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Abstract

Maternal behavior in rats undergoes considerable plasticity in parallel to the developmental stage of
the pups, resulting in distinct patterns of maternal behavior and care at different postpartum time
points. The medial preoptic area (MPOA) of the hypothalamus is one critical neural substrate
underlying the onset and early expression of maternal behavior in rats but little is known about its
specific functional role in the evolving expression of maternal behavior across the postpartum period.
The present study uses a reversible local neural inactivation method to examine the role of the mPOA
in the regulation of maternal behavior throughout the postpartum period, particularly extending into
the late postpartum, a little examined period. This approach avoids the compensatory plasticity in
CNS that occurs after permanent lesions, and allows the repeated testing of same individuals. Early
(PPD7-8) and late (PPD 13-14) postpartum maternal behavior was evaluated in female rats following
infusions of bupivacaine or vehicle into the mPOA or into control areas. As expected, mPOA
inactivation severely but transiently disrupted early postpartum maternal behavior whereas infusion
of vehicle or inactivation of adjacent control sites did not. Later in the postpartum period, however,
transient mPOA inactivation facilitates the expression of maternal behaviors, highly contrasting the
behavioral expression levels characteristic of late postpartum. Results strongly demonstrate that the
mPOA is differentially engaged throughout postpartum in orchestrating appropriate maternal
responses with the developmental stage of the pups.

Keywords

bupivacaine; maternal behavior; medial preoptic area; neural inactivation; postpartum period; pup-
related stimuli

Introduction

The maternal behavior of female rats during the progression of the postpartum period is not
static and unchanging, but rather is dynamic and plastic, changing in response to the developing
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behavioral capacities and physiological needs of the pups. These changes result in distinct
patterns of maternal behavior and care at different postpartum time points [25,28,29,57,79,
81,86,87,104]. This exquisite capacity for plasticity in the behavioral repertoire of postpartum
females must necessarily involve structures in the neural network that mediate maternal
responsiveness, which are sensitive to the incoming changing information from the developing
pups. To date, however, no study has considered the behavioral flexibility characteristic of
mother rats throughout the postpartum period when examining the neural basis of postpartum
maternal behavior. The majority of research in this area has focused on the neural basis
underlying either the onset of maternal behavior at parturition or its isolated expression at a
unique time point in the immediate early postpartum period. Consequently, virtually nothing
is known about the functional reorganization the maternal circuitry undergoes with the
progression of the postpartum period to allow for the behavioral evolution of maternal care-
giving responses across postpartum.

Among the brain structures critically involved in postpartum maternal responsiveness, it is
widely believed that the medial preoptic area (MPOA) acts as a primary locus of integration,
orchestrating the effective expression of maternal behavior to the developmental stage of the
pups across postpartum. In support of this, the mPOA has been demonstrated to be necessary
for both the onset [12,26,39,40,60,73,88], and early expression [12,26,39,43,59,60,65,73] of
maternal behavior in rats. The mPOA receives converging pup-related information from
multiple sensory modalities [62] and is a primary neural site where the hormones of pregnancy
act to promote maternal responsiveness to pup-related stimuli at parturition [6,7,73,78].
Further, important connections with the mesolimbic dopamine system, known to mediate the
activational aspects of maternal behavior [9,11,17,23,24,31,32,41,45,74,79,81,93,94,100,
101], potentially allow pup-responsive mPOA neurons to influence (the motor processes of
the limbic motor system underlying maternal behavior, promoting) the female’s responsivity
to pups [61] with expression of appropriate maternal behaviors across postpartum.

While it is generally postulated that the mPOA is a crucial area responsible for integrating the
sensory feedback from the pups to tailor appropriate maternal responsiveness through mPOA
output circuits, including the mesolimbic dopamine system, this postulate rests on data
collected from initial phases of the postpartum period. The aim of the present study was to
investigate the functional role of the mPOA in the expression of maternal behavior at two
distinct behavioral stages characterizing early and late postpartum period.

A methodological approach using transient site specific neuronal inactivation by infusion of
bupivacaine hydrochloride (an amide local anesthetic which blocks voltage-dependent sodium
channels) was chosen because it allows the analysis of the function of mPOA in a temporally
specific manner. This approach avoids the complication of the compensatory plasticity that
likely results from permanent lesions, and thus avoids the impact of time-dependent neural
reorganization of the remainder of the neural circuit in question and the potential complications
in the interpretation of the outcome [1,38,46]. Furthermore, reversible inactivation can be
repeated during multiple experimental sessions in the same animal, allowing the longitudinal
study of maternal behavior of the same individual females across postpartum (i.e. to serve as
their own controls), which increases data reliability [46,52]. Bupivacaine was selected over
other pharmacological agents (i.e. other NA+ channel blockers like TTX or specific to a
particular receptor, such as the GABAA receptor agonist muscimol), to effectively suppress
neural activity of the entire mPOA, based on its (1) fast induction time/onset of action (within
minutes), (2) a duration of effect up to 1 h versus several hours or days [33,52,111], and (3)
considerably smaller functional spread relative to muscimol or TTX, since the same infusion
volumes of commonly-used doses of muscimol or TTX are established to functionally
inactivate at least twice as much brain tissue [2,5,13,15,36,51,52,75,76,82,102]. Further, given
the neurochemical heterogeneity within the mPOA we were interested in a total inactivation
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rather than partial interference related with a specific neurotransmitter action or to specific
subcellular mechanisms.

Materials and Methods

Animals

Primiparous postpartum Sprague-Dawley female rats (original stock from Charles River
Laboratories, Kingston, NY) bred in our colony at the Rutgers University Laboratory Animal
Facility (accredited by the American Association for Accreditation of Laboratory Animal Care)
were used in this study. Before giving birth, pregnant females were housed in individual
transparent maternity cages (48.5 cm longx38.5 cm widex20.5 cm high) lined with fresh
woodchip bedding (Beta chip, Northeastern Products Corp., Warrensburg, NY) and containing
shredded paper towels as nest-building material. The floors of these cages were divided into
four equal compartments by 5-cm-high Plexiglas dividers. All females were kept on a 12-hr
light/dark cycle (light on at 0700AM) at 22 + 1 °C, with ad libitum access to water, rat chow
(PMI Lab Diet 5008, Nutrition International, LLC, Brentwood, MO) and sunflowers seeds. On
postpartum day 1 (birth=day 0), litters were culled to four male and four female pups per dam,
and all postpartum females were maintained and tested with their own pups.

All animal care and experimental procedures performed in this study were in compliance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23, revised 1996), and were reviewed and approved by the Rutgers
University Animal Care and Facilities Committee. All efforts were made to minimize the
number of animals used and their suffering.

Experimental Groups and General procedures

Females were randomly assigned to one of the following groups: (1) females stereotaxically
implanted with bilateral guide cannulae aimed at the mPOA, or (2) at locations aimed
immediately outside the mPOA: (a) dorsal control and (b) lateral, rostral, or caudal control
groups, and (3) females not subjected to stereotaxic surgery (behavioral control group).

A within-subject design was used to examine the functional role of the mPOA in maternal
behavior over two distinct stages of the postpartum period. Each postpartum female was tested
with her own pups for maternal behavior at both early (PPD7 and 8) and late (PPD13 and 14)
postpartum days, following intracranial infusion of either 2% bupivacaine HCI or saline
vehicle. Within each independent group, half of the females were first injected with
bupivacaine and the other half with saline. The treatment conditions were reversed the next
day in a counterbalanced design. Thus, postpartum females received two bupivacaine
infusions, one on PPD7 or 8, and the second one on either PPD13 or 14; and two saline
infusions, one during early postpartum and the second one during late postpartum.

To investigate the possibility that repeated bupivacaine infusion could affect the subsequent
expression of late postpartum maternal behavior, an additional group of mPOA-cannulated
females was prepared. These females were treated in the exact same way as the other groups,
except that they only received mPOA infusions in late postpartum. Their maternal behavior
toward their own pups was only tested at PPD13 and 14, following intracranial infusion of
either bupivacaine or saline vehicle.

Stereotaxic Surgery

On day 1 postpartum, females were anesthetized with 1.0mL/kg of a solution that contained
ketamine HCI (75.0 mg/mL), xylazine (7.5 mg/mL) and acepromazine maleate (1.5mg/mL).
All coordinates are for animals first set with flat skull readings for bregma and lambda. All
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females received bilateral implantations of 22-gauge stainless steel guide cannulae (Plastics
One, Roanoke, VA). For the mPOA site, guide cannulae were implanted 2.0 mm dorsal to
target at the following coordinates: AP-0.5 (from bregma), ML0.5 (from midline), and
DV-6.5 (from the skull surface). For the dorsal control site, guide cannulae were implanted at
the following coordinates: AP-0.5 (from bregma), ML£0.5 (from midline), and DV-5.0 (from
the skull surface); lateral POA controls were carried out with AP-0.5 (from bregma), ML£1.5
(from midline), and DV-6.5 (from the skull surface). The guide cannulae were secured to the
skull with stainless steel screws and cranioplastic cement. To maintain patency of the cannulae
prior to injection, stylets were inserted. Immediately after surgery, females were reunited with
their pups in their home cages, and allowed to recover for one week. Overall condition and
health were evaluated daily, particularly after surgery and up to the end of the experiment. All
females remained healthy across the experiment, and their pups gained weight and developed
normally.

Intracranial Injection Procedures

Habituation—One day before behavioral testing, females were habituated to the intracranial
infusion and testing procedure. After a 10-min separation from their litters, females were
removed from their home cage, transported to an adjacent room where they were gently handled
for approximately 5 min, during which their dummy stylets were removed and reinserted.
Immediately after, they were brought back to their home cage. Five min later, their eight pups
were scattered in the home cage across the nest site and a maternal behavior test was performed.
Behavioral control females did not undergo surgery but were similarly handled and tested. All
cannulated females exhibited typical maternal behaviors that were identical to those displayed
by behavioral control females.

Intracranial Infusions—On behavioral test days, after a 10-min separation from their litters,
females were removed from their home cage and transported to the adjacent room. The stylets
were removed and 28-gauge stainless steel injectors, extending 2.0 mm beyond the tip of the
guide cannulae were inserted. Injectors were connected by PE-10 tubing to 10uL Hamilton
syringes, and bilateral infusions were driven simultaneously by a two-syringe infusion pump
(Harvard 22 syringe pump; Harvard Apparatus, Holliston, MA). Infusions of bupivacaine (2%
solution; Sigma, St. Louis, MO) or saline vehicle were delivered at a rate of 0.5uL/min. Each
side received 1.0 pL total volume, and the injectors were left in place for an additional 1 min
to allow for diffusion of the drug. Immediately after, stylets were replaced, the females were
brought back into their home cage and a 30-min maternal behavior test was performed.

Bupivacaine hydrochloride in a dose of 20mg/mL dissolved in 0.9% saline solution was used
to reversibly produce site specific neural inactivation. Bupivacaine, like the structurally similar
amide-linked anesthetic lidocaine, blocks voltage-dependent sodium channels, and hence
action potential initiation and conduction, both in neuronal cell bodies and axons [34,35]. We
chose bupivacaine due to its longer duration of action over lidocaine (lidocaine approximately
10-30 min range, bupivacaine approximately 30-50 min range; [10]). The bupivacaine dose
and volume used in this study were selected on the basis of previous studies of estimates of
the effective spread (i.e. the distance over which there is a physiological effect) and time course
of neural inactivation caused by intracranial lidocaine infusion [5,50,82,90,91,102].
Furthermore, relative to a smaller, 0.5 uL infusion volume, an infusion volume of 1.0uL has
been demonstrated to have a similar spread of functional inactivation in terms of effectiveness,
but produced a more stable inactivation over time [102,108]. Accordingly, in a preliminary
experiment, a more robust and consistent effect over time in the maternal behavior of
postpartum females was observed following 1.0uL versus 0.5 uL infusion of 2% bupivacaine
into the mPOA. For these reasons, an infusion of 1.0uL of 2% bupivacaine was selected for
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the present studies to effectively suppress neural activity of the entire mPOA and during the
entire 30-min behavioral test.

Maternal Behavior Testing

All testing was conducted during the light phase of the light/dark cycle. Following infusions
of either bupivacaine or saline, postpartum females were returned to their home cage. Five
minutes after, their eight pups were scattered in the home cage opposite to the female’s nest.
The number of the following maternal behavioral components was continuously recorded for
30 min: retrievals of the pups into the nest, mouthings (oral repositioning of the pups into the
nest), sniffings, full body and anogenital lickings, and nest building. In addition, the total
duration of huddling behaviors, including lying in contact with pups and hovering over the
pups in the nest while actively performing other behaviors (i.e. licking of pups or self
grooming), and the nursing posture kyphosis, a quiescent upright crouching over pups [99]
were recorded. Total time in contact with pups was the summed durations of huddling plus
nursing behaviors. Also, the latency (i.e. time from the introduction of the pups to the first
behavioral response by the female) to begin retrieving pups, to reunion of the entire litter into
the nest as well as to begin hovering over and nursing was registered. Only those postpartum
females that retrieved each of their eight pups into the nest were considered to have grouped
the litter. The latency to begin hovering over or nursing the pups was the first occurrence of a
bout of each behavior >2 min in duration. A latency of 1800 s was given for any category of
behavior that was not initiated (or completed, i.e. reunion of the litter) within the 30-min
observation period. Other behaviors recorded included general exploration (line crosses and
rearings), self-grooming and eating/drinking.

On the morning following each intracranial injection, the maternal behavior of postpartum
females was observed to verify that there were no remaining behavioral effects from the
previous day’s treatment. No behavioral impairments were found, i.e. the maternal behavior
of all subjects was completely normal by each post-injection morning.

Locomotor activity—To identify any nonspecific locomotor effect induced by intracranial
bupivacaine infusions, the locomotor activity of additional mPOA cannulated postpartum
females was evaluated in computerized photocell activity boxes (VersaMax Animal Activity
Monitor system, AccuScan Instruments Inc., Columbus, OH) over a 60-min test following
infusion of either bupivacaine (n=5) or vehicle (n=4).

Histology and Analysis of infusion Sites

Statistics

Upon completion of the study, postpartum females were deeply anesthetized with Nembutal
and perfused intracardially with physiological saline followed by a 4.0% formaldehyde
solution. Brains were removed and stored in 4.0% formaldehyde for 48h. The brains were
frozen using dry ice and serial cross sections of 30um-thick were cut around the implantation
site on a cryostat. The sections were mounted on slides, stained with Cresyl violet, and cover
slipped. Cannulae placements were verified with the aide of a Zeiss Axioplan microscope
equipped with a Neurolucida imaging system, according to the neuroanatomical atlas of
Paxinos and Watson [77].

Maternal behavior data are expressed as median (semi-interquartile ranges [SIQR]). As

variances were not homogeneous, behavioral data were analyzed by means of non-parametric
tests [92]. Kruskal-Wallis one-way analysis of variance followed by Mann—Whitney U tests
were used for comparisons of independent groups. Wilcoxon matched-pairs signed-ranks test
were used for intragroup comparisons. Locomotor activity data are expressed as mean + SEM,
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and were analyzed using one-way repeated measures ANOVA. Statistical significance in all
cases was P<0.05, two-tailed probabilities.

Results

Location of the Cannulae Implantation Site

Figs. 1A-C represents cross sections of the rat brain showing the placement of the injection
cannulae tips based on the microscopic analysis of cresyl violet-stained sections. Figure 1A
show the placement of the injection cannula tips for the mPOA group providing repeated
measure testing at both early (PPD7-8) and late postpartum (PPD13-14) stages (n=8). Figure
1B shows the location of the mPOA infusion sites for the group of postpartum females tested
only during PPD13-14 (n=9). Histological analysis indicated that both mPOA groups had
infusion sites distributed in a similar pattern, with most of the bilateral infusion sites located
between -0.26 and -0.88 mm from bregma.

Postpartum females included in the dorsal control group (n=7) had cannulae bilaterally placed
dorsal to the anterior commissure, ranging between -0.26 and -0.40mm from bregma (Figure
1C). Nine additional postpartum females had infusion sites that bilaterally targeted control
structures outside of the mPOA. One female had an asymmetrical placement that resulted in a
unilateral infusion into the lateral mPOA and a unilateral infusion into the third ventricle, 3
females had their cannulae lateral to the mPOA into the LPOA, 2 females had their cannulae
rostral to the mPOA into the diagonal band of Broca; and 3 females had their cannulae caudal
to the mPOA into the anterior hypothalamus.

Transient mPOA inactivation reversibly inhibited early postpartum maternal behavior

Early postpartum females receiving bupivacaine infusion into the mPOA exhibited severe
deficits in their maternal behavior. As shown in Figure 2, bupivacaine-treated postpartum
females exhibited significantly fewer retrievals (T=0.0, N=8, P=0.012, Wilcoxon’s matched
pairs signed-ranks test) and mouthings (T=0.0, P=0.012) than after receiving saline infusions
into MPOA (Figure 2). In fact, during mPOA inactivation, none of the 8 postpartum females
completed retrieving and grouping the pups into the nest; 4 of 8 did not retrieve any pups, and
the remaining 4 retrieved <3 pups of their 8-pup litter. Moreover, the number of corporal
(T=0.0, P=0.012) and anogenital lickings (T=0.0, P=0.012) was also dramatically reduced, and
nest building was virtually absent (T=0.0, P=0.02). It is important to mention that the inserted
cage barriers delayed, but did not prevent the pups from crawling into the nest area and grouping
together in a huddle. Thus, even though none of the bupivacaine-treated postpartum females
completed retrieving and grouping of the pups, their litters did group themselves into the nest
within 594.5 + 118.38 s, where they generally stayed together until the end of the behavioral
test. Although most mPOA-inactivated females did not group their pups into the nest, they did
approach and investigate them, and eventually hovered over the pups and nursed them (Table).
In fact, the percentage of females that did hover over and nurse their litters was not significantly
different after bupivacaine and vehicle infusions (6/8 and 8/8, respectively; Fisher exact
probability test P=ns). However, mPOA-inactivated females spent significantly less time in
contact with pups (T=0.0, P=0.012), due to an increased latency for dams to begin hovering
over the pups (T=0.0, P=0.012; see Table).

Importantly, infusion of saline vehicle into mPOA had no significant effect on any maternal
component measured (Figure 2 and Table). Thus, early postpartum females receiving vehicle
infusion into the mPOA exhibited full maternal behavior that was not different from the
unoperated control group (Mann-Whitney U test, all Ps=ns).
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Transient mPOA inactivation reversibly increased late postpartum maternal behavior

Inactivation at the very same mPOA location had a completely different effect during late
postpartum, causing a significant increase in maternal behavior compared to that seen after
vehicle infusion (Figure 2). Thus, bupivacaine-treated postpartum females that exhibited
impaired maternal behavior during early postpartum showed notably increased maternal
behavior when infused with bupivacaine in late postpartum (Figure 2 and Table). Importantly,
the additional mPOA group tested only in late postpartum similarly showed increased maternal
behavior toward pups following bupivacaine compared to saline infusions (Figure 3 and Table),
in a manner that did not differ from the group that received repeated bupivacaine infusions.
(Repeated mPOA inactivation vs. Single mPOA inactivation, all Ps=ns, Mann-Whitney U test).
The great majority of bupivacaine-treated late postpartum females completed retrievals and
grouped all pups into the nest (Table). Of the 17 late postpartum females (both mPOA groups),
16 retrieved all pups and the remaining subject retrieved 3 of the 8-pup litter after infusion of
bupivacaine, while after saline infusion only 3 of these same 17 females grouped all pups, 9
retrieved <4 pups and the remaining 5 did not retrieve any pups at all. Concerning those 14
vehicle-treated females that did not complete retrieving, their pups grouped together into the
nest by themselves with a median latency of 283.0 £ 81.0 s. In marked contrast, following
bupivacaine infusion into the mPOA these same late postpartum females retrieved and grouped
their litter into the nest, and did so significantly faster. Once the pups were grouped into the
nest, they usually stayed together in a close group. Furthermore, it was observed that 13-14
day-old pups sometimes struggled when picked up by their mother, but this behavior from the
pups neither prevented bupivacaine-treated late postpartum females to complete retrievals, nor
increased the number of retrievals per pup needed by the mothers to group the entire litter into
the nest (Figures 2 and 3, Table). This highlights the robust activational effect on the maternal
behavior of late postpartum females following bupivacaine infusion into the mPOA. The
numbers of mouthings (T=0.0, N=17, P=0.001, Wilcoxon’s matched pairs signed-ranks test),
corporal (T=0.0, P=0.0003) and anogenital licking (T=0.0, P=0.0003), and nest building
(T=6.0, P=0.001) behaviors also increased significantly when females received bupivacaine
versus when these same females received a saline infusion into the mPOA (Figures 2 and 3).
Further, late postpartum females spent more time in contact with pups after mPOA infusion of
bupivacaine than saline vehicle (T=15.0, P=0.004).

Importantly, no significant differences were found between behavioral control and either
vehicle-treated late postpartum female group, in any maternal behavior measured (Mann-
Whitney U tests: all Ps=ns; Figures 2 and 3, Table).

Demonstration of regional specificity

Females with infusion sites that bilaterally targeted control structures outside of the mPOA did
not show any change in maternal behavior after bupivacaine or saline infusions (dorsal, n=7;
rostral, n=2; lateral n=3; and caudal to the mPOA, n=3). In particular, neither bupivacaine nor
saline infusion into adjacent dorsal sites to the mPOA had any effect on the expression of early
and late maternal behavior (Wilcoxon’s matched pairs signed-ranks tests: N=7, all Ps=ns;
Figure 4 and Table). Moreover, the maternal behavior of these anatomical control females was
not different from that of behavioral control females (Mann-Whitney U tests: all Ps=ns; Figure
4 and Table).

Locomotor activity—Home cage activity, including general exploration and self grooming
did not differ both within and between groups (all Ps=ns, data not shown). Moreover, mPOA
inactivation did not alter the locomotor activity of postpartum females relative to vehicle
treatment, measured in the automated apparatus (time by treatment interaction: F (11, 77) =
0.2684, P=ns; Figure 5).
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In summary, inactivation of dorsal, lateral, anterior or posterior structures to the mPOA was
ineffective in affecting maternal behavior, thereby confirming spatial specificity. Saline
injections within mPOA had no effect indicating that neuronal inactivation, not mechanical or
osmotic effects of drug injection, affected expression of maternal behavior in postpartum
females. Moreover, that fact that saline infusions did not produce any behavioral effects even
when preceded by one or two bupivacaine injections - while bupivacaine injections continued
to have behavioral effects — shows that the target tissue remains stable over multiple injections.
Unilateral mPOA inactivation was also without behavioral effect. Thus, the above described
changes in maternal behavior produced by bupivacaine infusion into the mPOA are mainly
due to effects within and not beyond mPOA.

Discussion

The present study demonstrates that the mPOA is differentially engaged throughout postpartum
in fine-tuning/orchestrating appropriate maternal responses with the developmental stage of
the pups. During early postpartum, the mPOA plays a necessary positive role in the regulation
of maternal responsiveness (i.e. functional integrity of the mPOA is necessary for the
expression of maternal behavior), since its neural inactivation, produced by infusion of
bupivacaine, transiently and severely impaired the maternal behavior of early postpartum
female rats. In contrast, temporary inactivation of the mPOA in late postpartum reversibly
facilitated the expression of maternal behaviors, suggesting that with the progression of the
postpartum period, the necessary excitatory role/influence of mPOA outputs wanes in its
importance. Further, results suggest that later in the postpartum period, the mPOA might act
to suppress other brain structures that may interfere with appropriate expression of maternal
behavior. Importantly, the behavioral effects of bupivacaine were specific for maternal
behavior, as other behaviors, including locomotor activity in both familiar and unfamiliar
environments were not affected by the treatment. Collectively, these data strongly suggest that
substantial functional reorganization of the mPOA and connections (i.e. region-specific and
pathway-specific changes in synaptic strength), likely mediated by the continuous experience
of interaction with developing pups, occur with the progression of the postpartum period to
allow for the behavioral evolution of maternal care-giving responses across postpartum.

Transient inactivation of the mPOA severely disrupts early postpartum maternal behavior

As expected, mPOA inactivation severely disrupted the display of early postpartum maternal
behaviors whereas infusion of vehicle into the mPOA or inactivation of adjacent dorsal, lateral,
rostral or caudal sites to the mPOA did not. It is worth noting, however, that the active
components of maternal behavior, including retrieving, licking and nest building were more
severely disrupted by bupivacaine inactivation of the mPOA than was nursing behavior.
Consistent with the present results, similar findings have been reported following permanent
mPOA lesions [39,40,60,63,103] and pharmacological manipulations [3,53,84,105]. This
selective involvement of the mPOA in the expression of active maternal components is further
supported by findings showing increased induction of the Fos protein product of the immediate
early gene c-fos in the mPOA of early postpartum females following active maternal interaction
with pups [18,20,47,48,67,68,70,71,106].

Transient inactivation of the mPOA facilitates late postpartum maternal behavior

Remarkably, all bupivacaine-treated late postpartum females retrieved and grouped pups into
the nest, and engaged in more licking and nest building relative to controls during the 30-min
maternal behavior test. The present results provide strong evidence for the facilitatory effect

of mPOA inactivation on late postpartum maternal behavior, as both repeated and single mPOA
inactivation groups showed a notable increase in maternal behavior. To our knowledge, this is
the first study to demonstrate that the mPOA is differentially engaged during early vs late
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postpartum in the regulation of maternal responsiveness. For instance, inactivation of the
mPOA did not inhibit maternal behavior in late postpartum, suggesting that with the
progression of the postpartum period, maternal responsiveness is progressively less dependent
on mPOA activity. Not only do the present results demonstrate that mPOA is not necessary
for the expression of maternal behavior in late postpartum, the finding that mPOA inactivation
facilitated late postpartum maternal behavior suggests that the regulation of maternal
responsiveness is more at this point distributed in the maternal circuitry such that additional
network components are recruited with maternal experience. An important implication of this
is that mMPOA may play an active role in suppressing the ability of other brain structures to
inappropriately influence maternal behavior in late postpartum.

Importantly, the effects of MPOA inactivation across postpartum were specific to maternal
behavior, in that early and late postpartum females did modify the nature of their maternal
behavior, but showed similar levels of locomotor activity, exploration, and self-grooming
relative to controls. Moreover, no compensatory behaviors, typically displayed by postpartum
females to override oromotor impairments [100], were exhibited by any of the bupivacaine-
treated females. This is consistent with results from others showing that postpartum females
bearing permanent lesions of the mPOA show normal levels of locomotor activity, body weight
regulation, and hoarding behavior [26,64].

Locations and spread of injections/Regional Specificity

Bupivacaine inactivation has been successfully used in behavioral studies to induce effective
temporary neural inhibition of discrete brain areas [8,16,21,37,85,108]. The effective spread
of neural inactivation (i.e. the distance over which there is a physiological effect) of the
structurally similar amide-linked anesthetic lidocaine has been well characterized both in
cortical and subcortical structures using electrophysiological and other indices of neural
activity [5,50,82,90,91,102]. Accordingly, the 1.0uL infusion volume used in the present
experiments likely produced a spherical area of functional inactivation with an approximate
radius of 500-620 um from the tip of the injector [5,102], which approximately corresponds
to the volume of the mPOA. Given (1) the central location of infusion sites within the mPOA,
(2) the limited diffusion of bupivacaine, and (3) the robust effect of bupivacaine on maternal
behavior with little intergroup variability, it is highly likely that the vast majority of the
physiological effects of bupivacaine injections in the majority of our females remained
primarily within, but not beyond the mPOA. Nevertheless, considering the distribution of the
mPOA infusion sites in the rostro-caudal axis, in some limited cases, bupivacaine might have
diffused rostrally to the caudal aspect of the diagonal band of Broca, and in others, caudally to
the most rostral parts of the anterior hypothalamus and anterior paraventricular nucleus of the
hypothalamus. However, bupivacaine infusions into the above-mentioned sites, at both early
and late postpartum stages, had no effect on the maternal behavior of postpartum females
(anatomical controls). In agreement with these findings, previous studies have shown that
discrete permanent bilateral lesions of either the anterior hypothalamic area [26], the
paraventricular nucleus of the hypothalamus [64], or the ventromedial hypothalamus [30] of
early postpartum females did not affect the expression of maternal behavior.

Axon-sparing neurotoxic lesion of either the mPOA [65] or the lateral POA [4,65], or knife
cuts specifically severing the dorsolateral connections between the mPOA and LH/POA [60,
63,64,66,103] have been shown to cause similar disruptions in early postpartum maternal
behavior. While it is formally possible that in some cases our bupivacaine infusions could have
included the medial regions of the LPOA, these cases are limited in number as most of the
mPOA infusion sites were medial enough so that the proposed sphere of spread would be
contained within the mPOA. Furthermore, direct bilateral inactivation of the LPOA had no
effect on any measure of maternal behavior (present results).
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Of greatest concern was spread into regions dorsal to the mPOA, which includes the bed
nucleus of the stria terminalis, the anterior commissure and septum, since bupivacaine might
have preferentially taken the path of least physical resistance and flow up the injection track
dorsally. However, the maternal behavior of postpartum females with injector tips located
dorsal to the mPOA, approximately 1.5mm above from those within mPOA, was unaffected
by bupivacaine infusions. Nevertheless, it could be argued that mPOA bupivacaine infusions
might have spread into the adjacent ventral bed nucleus of the stria terminalis (vBNST), which
itself play a positive role in early postpartum maternal behavior [69,83]. However, as
neurochemical lesions that specifically destroy the vBNST without damaging the mPOA are
not as critical in disrupting early postpartum maternal behavior as those after mPOA permanent
lesions [69,83], it is reasonable to argue that the robust bupivacaine—induced behavioral
effects were primarily due to mPOA inactivation.

As a sodium channel blocker, bupivacaine inactivates cell bodies along with axons terminating
in and passing through the inactivated area [34,35]. However, given that axon-sparing
neurotoxic lesions of the mPOA (i.e. permanent lesion targeting only cell bodies; [65] have
virtually identical effects on early postpartum maternal behavior as those obtained in the
present study with bupivacaine inactivation, we posit that the behavioral effects observed after
bupivacaine infusion are attributable to reduced activity of mPOA neurons and their efferent
connections.

What is the role of the mPOA in maternal behavior across postpartum?—
Collectively, the present data suggest that experience-based reorganization of the maternal
circuit occurs to allow for the natural evolution of maternal behavior throughout the postpartum
period. In particular, the present results suggest that alterations in mPOA function occur as the
postpartum progresses to enable appropriate maternal responses to the different needs of the
developing pups. We posit that the rapid and dramatic developmental changes of the pups that
the mother rat experiences over the course of the postpartum period impact mPOA processes
that consequently result in different patterns of maternal behavior and care at different
postpartum time points. Substantial evidence suggests that the mPOA regulates the
motivational aspects of early postpartum maternal responsiveness to pups through activation
of the mesolimbic dopamine system [61,62,72,74,95]. In agreement, the impairments in early
postpartum maternal behavior seen after transient mPOA inactivation (present results) are
remarkably similar to those reported after disruption of mesolimbic dopaminergic system
activity [31,32,41,53,72,79,93,94]. One interpretation of the present results is that mPOA
responsiveness to pup-related stimuli progressively declines as the pups develop and
consequently a deactivation of the mesolimbic dopamine system occurs as the postpartum
period progresses. In other words, mPOA inhibition of the nucleus accumbens progressively
declines as pups grow older, consequently reducing the active components of maternal
behavior. Consistent with this, we have provided evidence that the characteristic waning of
postpartum maternal responsiveness can be considerably postponed if late postpartum females
are treated with DA agonists [80,81] or if they cohabited with young pups [81]. Ongoing work
is examining if altered sensitivity of D1 and/or D2 DA receptors within key components of the
maternal circuitry is related to the changing expression of maternal responsiveness with the
progression of the postpartum period.

In parallel, it appears that with the progression of postpartum, mPOA inhibition of additional
network components, presumably involved in stimuli recognition and maternal memory, also
importantly contributes to the expression of appropriate maternal behaviors to the particular
requirements of the young. Interestingly, the disinhibitory effect of mPOA inactivation on
maternal behavior resembled a type of habitual responding, as indicated by a lack of sensitivity
of the maternal response to the developmental stage of the pups. Additional circuitry
components that may be involved in habitual responding may include medial prefrontal cortex
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and dorsal striatum, which are interconnected with components of the maternal circuitry,
including the mPOA and the NA [27,110], and have been shown to be respectively involved
in stimuli recognition and motor/action learning and habituation [14,42,54,109]. Currently,
adequate evidence is not available with respect to this interesting possibility, although previous
studies have indicated that maternal behavior relies less on mPOA influence in multiparous
female rats [22,43,55,56,83]. Ongoing work in our laboratory is examining the functional role
of these brain areas to further refine the understanding of the neural circuit that supports
maternal responsiveness throughout the postpartum period.

Taken together, present results include the novel finding that the mPOA is differentially
engaged throughout the postpartum period to orchestrate appropriate maternal responses to the
particular needs of the developing pups. During the first week postpartum, the mPOA is a
necessary component of the maternal circuit, facilitating the intensive care-giving activity
required by the newborn pups. As the postpartum period progresses and the pups grow older,
the regulation of maternal responsiveness becomes (with maternal experience) more
distributed in the maternal circuit. Still, the mPOA remains sufficiently involved in aspects of
maternal responsiveness, allowing the changing expression of maternal behavior that occurs
with the progression of the postpartum period.
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Figure 1.

Schematic representation, based on the microscopic analysis of cresyl violet-stained sections,
of infusion sites for female rats tested for maternal behavior following infusion treatments. (A)
mPOA cannulated postpartum females tested at both early and late postpartum stages; (B)
mPOA cannulated postpartum females tested only in late postpartum, and (C) postpartum
females with cannulae located immediately dorsal to the mPOA (dorsal control). Circles
represent the most ventral extent of the injector tracks in the brain. Plates were taken from the
atlas of Paxinos and Watson (1997). Numbers beside each plate indicate the distance from
bregma in millimeters.
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Figure 2.

Effect of transient inactivation of the mPOA on median + SIQR number of active maternal
responses over a 30 min-behavioral test. Female rats were tested on early PPD 7 and 8 and
then again on late PPD13 and 14. Data shown is for the behavioral control females and for
mPOA cannulated females following either vehicle or inactivation treatment with 2%
bupivacaine. *Significant difference at P<0.05 on bupivacaine versus saline test days (within-
group comparison, Wilcoxon matched-pairs signed-ranks test) and versus the behavioral
control females (between-group comparison, Mann-Whitney U test).
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Figure 3.

Replication of late postpartum group: Effect of transient inactivation of the mPOA on median
* SIQR number of active maternal responses over a 30 min-behavioral test. An additional
independent group of mMPOA cannulated female rats was tested only on late PPD13 and 14,
following either vehicle or bupivacaine treatment. *Significant difference at P<0.05 on
bupivacaine versus saline test days (within-group comparison, Wilcoxon matched-pairs
signed-ranks test) and versus the behavioral control females (between-group comparison,

Mann-Whitney U test).
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Figure 4.

Effect of transient inactivation of dorsal sites to the mPOA on median = SIQR number of active
maternal responses over a 30 min-behavioral test. No significant differences in early and/or
late postpartum maternal behavior were found in females following vehicle and bupivacaine
treatment.
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Figure 5.

A. Locomotor activity (mean + SEM) graphed in 5-min intervals over a 60min-test session for
postpartum females with bilateral infusions of either 2% bupivacaine or vehicle into the mPOA.
B. Schematic representation, based on the microscopic analysis of cresyl violet-stained
sections, of infusion sites for female rats tested for locomotor activity. Plates were taken from
the atlas of Paxinos and Watson (1997). Numbers beside each plate indicate the distance from
bregma in millimeters.
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