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Abstract

Cross-fostering studies suggest cocaine-induced deficits in maternal behavior could be associated
with altered behavior of offspring following prenatal cocaine-exposure. Neonatal vocalizations are
an important offspring cue facilitating early interactions between dam and rodent pup offspring
and have been shown to be altered following prenatal cocaine-exposure. It is unclear how
variations in acoustic parameters of USVs impact maternal behavior and the mechanism(s)
underlying these processes. The present study examined differences in cocaine-exposed and
control rodent dam maternal preference of cocaine-exposed or untreated pups in a dual choice
apparatus. Relationship of preference-like behavior with pup USVs and dam oxytocin expression
was explored. Gestational cocaine-exposure interfered with preference-like behavior of dams on
postpartum day 1 with cocaine-exposure associated with decreased time spent on the cocaine-
exposed pup side compared to the control pup side, and decreases in preference-like behavior
associated in part with decreased number of USVs being emitted by cocaine-exposed pups. On
postpartum day 5, decreased oxytocin expression in the medial preoptic area was associated with
altered preference-like behavior in cocaine-exposed dams, including frequency and latency to
touch/sniff pups. Results indicate cocaine’s effects on the mother-infant relationship is likely
synergistic, in that cocaine influences mother and offspring both independently and concertedly
and that variations within pup vocalizations and the oxytocin system may be potential
mechanism(s) underlying this synergistic relationship during the postpartum period.
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1. Introduction

Parental substance abuse, cocaine in particular, is associated with child neglect and abuse
[1;2]. Parallel to studies on human cocaine abuse, animal models indicate gestational
cocaine-exposure alters maternal behavior with the greatest deficits occurring during the
early postpartum period (postpartum days (PPDs) 1-5) [3-7]. Cross-fostering studies
suggest that cocaine-induced deficits in maternal behavior could be in part a consequence of
altered behavior of offspring following prenatal cocaine-exposure (PCE) [3]. Yet there is
limited data examining the impact of PCE changes in offspring behavior on the maternal
environment.

Cocaine-using mothers have previously been shown to differentially respond to changes in
the acoustic signal of cries [8], with studies also showing PCE can lead to variations in the
acoustic properties of neonatal cries [9-11], suggested to contribute to altered maternal-
infant interactions. Parallel to human infant cries, neonatal vocalizations are an important
offspring cue facilitating early interactions between dam and rodent pup offspring [12-14],
with sustained high-rate ultrasonic vocalizations (USVs) emitted by pups being the most
effective for eliciting retrieval from dams [15-18]. Studies also suggest that frequency
modulation [19;20] and amplitude of USVs [21] may be important acoustic cues for
maternal approach and response.

Most studies examining USV differences following prenatal drug exposure have focused
solely on the rate of USV emissions, warranting the need for extending USV analysis to
other acoustic measures, and even fewer studies have explored how variations in acoustic
characteristics of vocalizations might affect the maternal environment. Prenatal cocaine is
associated with altered fundamental frequency and rate of vocalizations during the early
postnatal period in rodent offspring [22—24]. Since PCE is associated with increased
maternal neglect [3], understanding how variations in pup USVs impact the maternal
environment could help to further elucidate the mechanism(s) underlying maternal neglect.
To our knowledge, no study has determined the impact of individual pup vocalizations on
early postpartum maternal behavior following PCE.

The present study examined differences in maternal preference-like behavior of rodent dams
(cocaine-exposed and controls) by observing the amount of time spent with a neonatal pup
when given the choice between a cocaine-exposed or an untreated male pup. It also
determined if dam preference-like behavior was correlated with variations in pup USVs on
each respective test day to elucidate to what extent a dam’s preference-like behavior is
influenced by variations in USV characteristics such as call rate, fundamental frequency,
and amplitude. Additionally, dam preference-like behavior and relationship with oxytocin
(OT) expression in the medial preoptic area (MPOA) was explored, as OT has been shown
to play an essential role in onset and maintenance of early maternal behavior in both human
[25;26] and rodent models [27-29]. Additionally, OT dynamics has been shown to be
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altered in rat dams gestationally-exposed to cocaine [30-32], including decreased expression
in the MPOA [33;34], a region consistently shown to be critical for maternal behavior [35—
39]. However, the mechanisms underlying these relationships are still unclear with studies
suggesting cocaine can directly alter OT dynamics [33;40;41] and recent studies suggesting
maternal-infant interactions may regulate OT dynamics across the postpartum period [3;42—
44].

2. Methods

2.1 Animals

Following a one-week habituation period, virgin female (200-240 grams) Sprague-Dawley
rats (Charles River, Raleigh, NC) were placed with males on a breeding rack until a sperm
plug was found, which was designated as gestation day (GD) zero. Subjects were randomly
assigned to one of three treatment or control groups or one of two pup-provider groups and
singly housed and maintained on a reversed 12:12 reverse light cycle (lights off at 0900
hours) for seven days. They were then transferred to a room with a regular light cycle (lights
on at 0700 hours) for the remainder of the experiment, a procedure that generally results in
the majority of dams delivering their litters during daylight hours [45]. All procedures were
conducted under federal and institutional animal care and use committee guidelines for
humane treatment of laboratory subjects.

2.2. Treatment

Treatment groups included: chronic cocaine (CC), and two control groups: chronic saline
(CS) and untreated (UN) dams. CC and CS dams received subcutaneous injections on
alternating flanks of 15 mg/kg cocaine HCL (dose calculated as the free base, Sigma
Chemical Company, St. Louis, MO) dissolved in 0.9% normal saline (total volume 2 ml/kg),
or the same volume of normal saline (0.9%), respectively. Injections were delivered twice
daily (at approximately 0800 and 1600 hours) throughout gestation beginning on GD 1 and
continuing until the day before delivery (GD 20) with the CS dams serving as controls for
injection stress and early food consumption rates. UN dams were weighed and handled
daily, but received no drug treatment. CC and UN dams had free access to water and food
(rat chow), while CS-treated dams were yoke-fed over the first week to match maximum
consumption rates of CC dams to control for the anorectic effects of cocaine, as previously
described [4]. A second group of dams were bred simultaneously and served as pup-
providers for the test dams. Pup-providers either received no treatment (UN dam), other than
weighing and handling, or they were treated with cocaine as described above. The pup-
providers reared their natural culled litters (ten pups, six males, four females) for behavioral
testing. Each test dam had two pup-providers (one UN and one CC) assigned to her for
postpartum testing so each dam would be tested with unfamiliar pups. No pup from a pup-
provider litter was used twice during preference testing.

2.3 Maternal Preference Testing

2.3.1. Preference Apparatus—The maternal preference apparatus (See Figure 1) was
modified from a social test apparatus [46;47], and consisted of a rectangular Plexiglas box
(80 cm x 22 cm x 30 cm). On either side of the apparatus were partial dividing walls that
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were 32.5 cm from both left and right ends of the box, thus dividing the box into a left, right,
and center (no choice) chamber. Attached to the center of the box was a start box (20 cm x
15 cm x 15 cm) where the dam was placed immediately prior to the start of her test session.
The start box had a guillotine door separating it from the center chamber, which was raised
to permit entry into the center chamber of the testing box and promptly closed after dam
entry into the apparatus. In each side chamber there was a mesh cage attached to the wall for
placement of the stimulus pup. The mesh cage wires prevented the dam from touching the
pup. Above each mesh cage, microphones were secured for recording rodent pup ultrasonic
vocalizations during preference testing. USVs were recorded with model CM16/
CMPA40-5V microphones (Avisoft Bioacoustics; Berlin, Germany) connected to a desktop
computer through a National Instruments instrumentation recorder (PCI-6132), as described
previously [22], sampled at a rate of 1 MS/s (1 million samples per second) at 14 bit.
Microphones were calibrated prior to each use as previously described [48]. National
Instruments software (LabView, 2009) began the acquisition of USVs at the beginning and
terminated at the end of the test session.

2.3.2. Preference Testing Procedure—On GDs 16 and 17, all dams were shuttled from
the animal housing to the testing room to habituate to travel and testing room. On GD 109,
each test dam (not pup-providers) was habituated to the preference apparatus for 15 minutes.
On the day of delivery, after all pups were born, cleaned, and had a visible milk band
(designated as PPD 1), a triad consisting of a test dam with her litter and two pup-provider
litters (one CC and one UN within 24 hours of the test dam) were brought to the test room.
A 10 minute rest period was allowed following travel. After the rest period, pups were
removed from the PPD 1 test dam’s home cage, and test dam was moved in her home cage
to a separate room where behavioral testing would take place, isolated from her pups for 20
minutes. Pups from the test dam litter were placed on a heating pad together and were culled
during this isolation period. At this same time, a CC and UN male pup from a CC and UN
pup-provider litter respectively was removed from the pup-provider litter and isolated on a
heat pad in two separate secondary containers. Pups from pup-provider litters were matched
by age and weight to control for differences in heat loss and stages of brain development.
During the first ten minutes of isolation, the test dam was placed in the start box and allowed
ten minutes of exploration of the box which was videotaped and subsequently analyzed for
baseline measures. The dam was then returned to her isolated cage for the remaining 10
minutes of the 20 minute isolation period. At the end of the dam’s 20 minute isolation
period, one isolated CC and UN male pup (from pup-providers) were placed and secured on
opposite sides of the testing apparatus in the wire mesh cage. The side of pup placement
varied between test dams and across test days. Dams were placed in the start box, the
guillotine door was opened, and then closed behind the dam once she left. All dams left the
start box within 5 minutes. Preference-like behavior was videotaped for ten minutes and
stimulus pup vocalizations recorded for later analysis and correlation with preference. After
preference testing, the test dam was returned to her home cage along with her culled natural
litter. Both the CC and UN male pups from pup-provider litters were marked with a sharpie,
with the pup used on PPD 1 differentially designated so as not to be reused in future testing,
and returned to the pup-provider litter. Test dam and litter weight (before and after culling)
were recorded, along with the weight of the two stimulus pups from pup-provider litters
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prior to testing. Additionally, the temperature of each pup was recorded before testing using
a laser thermometer held a half inch from the rump of the pup for four seconds. The testing

triad, including all dam’s with natural litters, were returned to the animal colony room until

the next testing day. Natural litters remained with dams when testing was not occurring.

On PPDs 3 and 5 the same test dams and pup-provider litters were shuttled back to the
testing room for preference testing as described above, the only exception being that dams
did not undergo baseline testing during their 20 min isolation period. Procedures for CC and
UN pup-providers were the same and placement side for pup treatment group was alternated
on across test days. Dam preference-like behavior and pup vocalizations were recorded as
before for later analysis.

2.3.3. Maternal Preference-like Behavioral Scoring—Video recordings of maternal
preference testing trials (baseline, PPDs 1, 3, and 5) were scored by two independent
observers (blind to stimulus pup side) for frequency, duration and latency of behaviors
displayed by dams. All behavioral scoring was reconciled to inter and intra-reliability within
95-100% concurrence for frequency and latency and 80% or better for duration of
behaviors. The following behaviors were scored and were the focus of preference analysis:
in center (begins when dam leaves the start chamber and enters the center chamber, i.e. all
four feet cross the threshold), in chamber left or right (scored differentially when dam enters
(up to one rear leg but not including tail) one of the chamber sides where the pup cage is
(chamber left or right was later defined as CC or UN pup side), touch/sniff (T/S) pup
stimulus cage in left or right chamber (scored when dam touches or sniffs either pup cage on
the left or right side, respectively). First choice of stimulus alley by each dam was scored as
well.

2.4. Rodent Pup Ultrasonic Vocalization Analysis

The acoustic characteristics of rat pup USVs were determined from sound spectrographic
analyses using previously established methods in analyses of rodent and human infant
distress vocalizations [22;49]. Analysis of acoustic characteristics was conducted with the
aid of Avisoft-SASLab Pro by experienced researchers blind to treatment group membership
and experimental conditions. The software program provides a wide range of digitally-based
acoustic analyses and visual displays, including (1) sound spectrograms of user-selected
segments of the vocal signal, (2) frequency by amplitude power spectra resulting from Fast
Fourier Transforms (FFT) of the acoustic signal at user-selected points in the spectrogram,
(3) displays of frequency and amplitude at cursor placement in all acoustic analysis
procedures, including power spectra and (4) time intervals between user-juxtaposed cursors.
Software routines also allow summation, means and summary statistics of measures of
fundamental frequency (basic pitch in Hz), amplitude (dB) and durations of voiced
components (sec) across user-selected points of time. Temporal measures including the
number of USVs emitted, mean duration, and mean interval between USVs were collected
along with spectral measures including the mean frequency and amplitude at the a)
maximum amplitude, b) minimum frequency, and c) the maximum frequency within a USV.
All USVs emitted during the first minute of testing (the first minute the dam was in the
apparatus) were analyzed, as pilot data showed the most robust differences in USVs during
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the first minute of testing followed by a steady decline in rate of USVs over the remaining
testing period in both CC and UN pups. Standard deviation of the fundamental frequency
and amplitude of USVs were calculated as previously described [49].

2.5. Tissue Fixation and Sectioning

Within two hours following PPD 5 behavior testing, dams were anesthetized with
pentobarbital (60 mg/kg, 1 ml/kg, i.p.) and transcardially perfused with 0.1M phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde in PBS. Brains were placed in 4%
paraformaldehyde in PBS for twenty-four hours at 4°C before being rinsed in PBS. Whole
brains were sectioned serially at 50um on a Leica SM200R sliding frozen microtome. Serial
free-floating sections were stored in cryoprotectant at —20°C until immunohistochemistry
was performed.

2.6. OT Immunohistochemistry

Using a random sampling method half of the dams in the CC and UN groups were selected
for OT staining. The other half was used for other immunohistochemistry staining
(unpublished). For OT staining, sections containing the MPOA were selected and 3,3’-
Diaminobenzidine (DAB) visualized immunohistochemistry was performed using
standardized methods previously published [50]. The MPOA was identified according to a
rat brain atlas [51]. All analyzed sections were stained with cresyl violet after
immunohistochemical processing and prior to ethanol dehydration and cover slipping to
facilitate anatomical land mark identification. For a section to be considered for cell counts
for either treatment or control groups it had to contain all of the following anatomical
references: the corpus callosum, fornix, anterior commissure and optic chiasm ensuring all
sections analyzed were with —0.5 and —1.20 mm to the bregma suture. Briefly, free floating
sections were washed in PBS, treated with 1% hydrogen peroxide, incubated in blocking
solution (10% rabbit serum in 0.1% Triton-X, 0.1M PBS), and incubated for 48 hours in
primary antibody (1:10,000 rabbit anti-oxytocin, Immunostar, Hudson WI). Tissue was then
rinsed in PBS, incubated with biotinylated secondary antibody (Vector Laboratories,
Burlingame, CA), followed by avidin-biotin complex kit (Vector Laboratories, Burlingame,
CA), and DAB chromophore attachment (Polysciences, Warrington, PA). Sections were
mounted onto Fisherbrand Superfrost Plus slides (Thermo Fisher Scientific, Waltham, MA)
and cover slipped with permount.

2.7. Microscopy and Analysis of OT

Single-labeled DAB-positive cell bodies were visualized with a BX53 Olympus bright-field
light microscope (Olympus Corporation, Shinjuku, Japan) with 20X air objectives.
Anatomic landmarks, i.e. the anterior commissure, were employed to ensure consistent
imaging across tissue sections. Images were acquired from the left and right hemisphere for
at least four sections of tissue. Image analysis was adapted from previously described
methods [52]. Briefly, DAB-positive OT cell bodies were assessed using the plug-in for
nucleus detection in Image J v1.41 (National Institutes of Health, Bethesda MD). Counts
generated by the nucleus detection plug-in were found to be consistent using a manual
counting protocol.
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2.8. Statistical Analysis

2.8.1. Gestational, Litter, and Pup Stimulus Comparisons—A one-way Analysis of
Variance (ANOVA) for treatment group was used to assess gestational and postpartum
weight gain of test and pup-provider dams and litter weight at birth, total number of
offspring, percent of offspring being males, culled litter weight, and culled litter weight gain
(PNDs 1-5), with p<0.05 being significant. To assess that stimuli used for all test dams were
the same, two-way ANOVAs (for stimulus pup group by test dam group) were ran on each
test day for pup weight, temperature of pup at the start of testing, and pup temperature.

2.8.2. Rodent Dam Preference-like behavior—Rodent preference-like behavior on
each test day was adjusted for baseline measures, as some dams showed a clear preference
for a side at the time of baseline testing. Baseline adjustments were made by subtracting the
duration of time dams spent engaging in a behavior on a particular side during baseline
testing from the duration of time dams spent engaging in that behavior on the respective side
during testing. Duration, but not frequency and latency, was analyzed for preference-like
behavior to decrease multiple comparisons and based on our a priori hypothesis that total
duration of time dams spent on the CC pups side would be decreased in CC dams, indicating
decreased preference-like behavior for CC pups. Rodent dam adjusted behavior was
analyzed on each test day separately, with a two-way ANOVA (dam group by pup group
side) for the duration of time dams spent on a respective side (not including time spent
touch/sniffing) and for the duration of time dams spent on the CC or UN pup side in touch/
sniff behavior. The duration of time spent in the center compartment was tested with a one-
way (treatment group) ANOVA. Following a significant dam group or interaction effect
(p<0.05), Tukey HSD post hoc tests were used to make between group comparisons.
Fisher’s exact tests were used to compare first choice entry of dams on each day.

2.8.3. Rodent Offspring Stimulus- Vocalizations—A multiple analyses of variance
(MANOVA) was used to assess exposure group (CC or UN pup) differences on selected cry
variables during the first minute of preference testing (the first minute after the dam left the
start box). A MANOVA allowed for control of multiple comparisons on acoustic measures
of interest. Acoustic measures were grouped into rhythm of cry sound (total number,
average duration and interval between USVs), spectral frequency acoustic measures
(average peak frequency, average minimum frequency, average frequency at loudest portion
of USV, standard deviation of frequency), and spectral amplitude acoustic measures
(average amplitude at peak frequency, average amplitude at minimum frequency, average
amplitude at loudest portion of USVs, and standard deviation of amplitude).

2.8.4. Maternal Preference-like Behavior Relationship to Pup Vocalizations—
Pearson Correlations were used to assess whether maternal preference-like behavior was
related to offspring vocalizations during testing. We examined the relationship between total
time spent on a pup side (adjusted for baseline preference) and mean vocalization measures
emitted by the pup on that respective side. We also assessed correlations between the
duration of time dams spent engaged in T/S behavior on a pup side (adjusted for baseline
preference) and mean vocalization measures emitted by the pup on that respective side.
Mean vocalization measures assessed included total number of USVs, average peak
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frequency, standard deviation of frequency, average amplitude at the peak frequency, and
standard deviation of amplitude of USVs emitted by pups on each respective test day. These
measures were chosen as a priori based on recent findings suggesting CC-exposed offspring
emit fewer USVs on PND 1 [23], and frequency modulation [19;20] and amplitude of USVs
[21] may be important cues for maternal approach and response. To account for multiple
comparisons (dam preference-like behavior correlated with five USV measures) we used the
bonferroni correction method.

2.8.5. OT Expression and Relationship with Pup Preference-like Behavior on
PPD5—A two-tailed t-test was used to examine the effect of treatment (CC and UN) on
number of DAB-positive OT-expressing cell bodies in the MPOA.. Pearson Correlations
were used to assess whether decreased expression in OT in CC dams was related to their
preference-like behavior on PPD 5. We examined the relationship between average number
of OT-positive cells and frequency, latency, and duration of time engaged in T/S behavior
(uncorrected data). In addition to duration, latency and frequency were also examined as OT
in the MPOA has been suggested to play a central role in onset of maternal behavior [28;37].

3.1. Gestational and Litter Comparisons

There were no significant treatment group differences in test dam gestational or postpartum
weight gain. There was no difference among test or pup-provider dams in the number of
pups in their litter, weight of birth litters, gender ratio, or weight gain of culled litters during
the postpartum testing period.

3.2. Rodent Dam Preference-like Behavior

There were no differences in weight, temperature before testing, or temperature change
during testing on any PPD of testing between UN and CC stimulus pups used for any test
dam group. On PPD 1, a significant dam group by pup side interaction was observed in the
duration of time dams spent on a pup side (F=4.210, p<0.05, See Figure 2A). Specifically,
while UN and CS dams did not differ in the amount of time they spent on the UN or CC pup
side we found CC dams spent more time on the UN pup side than they spent on the CC pup
side (p<0.05). CC dams also spent less time on the CC pup side than CS (p<0.05) and UN
(p<0.05) dams spent on the CC pup side. There were no significant group differences in the
duration of time dams spent touching/sniffing pup cages or in the center compartment.

There were no statistically significant group differences observed in any pup preference-like
behaviors on PPD 3. A significant dam group by pup side interaction was however observed
on PPD 5 in the duration of time dams spent on a pup associated side (F=3.615, p<0.05, See
Figure 2A). Specifically, CC dams spent more time on the UN pup side than did CS
(p<0.01) and UN dams (p<0.05). There was also a main dam group effect on duration of
time spent engaged in T/S behavior (F=3.228, p<0.05, See Figure 2B). Specifically, CC
dams touched/sniffed both UN and CC pup cages for a shorter duration than did UN and CS
dams (p<0.05). There were no group differences in the duration of time dams spent in the
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center compartment and there were no significant differences in the first choice of alley on
each postpartum day or in latency to enter the alley.

3.3. Rodent Offspring Vocalizing Behavior

Group differences in USVs were only observed on PPD 1. CC pups had significant
differences in rhythm of USVs (MANOVA, Wilks’s Lambda p<0.01, See Figure 3A,B),
specifically CC pups emitted fewer USVs (F=10.564, p<0.005) with an increased average
interval between USVs (F=5.971, p<0.05). There was no group difference in the average
duration of USVs or in spectral frequency or amplitude measures.

3.4. Dam Preference Correlations with Stimulus Offspring Vocalizing Behavior

On PPD 1, we found a positive correlation between time spent on a side by CC dams (but
not in T/S) where stimulus pups emitted a greater number of USVs on that respective side
(r=0.590, p<0.006, See Figure 3C), however CS and UN dams did not show a significant
relationship on these measures. No other significant associations were observed between
dam preference-like behavior and variations in pup USVs on PPD 1. There were no
significant correlations on PPD 3 or 5 with USV measures assessed.

3.5. OT-expression in the MPOA and Correlations with Dam Preference-Like Behavior

CC dams had significantly fewer OT-labeled cell bodies in the MPOA compared to UN
dams on PPD 5 (t(10)=3.368, p<0.01, See Figure 4A-C). Additionally, an OT and behavior
relationship was highlighted by a significant relationship between number of OT-positive
cell bodies and preference-like behavior in CC dams (Figure 4D). Specifically, within CC
dams, greater OT expression in the MPOA was associated with greater engagement in T/S
behavior [frequency of T/S on CC (r=0.84, p<0.05) and UN pup side (r=0.81, p<0.05) and
latency to T/S on CC pup side (r=—0.95, p<0.005)]. No significant relationship was observed
within UN dams between OT expression and preference-like behavior.

4. DISCUSSION

Results suggest gestational cocaine-exposure interferes with preference-like behavior of
dams towards a CC-exposed or UN male pup on PPD 1, and that change in preference-like
behavior following gestational cocaine-exposure appears to be associated in part with
decreased number of USVs being emitted by CC-exposed pups. Cocaine administration has
previously been found to interfere with preference-like behavior in a dualchoice conditioned
place preference apparatus when given the choice of chambers associated with either
cocaine or age-matched pups [53]. Findings reported here further support gestational
cocaine interferes with pup saliency and extends this previous study showing that subtle
changes in preference-like behavior are evident on PPD 1 specifically and can be observed
when given a choice of CC-exposed or UN pup stimulus. Additionally, previous studies
have shown that high-rates of vocalizations emitted by pups are the most effective for
eliciting retrieval from dams [14-18]. Findings reported here extend these findings and
suggests high-rates of vocalizations can influence preference-like behavior of rodent dams to
whole pup-stimuli (not their own biological pup), when dams are unable to touch/ retrieve
pups though it seems restricted to PPD 1 in particular using this paradigm.
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Interestingly, only the CC dams’ preference-like behavior positively correlated with number
of USVs pups emitted. This could suggest that CC dams are differentially attending to
multiple environmental cues or differentially ranking cues in their environment ultimately
reflecting a failure of the CC dam to react normally in the maternal environment. Attentional
processes in rodents have been shown to be altered following cocaine-exposure [54;55] and
withdrawal [56]. While CC and control dams attended to both CC and UN pup stimuli
during preference testing and pilot data similarly showed all dams attended to pup USVs
(when recorded USVs were played back during testing in the absence of whole pup stimuli),
suggesting CC dams’ initial attention towards pup stimuli and pup USVs were not
significantly affected, though we did not measure attention directly. It is therefore possible
cocaine’s effects on attentional processes may be driving differences in preference-like
behavior on PPD 1 and warrants more study. As we found only trends and no statistically
significant differences on first alley choice further study with larger groups may uncover
additional differences. Additionally, the CC dams may be responding to pups differentially
based on the fact that all dams were separated from their litters prior to testing. In previous
tests following a 30 minute separation there was clear evidence of less maternal response in
CC treated dams and the experimental procedure employed here was designed to have a
separation time as well. Differential response to separation could be an aspect of the overall
drug effect on CC dams and should be considered in future mechanistic studies. While the
dams and pups may have been in some state of withdrawal, activity measures in general do
not indicate that as a particular mechanism of choice. Previous studies of dams given
gestational cocaine, similar to the dams in the present study, did not indicate differences
between withdrawn and non-withdrawn groups on response to pups in a maternal behavior
task. That being said it is certainly possible either dam or pup withdrawal effects could
influence behavior in both dam (preference-like behavior) and pups (variations in
vocalizations and other cues) making it all the more interesting to look at differential group
behavior towards pup cues.

It was also previously found in this animal model that CC dams show avoidance-like
behavior toward CC-pup urine on PPD 1 (not observed in UN dams) but not on PPDs 3 or 5
[57]. 1t is therefore plausible that CC dams are attending to multiple cues in the early
postpartum period that they find aversive/prefer, specifically olfactory and auditory (urine
and USVs). As mentioned above, rodent dams in this study were exposed to complex,
multimodal stimuli: they could not only hear stimuli, but could also see and smell stimuli. It
is possible that the pups emitting fewer USVs also had the greatest differences in urine
olfactory cues based on level of cocaine-exposure, as cocaine and cocaine’s metabolites
have been detected in the urine of PCE pups until postnatal day 3 (pilot work). Previous
studies have found that olfactory cues from offspring play an important role in maternal
behavior [58], but studies suggest that accurate maternal approach/response requires both
vocalization and olfactory stimuli [12;59]. In light of these studies, and previous findings
that CC dams find CC-exposed urine aversive (but not UN dams), it is very likely that
olfactory cues are also playing a critical role in CC dam preference-like behavior for UN
pups on PPD 1. PPD 1 is a very critical time in the pups’ survival and we have reported
delayed maternal response previously on this day in particular with stronger effects on this
day, compared to either PPDs 3 or 5, on several pup directed behaviors. Whether dams are
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responding to cry suppression or to other cues from PND 1 pups are not totally clear and the
elucidation of the motivation for response will be an important factor in future experiments.
Future studies aimed at elucidating the differential impact of olfactory cues and USVs in this
model would prove useful in understanding the mechanism(s) underlying maternal response/
preference-like behavior.

We had hypothesized that all dams would spend less time on the CC pup side, based on
previous work showing that all dams (regardless of treatment history) show differential
maternal behavior towards CC-exposed pups [3], and that this would be associated with
variations in vocalizations emitted by pups. However, both UN and CS dams did not differ
in the duration of time they spent on the CC or UN pup side, and only the CC dam’s
preference-like behavior was associated with variations in USVs. Differences between this
study (where the dams can see, hear, smell but not touch the vocalizing pup) and the
previous study (where dams can see, hear, smell, and touch vocalizing pups) could be
underlying differential findings. Somatosensory input has been shown to be an important
pup cue in nursing behavior [60]. Differences in somatosensory and other behaviors, such as
thermoregulation, between CC and UN offspring could in part drive differences in maternal
behavior following retrieval that require contact with pups, including nest building and
crouching, but were not factors explored in the present study as dams were not able to touch

pups.

While we found no differences in dam preference-like behavior on PPD 3, we did find a
non-significant trend for more CC dams to select the UN pup side over the CC pup side as a
first choice. We found on PPD 5, CC-exposed dams spent more time on the UN pup side
compared to UN and CS dams and T/S pup cages less (regardless of which pup associated
side they were on). Preference-like behavior on PPD 5 did not correlate with variations in
vocalizations emitted by pups. This may indicate preference-like behavior differences
observed on this day may not be directly associated with variations in USVs. Interestingly,
we found that decreased T/S behavior was related to decreased number of OT-positive
neurons in the MPOA on PPD 5. A normally functioning MPOA is necessary for pup
preference-like behavior [39] and OT in the MPOA is necessary for a full complement of
rodent maternal behaviors [36-38;61]. Additionally, rodent dams exhibiting cocaine induced
decreases in maternal behavior [4] have also previously been shown to have decreased
oxytocin levels in the MPOA [62;63]. Findings further support the importance of OT in the
MPOA and OT’s role in regulating maternal proximity and response behavior. Findings
could suggest that variations in OT dynamics may drive subtle differences in preference-like
behavior since the most robust correlate with OT expression was latency to T/S on a CC pup
side (OT was not associated with latency to T/S on the UN pup side). While only
speculative, this could provide a possible potential mechanism partially underlying the
complex and cyclic nature of maternal-infant behavioral deficits following PCE, in which an
infant with altered behavior following PCE fails to elicit normal maternal care, and deficits
in these interactions prime the maternal brain (and potentially OT dynamics), further altering
maternal behavior that is context dependent (based on self-experience with offspring as we
only observed an OT relationship with latency to T/S towards CC pups), and consequently
infant behavioral outcome. Human and rodent maternal behavior has previously been shown
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to be experience-dependent [64;65]. Additionally, it was recently reported that sensory
experience in neonatal mice regulates OT synthesis and secretion [66] and recent studies
suggest maternal-infant interactions may regulate OT dynamics across the postpartum
period [3;43;44]. The mechanisms underlying experience-dependent changes in OT
dynamics in the maternal brain are unclear. As this was a small sample size, future studies
using a larger number of subjects and looking at other brain regions of interest would prove
useful. We did not have the resources to examine CS dam brains but given the behavioral
data showing no differences between control groups we feel UN dam brain OT analyses
may be generalizable to both control groups. Future work should also examine the temporal
relationship of these findings, i.e. if the early maternal environment, e.g. differences in
olfactory, USV, and somatosensory cues of a dam’s own litter, is in part driving differences
in OT expression on PPD 5, and thus specific decreases in preference-like behavior towards
cocaine-exposed offspring. It’s possible that OT dynamics also played a role in initial
differences in preference-like behavior observed in CC dams on PPD 1, however more
research is warranted on the underlying mechanisms of initial dam preference-like behavior,
as the present study only assessed OT on PPD 5. Future work on OT dynamics, including
synthesis and receptor binding, temporal relationship of variations within this system and
relationship with infant cues, and impact on maternal preference-like behavior are needed
and could provide critical insight into the mechanisms that drive maternal deficits following
gestational cocaine-exposure.

We did not observe differences in vocalizations between CC and UN stimulus pups on PPDs
3 or 5 in this study. Therefore, minimal variation in USVs emitted by pups could underlie
non-significant associations between stimulus pup vocalizations and dam preference-like
behavior on PPDs 3 and 5. Previous studies have found greater differences in acoustic
measures of USVs following PCE than what was found in this study [22—24]. Most studies
have examined USVs in an isolation paradigm, with the pup isolated from littermates and
dams and USVs elicited by a painful stimulus or thermal challenge. It is possible that a
greater thermal challenge could have resulted in greater variations in USVs and subsequent
maternal preference-like behavior. However, findings could also suggest that in the presence
of a rodent dam fewer differences are observed in USVs compared to when a pup is isolated.

A limitation of this study is that we only looked at USV differences during the first minute
of preference testing. It is possible that USV differences may have been more robust if we
had analyzed all USVs emitted during the 10 minute testing session and that differences
would have been associated with preference-like behavior. Pilot studies showed the most
robust differences in USVs during the first minute of testing, with both CC and UN pups
showing a peak in USV production during this minute followed by a sharp decline in USV
production over the remaining testing period. We therefore hypothesized that this initial
minute may drive initial maternal preference/attention toward pup stimuli as opposed to
longer care patterns of maternal care, e.g. nest building and crouching behavior observed
following retrieval in other maternal testing paradigms. Short term discrete pup cues, i.e.
USVs and olfactory cues, may play a larger role in initial attention, approach/response, and
preference-like behavior while thermoregulation and other tactile stimuli may play a role in
other behaviors associated with maternal care. We’ve previously found rodent dams quickly
make a choice to retrieve pups, or not, once pups are placed in the cage [67]. Similarly we
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observed in the paradigm used in this study that rodent dams explored and attended to both
CC and UN pup stimuli during the first minute and then dams that showed a preference
between pup sides appeared to make a choice to explore one pup side more. We therefore
feel we captured this initial period when USVs may have the greatest influence on maternal
choice or response though further tests looking at initial arousal factors would be interesting.
Future studies are needed to dissect the role of pup cues on distinct patterns of maternal
behavior, i.e. maternal response and preference vs. behaviors following retrieval. Studies
manipulating auditory stimuli (i.e. USV playback in the absence of pups) are now underway
to elucidate the role USVs have in the early postpartum environment (alone and in
combination with olfactory cues).

5. Conclusions

The overall findings of this study are generally in accord with established literature and
indicates that cocaine’s effects on the mother-infant relationship is likely synergistic in that
it influences both mother and offspring independently and concertedly. Though direct
comparisons with previous studies of maternal response are not possible given the different
paradigm, design, apparatus and stimuli, several things findings are consistent nonetheless
with previous findings. CC dams do respond differently from controls in their early maternal
response; PCE pups have different behavioral profiles than do control pups; and oxytocin
system dynamics are different in CC dams compared to untreated controls in brain regions
important to maternal response in the early postpartum period. In light of study limitations,
the association between temporal variation in USVs and CC-exposed dam preference-like
behavior remains striking and suggests subtle changes in offspring stimuli may be
contributing to changes in the maternal environment. Also, while OT findings should be
considered preliminary, they could suggest as we have suggested previously that variations
within the OT system are a potential mechanism underlying this synergistic relationship.
Findings also highlight the need for additional research to elucidate the mechanism(s)
underlying altered maternal response behavior during early postpartum and how these
differences may lead to greater neglectful behavior observed later in the postpartum period
towards a larger litter. The importance of continued research in this field is highlighted by
its potential application in translational value for informing mother-infant studies of cocaine
abuse in humans. Perhaps as important is the need for elucidating exactly how cocaine is
affecting infant biological and behavioral processes to alter cues which play an important
role in eliciting maternal and social response both early and later in development. Continued
research has the possibility to unlock clues into the mechanisms by which mother-infant
communication fails and whether such failure is driven primarily by altered changes in the
maternal sensory and perceptual systems, by altered infant cues, or interactions between the
two.
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Figure 1. Diagram of Maternal Preference Apparatus
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Figure 2. Maternal Preference-Like Behavior in UN, CS, and CC dams
(A) Duration spent on each pup side during the pup preference task. On PPD 1, CC dams

spent less time on the CC pup side than UN and CS dams spent on the CC pup side, and
compared to amount of time CC dams spent on the UN pup side. On PPD 5, CC dams spent
more time on the UN pup side compared to UN and CS dams. (B) Duration spent touching/
sniffing pups during the pup preference task. On PPD 1, there was no difference in amount
of time dams spent engaged in touch/sniff behavior; however, on PPD 5, CC dams engaged
in touch/sniff behavior less (regardless of pup side) compared to UN and CS dams. N=13

UN dams, 12 CS dams, 12 CC dams, * p<0.05
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Figure 3. Variations in Stimulus Pup USVs and Relationship with Maternal Preference-Like
behavior

On PPD 1, CC stimulus pups (A) emitted fewer USVs with (B) a greater interval between
USVs. On PPD 1, the amount of time CC dams spent on a pup side (not engaged in touch/
sniff behavior) was positively associated with (C) total number of USVs pups emitted. *
p<0.05, *** p<0.005
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Figure 4. Average OT-expressing cells in MPOA and relationship with maternal preference-like
behavior on PPD 5

Representative images from UN (A) and CC (B) dam showing CC dams had fewer OT-
expressing cells in the MPOA on PPD 5 (C) which was associated with a greater latency to
engage in touch/sniff behavior on the CC pup side (D). ** p<0.01; Representative images
were acquired at 40X magnification.
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