afternoon following the last behavior observation (1400-1500 hr.), dams and
litter were weighed, and dams were narcotized with CO, and their brains were harvested,
flash frozen, and stored at =80 °C until being sectioned into 500-um thick sections. For the
orexin-A enzyme immunoassay (EIA), two consecutive sections containing the mPOA from
8 randomly selected subjects from each of the four groups were punched using a 1.0-mm
diameter Harris Micro Punch (Electron Microscopy Sciences #69034-10, Hatfield, PA) and
weighed on a microbalance (Denver Instruments, Bohemia, NY; Model: APX-60). Samples
were then processed using orexin EIA methods by Feng and colleagues (Feng et al., 2008;
Feng et al., 2007). 0.5 M acetic acid was added to the punches at a volume 10x the weight of
the tissue. Samples were placed in a boiling water bath for 10 min, then homogenized with a
Fisher Scientific Sonic Dismembrator Model 100 for 10 sec. Samples were centrifuged for 5
min at 5500 rpm, the supernatants removed, transferred to a new tube, and dried in a Thermo
Savant 1SS110 Integrated SpeedVac concentrator for ~30 min. Dehydrated samples were
stored at —80°C until reconstituting for analysis.

An orexin-A EIA kit (Phoenix Pharmaceuticals Inc., Burlingame, CA; Cat. No. EK-003-30)
was used per the manufacturer’s instructions. Briefly, the dehydrated samples were
reconstituted with 10 pl of 1x assay buffer, followed by 6 pl of reconstituted sample diluted
with 114 ul of 1x assay buffer. Using a 96-well plate, 50 pl of all standards and diluted
samples in duplicate were incubated in 25ul primary antibody specific to orexin-A and 25pl
biotinylated peptide for 2 hr. After four rinses in 1x assay buffer, samples were incubated in
SA-HRP solution for 1 hr. After rinsing four times in 1x assay buffer, samples were
incubated in 100 pl of TMB substrate in the dark for 1 hr. The chromogenic reaction was
halted by adding 100 ul of 2N HCI into each well. Finally, the 450 nm absorbances were
read using an iMark microplate reader (Bio-Rad, Hercules, CA). Average absorbances were
placed on the calculated standard curve, then adjusted by their dilution factor and total tissue
weight to provide the final orexin-A concentration per sample.

2.5 Statistical Analyses

3. Results

Data were analyzed using 2 (postpartum stage) x 2 (litter age) ANOVAs. In the case of
interactions, post-hoc analyses of simple main effects were conducted. Monotonic
relationships between some behaviors of particular interest and orexin-A content in the
mPOA were determined using Spearman correlations, with multiple comparisons corrected
using the Benjamini-Hochberg procedure, with a FDR set to 0.05 (Benjamini and Hochberg,
1995). Using Dixon’s Q outlier tests, one dam in the early-postpartum/younger litter group
was an extreme outlier for dam weight and one dam in the later-postpartum/older litter group
was an extreme outlier for mPOA orexin-A content; both were removed from the analyses of
those variables. Statistical significance was indicated by p < .05.

3.1 Maternal caregiving is affected by postpartum stage, litter age, and their interaction

There were main effects of postpartum stage on the frequency of maternal contact with the
pups (A1, 47) = 4.13, p< 0.05, nzp =0.08; Fig 1A) and on the dams’ display of erect
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postures over them (hovering over the litter and kyphosis) (A1, 47) = 12.267, p< 0.01, nzp
= 0.21; Fig 1B), with early-postpartum dams showing higher frequencies of both behaviors
compared to later-postpartum dams. There was also a main effect of the litter age on the
frequency that the dams were sleeping away from the nest (A1, 47) = 7.88, p<0.01, an =
0.14; Fig 1C), with dams raising older pups sleeping away from the nest more often than
dams with younger pups.

There were also significant interactions between postpartum stage and litter age for the
frequency that dams were in contact with the litter (A1,47) = 4.34, p=0.04, n~, = 0.09; Fig.
1A) and the frequency of erect postures over them (H1,47) = 4.66, p=0.04, nzp =0.09; Fig.
1B). These interactions are driven by dams interacting with younger litters because post-hoc
analysis revealed that early-postpartum dams with younger litters displayed the highest
frequency of these behaviors, while later-postpartum dams with younger litters displayed the
lowest frequency (frequency of contact with the litter: A1,47) = 8.35, p=0.01, nzp =0.15;
Erect postures: A1,47) = 15.79, p<0.001, an = 0.25). There were no significant main
effects or interactions for the other caregiving behaviors assessed (see Table 1).

Litter weights were affected by the dams’ postpartum stage (A1, 47) = 41.92, p< 0.001, nzp
= 0.47; Fig 2A), with litters being raised by later-postpartum dams weighing more than
litters being raised by early-postpartum dams. Not surprisingly, older litters weighed more
than younger litters (A1, 47) = 344.99, p< 0.001, nzp =0.88; Fig 2A). There was a
significant interaction between the factors on litter weight (A1, 47) = 30.28, p< 0.001, nzp
=0.39; Fig 2A), due to younger litters weighing the same if they were raised by early- or
later-postpartum dams, but older litters raised by early-postpartum dams weighing less than
older litters raised by later-postpartum dams (A1,47) = 70.81, p< 0.001, nzp =0.61).

Dams’ body weights also differed among groups, with a significant interaction between
postpartum stage and litter age (A1, 45) = 4.66, p=0.04, nzp =0.09; Fig 2B); all dams
raising older litters had similar weights but early-postpartum dams raising younger litters
weighed less than the later-postpartum dams raising younger litters (A1, 45) = 7.49, p<
0.01, nzp = 0.14). There were no main effects of postpartum stage (A1, 45) = 3.04, p=0.09,
n?p = 0.06; Fig 2B) or litter age (A1, 45) = 0.06, p = 0.81, n%, = 0.001; Fig 2B) on the
dams’ body weights.

3.2 Orexin-A in the mPOA is not affected by postpartum stage or litter age, but high orexin-
A is associated with maternal caregiving

Orexin-A in the mPOA was not significantly affected by postpartum stage (A1, 27) = 2.54,
p=0.12, 0%, = 0.09; Fig. 3) or litter age (A1, 27) = 3.1, p= 0.09, n?, = 0.10; Fig. 3), nor
was there a significant interaction between the factors (A1, 27) =0.12, p=0.73, nzp =
0.001; Fig. 3). Orexin-A in the mPOA was not significantly correlated with the frequency of
any behavior recorded, but when all four groups were combined and separated by a median
split of their orexin-A levels (note that all groups were represented in the low and high
orexin-A groups), the high orexin-A dams showed significant negative correlations between
their orexin-A levels and their frequencies of contact with the litter (r;5=-0.61, p=0.02;
Fig. 4B) and in the frequency they displayed erect postures over the litter (r;5=-0.70, p<
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0.01; Fig. 4D). For the low orexin half of the dams there were no significant correlations
between mPOA orexin-A and any behavior.

4 Discussion

The present study found that early-postpartum dams had a higher frequency of contact with
their litters and displayed more erect postures (hovering over and kyphosis) compared to
late-postpartum dams. However, these effects appear to be mostly driven by the interaction
between postpartum stage and litter age, such that early-postpartum dams with younger
litters had a higher frequency of contact with their litters and displayed more erect postures
compared to later-postpartum dams with younger litters. This is consistent with the higher
frequency and duration of hovering over the litter and kyphosis by early-postpartum dams
compared to later-postpartum dams found previously (Stern and Keer, 2002). Maternal
experience with the typical offspring sensory cues probably played a role, and postpartum
rats will not show kyphosis while interacting with a litter in the absence of suckling, but
virgins that have never been suckled will readily adopt this posture without that input
(Lonstein et al., 1999). Additionally, the natural progression from dam-initiated caregiving
to pup-initiated caregiving as a result of older pups’ increased mobility that becomes clear
by PPD 14 (Stern and Johnson, 1989). Therefore, our younger litters were less capable than
our older litters to initiate contact with the later-postpartum dams, resulting in less mother-
litter contact and opportunities for dams to display erect postures over them. Additionally,
less mobile younger pups would also be unable to remove themselves from contact with
dams (Grant et al., 2012), which may have further contributed to dams with younger litters
spending more time with those litters. On the other hand, the higher frequency of dam-litter
interactions between early-postpartum dams with younger litters may be due to the fact that
suckling stimulation keeps dams in the nest with the litter (Stern et al., 1992; Stern and
Johnson, 1990), and while older pups disengage from the teats after satiation, younger pups
do not (Hall and Rosenblatt, 1977; Lorenz et al., 1982).

Not all the results from our study are consistent with previous research investigating the
interaction between postpartum stage and litter age on maternal behaviors. Previous work
found that younger litters could delay the natural decline in dams’ pup retrieval and
anogenital licking across lactation, while not affecting total time in contact with the pups or
total time nursing (Reisbick et al., 1975). Furthermore, older litters were shown to hasten the
natural decline in pup retrieval across lactation (Rosenblatt, 1969). Conversely, we found
effects on the frequency that dams were in contact with the litter and displayed erect
postures over them, while observing no effects on licking or carrying the pups. Differences
in methods among the studies can explain these apparent discrepancies. The previous
research analyzed caregiving following daily removal of litters from their home cages and
introduction of test litters of different ages (Reisbick et al., 1975; Rosenblatt, 1969). This
procedure allowed the experimenters to test maternal retrieval of the displaced pups each
day, whereas our undisturbed observations rarely included maternal carrying of pups
because it is not necessary/observed under undisturbed conditions (Brewster and Leon,
1980). As mentioned earlier, daily fostering and the associated separation between dams and
litters also acutely increases caregiving behaviors (Claessens et al., 2012; Darnaudéry et al.,
2004; Kelly et al., 2017; Reis et al., 2014; Sherrod et al., 1974). Even more important for our
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study is that mother-litter separations affect caregiving behaviors and offspring sensory cues
persistently across lactation (Darnaudéry et al., 2004; Reis et al., 2014). Given that many
caregiving behaviors were unaffected by either postpartum stage or litter age (or an
interaction between them) in our study that involved a five-day acclimation period before
observations commenced, some of the findings from previous work on this topic are
probably due to the unintended effects of the daily fostering procedure itself. This possibility
is further supported by the fact that mother-offspring interactions are modified through
learning processes that promote proper caregiving, and that learning is probably disturbed by
the daily dyadic disruption from fostering (Barrett and Fleming, 2011; Lucion and Bortolini,
2014).

We also found that postpartum stage, litter age, and their interaction affected litter weights at
sacrifice, with younger litters weighing the same if they were raised by early- or later-
postpartum dams, but older litters weighed less if they were raised by early-postpartum dams
than by later-postpartum dams. The more constant weight of the younger litters, despite
later-postpartum dams spending less time with them, could be because the more maternally
experienced later-postpartum dams are more efficient in their caregiving (Lonstein et al.,
1999; Uriarte et al., 2008). It may also be the case that the effect found on the older litters is
due to their inability to obtain sufficient milk from early-postpartum dams, even though they
suckle more strongly than younger litters (Brake et al., 1986), and under some circumstances
can increase dams’ typical milk production (Lau and Henning, 1984). Changes in milk
content across lactation probably also affected litter weights, as milk from later lactation has
more protein than milk from early lactation (Chalk and Bailey, 1979; Keen et al., 1981), and
experimentally decreasing milk protein with a protein-restricted diet does reduce litter
weight gains (Passos et al., 2000). It is reasonable to suggest that our findings related to litter
weights are not independent of the effects of postpartum stage and litter age on maternal
caregiving behavior. That is, our significant behavioral findings are probably partly a
consequence of the atypical development of the pups (and vice-versa). Indeed, a protein-
restricted diet not only reduces litter weights, but also pup movement and feeding
independence, resulting in a corresponding increase in the time that dams spend in the nest
(Massaro et al., 1974; Morgane et al., 1978; Wiener et al., 1977).

Body weight of lactating rats under typical laboratory conditions increases ~0.4-2.0 g/day
(Ota and Yokoyama, 1967; Rolls and Rowe, 1982; Rolls et al., 1984). The dams in our later-
postpartum/younger litter group did weigh ~9 grams more than the dams in our early-
postpartum/younger litter group, despite there being no significant main effect of postpartum
stage. However, this main effect of postpartum stages on the dams’ body weights was diluted
by the interaction between postpartum stage and litter age. All dams raising older litters had
similar weights, but for those raising younger litters, early-postpartum dams weighed less
than later-postpartum dams. Daily caloric intake in the postpartum rat is 2—-3 times higher
than before reproduction (Strubbe and Gorissen, 1980; Woodside, 2007) and is driven by
offspring suckling (Denis et al., 2003; Fleming, 1976). Given that older pups suckle longer
and stronger than younger pups (Brake et al., 1986; Bruce, 1961), early-postpartum dams
raising older litters may eat more because they receive abnormally high amounts of suckling.
On the other hand, the relatively lower weight for the later-postpartum dams with younger
litters is probably the results of body weight being related to both caloric intake and
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lactational demand (Woodside, 2007). Older pups ingest up to 5-fold more milk compared to
younger pups (Babicky et al., 1970; Hall and Rosenblatt, 1977), so our lighter later-
postpartum dams with younger litters had substantially less lactational demand.

The postpartum orexin system is sensitive to pup cues and permanent removal of the litter
soon after parturition decreases hypothalamic orexin-A immunoreactivity (Sun et al., 2003).
We did not, however, find main effects of postpartum stage, pup age, or an interaction
between them in mMPOA orexin-A levels. This suggests that offspring-related changes to
hypothalamic orexin-A may not extend to the mPOA, and/or that while orexin-A is sensitive
to litter presence it not sensitive to age-related changes in the pups. Although we found no
significant differences among our groups in mPOA orexin-A levels, we did find that dams
with high orexin-A levels (collapsed across groups and based on a median split) showed a
negative correlation between orexin-A and the frequency of contact with the litter or the
display of erect postures. There were no such relationships found for dams with the lower
half of mPOA orexin-A levels. Intracerebroventricular orexin-A dose-dependently decreases
nursing and increases pup licking behavior and in mice (D’Anna and Gammie, 2006), and in
later-postpartum laboratory rats mPOA infusion of orexin-A increases pup licking (Rivas et
al., 2016). While our results could suggest that mPOA orexin-A needs to be above a certain
threshold for its caregiving effects, endogenous orexin-A signaling at any level is still
relevant, because peripheral or central blockade of orexin-1 receptors increases kyphotic
nursing and decreases pup licking in rodent mothers as a group (D’Anna and Gammie, 2006;
Rivas et al., 2016). Given the arousing effect of orexin-A signaling in the mPOA (Berridge
et al., 2010; Espana et al., 2001; Thakkar et al., 2001), and the importance of slow-wave
sleep for nursing and milk letdown (Lincoln et al., 1980; Voloschin and Tramezzani, 1979),
high orexin-A in the mPOA could interfere with sleep-dependent nursing by promoting
arousal.

In sum, this study supports previous research demonstrating that postpartum stage and
offspring age interact to influence maternal caregiving behaviors at different stages of
lactation. These influences were also found to be associated with litter growth and maternal
body weight. Because high orexin-A levels in the mPOA were related to some aspects of
maternal caregiving more generally and not significantly affected by postpartum stage or
litter age (or their interaction), the neurochemical factors in mothers that change strictly
according to postpartum time or that are malleable in response to sensory cues emanating
from differently aged pups remain to be determined.
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Highlights
Postpartum stage and offspring age interact to affect dams’ contact with pups
These factors also interact to affect litter and dam body weights

High maternal mPOA orexin-A is associated with less time contacting pups
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Postpartum Stage
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(A) Frequency of contact with the litter (Mean + SEM), (B) frequency of erect postures over
the litter (kyphosis and hovering over; Mean £ SEM) and (C) frequency of sleeping away
from the nest (Mean + SEM) by early-postpartum or later-postpartum dams interacting with

younger or older litters. ™ = significant main effect of postpartum stage, p< 0.05. & =
significant main effect of litter age, p < 0.05. + = significant interaction, p < 0.05.
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Figure 2.

(A) Weight of younger or older litters and early-postpartum or later-postpartum dams (B) at
sacrifice (Mean + SEM). ™ = significant main effect of postpartum stage, p < 0.05. & =
significant main effect of litter age, p < 0.05. + = significant interaction, p < 0.05.
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Orexin-A in the medial preoptic area (Mean + SEM) of early-postpartum or later-postpartum
dams interacting with younger or older litters.
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Figure 4.
Correlations between orexin-A in the medial preoptic area of dams with the lowest orexin-A

levels (based on median split) and (A) frequency of contact with the litter and (C) frequency
of erect postures (kyphosis and hovering over in the nest). Correlations between orexin-A in
the medial preoptic area of dams with the highest orexin-A levels (based on median split)
and (B) frequency of contact with the litter and (D) frequency of erect postures. Different
symbols indicate dams’ original group designation.
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