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Abstract

While variations in neonatal distress vocalizations have long been shown to reflect the integrity of
nervous system development following a wide range of prenatal and perinatal insults, a paucity of
research has explored the neurobiological basis of these variations. To address this, virgin
Sprague-Dawley rats were bred and divided into three groups: (1) untreated, (2) chronic-cocaine
treated (30mg/kg/day, gestation days (GDs) 1-20); or (3) chronic-saline treated (2mg/kg/day, GDs
1-20). Pregnant dams were injected with Bromodeoxyuridine (10mg/kg) on GDs 13-15 to label
proliferating cells in limbic regions of interest. Ultrasonic vocalizations (USVs) were recorded on
PNDs 1, 14, and 21, from one male and female pup per litter. Variations in acoustic properties of
USVs following cocaine-exposure were age and sex-dependent including measures of total
number, total duration and amplitude of USVs, and percent of USVs with at least one harmonic.
Following USV testing brains were stained with standard fluorescent immunohistochemistry
protocols and examined for variations in neuronal development and if variations were associated
with acoustic characteristics. Limbic region developmental differences following cocaine-
exposure were sex- and age-dependent with variations in the ventral medial hypothalamus and
central amygdala correlating with variations in vocalizations on PND 14 and 21. Results suggest
maturation of the ventral medial hypothalamus and central amygdala may provide the basis for
variations in the sound and production of USVs. As vocalizations may serve as a neurobehavioral
marker for nervous system integrity, understanding the neurobiological basis of neonatal
vocalizations may provide the basis for early intervention strategies in high-risk infant
populations.
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1. Introduction

Variations in the acoustic parameters of neonatal crying have been consistently shown to
reflect the integrity of central nervous system development in the human infant. Infants with
such prenatal and perinatal insults as brain damage, prenatal malnutrition, and prenatal drug
exposure, have been differentiated by a wide range of measures of infant crying, including a
higher fundamental frequency (Fg), longer latency to cry, and shorter overall durations of
crying [48;99;100]. As such, these measures of infant crying have been used in the
identification of infants at risk for poor neurobehavioral, social and cognitive development
[55;99]. While physioacoustic models of infant crying have described the role of
coordinated activity among brainstem, midbrain and limbic systems in the production of
these and other variations in human infant cry characteristics [31;54;69;76], a paucity of
research has explored their neurobiological bases. The analysis of rat pup ultrasonic
vocalizations (USVs) may provide a valuable animal model by which the neurobiological
basis of variations in the cry sound can be studied. Recent translational analyses suggest that
the cry sounds of human infants may have comparable measures in the distress vocalizations
of several mammalian species, including the USVs of rat pups [101]. Analyses of rodent
vocalizations mirror clinical studies which show human infant cries are similarly age- and
context-dependent [8;82;84;85]. Neonatal rodent offspring in isolation emit infant 40 kHz
distress calls, whereas older rodents emit 22 kHz calls in similar aversive conditions [10;12].
Variations in rodent infant vocalizations are associated with different contextual conditions,
such as size of the litter [35], suggested to be related to variations in maternal care individual
pups receive in a small litter versus a large litter. It has also been shown that juvenile stress
alters adult rodent vocalizations, including potentiation of 22 kHz USVs [98].

While studies of adult rodents indicate that specific brain regions are involved in the control,
elicitation, and complexity of experience-dependent vocalizations [16;22;32;34], the
neurobiology underlying variations in vocalizations during early development has not been
explored in a high-risk rodent model. Preclinical animal studies support the hypothesis that
maturation of specific brain regions involved in adult vocalizing behavior, i.e. the amygdala
[53;62], ventral medial hypothalamus (VMH) [11], and periaqueductal gray (PAG)
[15;17;42;61] are associated with typical developmental changes in offspring behavior,
including emergence of fear-like behavior [67;93] and behavioral sex-differences [52].
Whether differential development of these regions contributes to variations in neonatal
vocalizations is unknown. One way to address this issue is to examine the effects of prenatal
cocaine exposure (PCE) and/or other prenatal stressors on the acoustic characteristics of rat
pup USVs, and their relationship to development of specific neural regions. PCE and other
stressors have been associated with variations in human infant cry sounds including
decreased number of cry expirations and increased amplitude, duration, and fundamental
frequency of expirations [19;56;57]. However, mixed results following PCE have been
reported in several studies [25;45] potentially related to age at time of cry elicitation, amount
or time of drug exposure during pregnancy, and/or other risk factors.

The present study investigated whether PCE is associated with normal developmental
changes in USVs in male and female rat offspring at three different age groups
corresponding to neonate (designated as postnatal day (PND) 1), infant (PND 14), and early
juvenile (PND 21) periods. Neuronal development in the dorsal (dPAG) and ventral PAG
(VPAG) on PND 1 (before emotional control of USVs start), and additionally in the central
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(CeA) and basal lateral (BLA) amygdala and also the VMH on PNDs 14 and 21 (to correlate
with emergence of “emotional-dependent” USVs) were measured and correlated with
variations in vocalizations. We hypothesized that delayed PAG maturation would be
associated with decreased number of USVs on PND 1 while delayed CeA and VMH
maturation would coincide with increased number of USVs and a lower percentage of 22
kHz USVs on PND 21 in cocaine-exposed offspring.

2. Materials and 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 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 [64]. 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 (SC) 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 1-20) with the CS dams serving as controls for
injection and nutritional stress. 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 [38;40]. To
investigate neuronal postnatal development in offspring, pregnant dams from all three
treatment groups received an injection of Bromodeoxyuridine (BrdU) (10mg/kg) between
0800 and 0900 hours, before any other injections or handling, for three consecutive days
(GDs 13-15). These three consecutive days were chosen based on prior research showing
this developmental window is the peak period of neurogenesis for brain regions of interest
[6;7;79;80] and pilot staining showing positive BrdU staining in all regions of interest
following BrdU administration on these respective days. A small cohort of animals were
tested in a pilot study to examine the effects of BrdU on neonatal vocalizations, maternal
behavior, and weight gain in all three treatment groups and findings suggested no BrdU-
related differences at the dose employed here (data not shown). While BrdU has been found
to have adverse effects on development when administered gestationally [47], the dose we
employed is lower than that previously found to have no effect on cellular kinetics [59] and
therefore caused no problems in the present study.

2.3. USV Testing Procedures

Offspring were left undisturbed with their biological dams for three hours following delivery
(designated as PND 1) and then brought to the test room and allowed to habituate to the

room for 15 minutes. One male and female offspring were removed from the litter, weighed,
and placed together in a plastic holding cage on top of a heating pad for five minutes. At the
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end of five minutes, skin temperature on the rear flank of each offspring was recorded with a
laser thermometer (Fischer Scientific, Model 15-077-966). The male and female offspring
from each litter were simultaneously placed onto two separate individual cold scales in two
Med Associates sound attenuated boxes, each with a Med Associates Ultrasonic
Vocalization Detector (model number ANL-937-1) attached to a unidirectional microphone
and powered by SG-501 power supply. Med Associate USV detectors scan ultrasonic
frequencies every 30 milliseconds and record the amplitude of sound at each frequency
between 20 kHz and 100 kHz. Detectors are connected to a laptop computer and data
acquired and analyzed through ANL-937-1 MED USV Application Software (SOF-937-1)
and the “MED-USV .xIs” macro for Microsoft excel. USV testing lasted for 5 minutes, and
after testing, offspring skin temperature was again recorded. The temperature of the cold
scale was measured before and after testing to control for confounding environmental
temperature differences using a laser thermometer. Following testing, both offspring had
their temperature assessed and were sacrificed and their brains collected for
immunohistochemical analysis. The offspring’s biological dam and littermates were
returned to the animal facility and left undisturbed until the next assigned test days. On
PNDs 14 and 21, litters were brought to the testing room and the same PND 1 testing
procedure was carried out on another male and female offspring pair.

2.4. USV Analysis

Following vocalization testing with ANL-937-1 MED USV Application Software
(SOF-937-1), data were loaded and analyzed with the “MED-USV .xIs” macro for Microsoft
excel. Data output included the amplitude of sound at each frequency between 20 and
100kHz for every instance that sound exceeded the manually set threshold level of 25dB.
Data output was examined by generated 3-D area graphs, where the x-axis was frequency
(kHz), y-axis was amplitude (dB), and z-axis was time (sec). Data was then manually
categorized as a USV or other broad spectrum sound (i.e. from offspring movement in the
box). To ensure proper categorization, a subset of rodent offspring were tested for USVs
simultaneously with the Med Associates Detection software and with a model 4939
microphone connected to (model 2670) preamplifiers, running through a 2-channel model
4939 power amplifier (all Bruel and Kjer), and connected to a computer through a National
Instruments instrumentation recorder (779193-01-DAQPad-6015) sampling at a rate of
200kS/s (200,000 samples per second). Spectrograms and fast fourier transforms (FFTSs)
were created every 30 msec and compared to 3-D area graphs from Med Associate data
output (which detects sound every 30 msec) at every time point a USV was occurring to
ensure proper categorization of USVs with med associate equipment.

Individual USVs that occurred within 30 milliseconds of one another were considered to be
part of the same call. All of the USVs occurring during the five minute test or up to the first
60 USVs were categorized and subsequently analyzed. Acoustic features assessed for each
animal included the duration (average, and total) of USVs, the average interval of time
between USVs, the latency to emit the first USV, latency to a USV with an observable
harmonic, total number of USVs emitted during the test (up to 60), and the percentage of
these USVs with at least one harmonic. Based on their peak fundamental frequency (Fg, the
highest point at which Fq occurred within each USV), USVs were categorized as either
occurring at 22 (20-29 kHz), 40 (30-46 kHz), 55 (47-59 kHz), or greater than 60 kHz.
Percentage of calls emitted at each frequency band was calculated for each pup. If an animal
did not emit a USV, its data was only used in the analysis of total number of USVs emitted
during the test. Additionally, to assess if differences in amplitude of calling exists amongst
groups the loudest USV emitted was identified and the peak Fq and the amplitude at the
peak Fqy were recorded for each offspring.
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2.5. Tissue Fixation and Sectioning

All PND 1 tissue was paraffin-embedded following a previously established protocol [23].
Based on the tissue consistency of the rodent brain on PND 1, we found that paraffin
embedding was the best choice for maintaining tissue integrity through the length of the
study. Immediately following vocalization testing, brains were removed and drop-fixed in
4% paraformaldehyde in 0.1M phosphate-buffered saline (PBS) for 48 hours followed by
two overnight (O/N) rinses in PBS. Specimens were dehydrated through a graded series of
alcohols, cleared with two washes of toluene, and finally embedded in molten paraffin. The
embedded specimens were serially sectioned at 10um and immediately mounted to slides
and stored at room temperature until immunohistochemistry was performed. Conversely,
immediately following USV testing on PND 14 and 21 offspring were deeply anesthetized
with pentobarbital (60 mg/kg, 10 ml/kg, i.p.) and perfused transcardially with 0.1M PBS
followed by 4% paraformaldehyde in PBS. The brains were removed from the skull and
placed in the same fixative solution for at least 24 hours before being washed with PBS and
sliced on a Leica VT 1000S vibrating microtome into 50 um sections. The free-floating
sections were stored in cryoprotectant at —20C until immunohistochemistry was performed.

2.6. Immunofluorescence

For PND 14 and 21 tissue, free-floating sections were picked from each animal for the CeA
and BLA (bregma —2.12 to —2.80mm), VMH (bregma —2.30 to —3.60), and the dPAG and
VPAG (bregma —6.72 to —7.80). Fluorescent immunohistochemistry was adopted from
previously described methods [70;87]. The colocalization of BrdU with neuronal-specific
nuclear protein (NeuN) was used to characterize the expression of surviving neural
precursor cells that were labeled during BrdU injections on the mornings of GDs 13-15.
Immunofluorescent assays were conducted as follows: free-floating tissue was washed in
PBS, and then treated with 0.6% hydrogen peroxide to block endogenous peroxidase
activity. Next, tissue was incubated in 50% formamide/2X SSC for thirty minutes at room
temperature, then in 2N HCI for one hour at 37°C. After neutralizing in 0.1M boric acid,
tissue was rinsed in PBS, and incubated in a blocking solution (3% goat serum, 0.2% Triton-
X, 0.1M PBS) for one hour. Tissue was then incubated in a solution containing primary
antibodies (1: 400 rat anti-BrdU, Accurate, Westbury, NY, 1:1000 mouse anti-NeuN, Santa
Cruz, CA). Antibody dilutions were chosen based on dilution curves and antibody
specificity verified in all immunohistochemical assays. The following day, sections were
rinsed in PBS, and then incubated in the dark with fluorescent-coupled secondary antibodies
appropriate for each primary antibody (Invitrogen, CA) for one hour. Tissue was then rinsed
in PBS, mounted onto slides and cover-slipped with Fluoromount-G™ (Southern Biotech,
Birmingham, AL), taking care to protect the sections from the light.

Sections selected for analysis from the PND 1 age group contained the PAG region of
interest (coronal plate 19-20 in embryonic day 22 rodent offspring as cited in Atlas of
Prenatal Rat Brain Development [3]). Sections selected were deparaffinized with xylene,
rehydrated through a graded alcohol series, and quenched using 5% H,0O5 in methanol.
Steam antigen retrieval was performed using a citrate buffer (Antigen Retrieval Citra,
BioGenex, San Ramon, CA). DNA was denatured with 2N HCI for one hour at 37C,
neutralized with 0.1 M Borate Buffer, and then incubated with blocking solution (3% goat
serum, 0.2% Triton-X, 0.1M PBS) before incubation in primary antibodies. Primary
antibodies consisted of mouse anti- NeuN (Santa Cruz, CA, 1:1000) and rat anti-BrdU
(Accurate Chemical and Scientific Corp., NY, dilution 1:400). The following day, slides
were rinsed in PBS, and then incubated in the dark with fluorescent-coupled secondary
antibodies appropriate for each primary antibody (Invitrogen, CA). Slides were rinsed in
PBS and cover-slipped using Fluoromount-G™ (Southern Biotech, Birmingham, AL).
Protein expression at PND 1 was only assessed in the PAG since studies assert that
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vocalizations at this neonatal age are not emotionally based, but controlled by brain stem
mechanisms [66].

2.7. Visualization and Analysis of Imnmunofluorescence

Double-label immunofluorescence was visualized with a Leica SP2000 confocal scanning
microscope with a 40X oil objective. Anatomy hallmarks for each region were employed to
ensure consistent imaging during microscopy. Co-localization was confirmed by confocal
microscopy optimized for the analysis of tissue sections. For each subject, images were
acquired from the left and right hemisphere from a minimum of four tissue sections for each
brain region. Image analysis was adapted from previously described methods [14]. In brief,
optimal thresholds for NeuN and BrdU/NeuN co-localization was identified for each age
group and kept constant for all subjects. Total number of nuclei stained was assessed using
the plug-in for nucleus detection in Image J for microscopy.

2.8. Statistical Analysis

A one-way ANOVA for treatment group was used to examine the effects of PCE on
gestational and postnatal litter data. Fisher LSD post hoc tests were conducted to find the
differences between the three treatment groups. A 2 (sex) by 3 (treatment group) ANOVA
was conducted for measures of offspring weight and temperature for each respective test
day. Because groups differed in the number of offspring emitting vocalizations on each test
day Kruskal-Wallis tests (for continuous results) or Fisher’s exact test (for binary questions
such as if offspring emitted a vocalization or not) were used to assess treatment group
differences. Conover-Inman tests for all pair wise comparisons were conducted to evaluate
which treatment groups were different from each other. Wilcoxon signed rank test (paired
for continuous results) or McNemar’s test (for binary results) were also used for evaluating
sex differences by day and treatment group.

A 2 (sex) by 3 (treatment group) ANOVA was conducted for each brain region at each age
group on measures of total NeuN-positive labeled cells and the percentage of BrdU-positive
cells that co-labeled as a NeuN-positive neuron. Following overall significance Fisher LSD
post-hoc tests were conducted to find the differences between the three treatment groups.
Pearson product-moment correlations were employed to examine the relationship between
rodent vocalizations and development of different brain regions. These measures include the
total number of NeuN-positive cells and the percentage of BrdU-positive cells that co-
labeled as a mature NeuN-positive neuron at each respective age. Animals that did not emit
at least one USV were only included in correlations with total number of USVs.

3. Results

3.1. Gestational/ Litter Data

Results of the one-way ANOVA for treatment group showed a significant main effect in
gestational weight gain of dams (F=4.158, p<0.05), specifically CC dams (n=11) gained less
weight across the gestational period than did UN dams (Fisher, p<0.01). There were no
differences between CS dams (n=10) and UN dams (n=11) on this measure. CC dams also
gained more weight between postpartum days (PPDs) 1-21 (ANOVA, F=4.305, p<0.05)
than did UN (Fisher HSD, p<0.01) but not CS dams. By PND 21, there were no significant
differences in weight between treatment groups. There were no group differences in litter
size or sex ratio, litter birth weight, culled litter weight, or the culled litter weight gain from
birth to PND 21. Group offspring weights on PND 1, 14, or 21 were not significantly
different. Results of the one way ANOVA showed a significant treatment group effect
(F=3.087, p<0.05) on offspring temperature on PND 1 before vocalization testing, such that
PCE offspring were warmer than CS offspring (Fisher, p<0.05), and had a trend for being
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warmer than UN offspring (Fisher, p<0.09) with no differences following testing cessation.
There were no group differences in temperature measures at any measurement time on either
PND 14 or 21 and the plate temperatures were the same for all tests.

3.2. Developmental Variations in Vocalizations

3.2.1. PND 1 Vocalizations—PCE decreased vocalizations in both PND 1 male and
female offspring in a sex and temperature dependent manner. Based on high variability of
the data and body temperature differences observed in PCE offspring, a linear mixed model
was used to evaluate sex and treatment group effects adjusted for starting temperature and
weight of offspring. We found that variability in the total number of USVs emitted could be
explained in part by temperature of the offspring. A higher body temperature at time of
testing was directly related to a higher total number of USVs (p<0.05), while offspring
weight did not show this association (p=0.8232). After adjusting for body temperature, there
was a significant main effect of group for total number of USVs emitted (p<0.05), with both
male and female PCE offspring vocalizing less overall compared to CS (p<0.01) and UN
offspring (p=0.06, Figure 1A) with no significant difference in the total duration of
vocalizations (Figure 1B). Starting temperature and weight were not associated with any
other acoustic measures.

There was a treatment effect for PND 1 males on the percentage of calls that had at least one
observable harmonic (Z=7.633; p<0.05, Figure 1C) and on the latency to emit a USV with at
least one observable harmonic (Z=5.852; p<0.05). PND 1 PCE males produced a smaller
percentage of calls with a harmonic compared to UN (Conover Inman, p<0.005) and CS
(Conover Inman, p=0.059) males; and a longer latency to emit a USV containing a harmonic
than both UN and CS male offspring (Conover Inman, p<0.05). No other significant
differences in vocalizations were observed on PND 1.

3.2.2. PND 14 Vocalizations—There were no significant treatment or sex group
differences in vocalizations of offspring on PND 14 (See Figure 1 A-E).

3.2.3. PND 21 Vocalizations—PCE and CS exposure were associated with vocalization
differences on PND 21 in a sex-dependent manner.

3.2.3.1. Males: There were no significant treatment effects in the total number of USVs on
PND 21 (Figure 1A), but there was a main effect (Kruskal-Wallis) of treatment group for
males in the total duration of USVs (Z=6.157; p<0.05, Figure 1B), the minimum interval
between USVs observed (Z=7.528; p<0.05), and the amplitude of the loudest call measured
(£=9.268; p<0.01, Figure 1D). PCE and CS males vocalized longer (total duration-Conover
Inman, p<0.05); cried at a higher amplitude at the loudest call emitted (Conover Inman, PCE
p<0.05, CS p<0.005) and had a smaller minimum interval between USVs (Conover Inman,
PCE p=<0.05, CS p=<0.01) than did UN males on PND 21. There were no differences in the
percentage of USVs that had a harmonic (See Figure 1C) or other vocalization measures
between male offspring.

3.2.3.2. Females: There was a main effect of treatment group in the percentage of USVs
emitted that fell into the 22 kHz range (Z2=9.720; p<0.01, See Figure 1E) in female
offspring. CS (Conover Inman, p<0.005) and PCE females (Conover Inman, p<0.05)
emitted fewer 22kHz USVs compared to UN females on PND 21.

3.2.3.3. Within Group Sex Effects: PCE and CS exposure was associated with USV sex
differences on PND 21 that were not observed in UN offspring. Wilcoxon signed rank tests
indicated that PCE males (n=10) emitted a greater total number of USVs (p<0.05, Figure
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1A), a longer total duration of USVs (p<0.05, Figure 1B), and had a greater percentage of
USVs that fell into the 55 kHz range compared to PCE females (n=10, p<0.05, not shown).
CS males (n=10) had a shorter average interval between calls (p<0.05) and a greater
amplitude of the loudest call emitted compared to CS females (n=10, p<0.05). The only
within group sex effect observed for UN offspring was that UN males (n=11) had a shorter
latency to emit the first USV compared to UN females (n=11, p<0.05).

3.3. Developmental Variations in Limbic Regions of Interest

3.3.1. PND 1 IHC Cell Counts—There were no group effects associated with dPAG
developmental changes on PND 1. There was however a main effect in the percentage of
BrdU cells that co-labeled as a NeuN-positive neuron in the vPAG on PND 1 (ANOVA,
F=3.808, p<0.05, not shown), showing that CS offspring had a significantly greater
percentage of BrdU cells that co-labeled as a NeuN-positive neuron in the vPAG compared
to UN (Fisher LSD, p<0.01) but not PCE offspring. There were no other developmental
differences observed in the PAG on PND 1.

3.3.2. PND 14 IHC Cell Counts—PCE and CS exposure was differentially associated
with sex-dependent developmental differences in the CeA and vPAG but not in the BLA,
VMH, or dPAG.

3.3.2.1. NeuN-positive Cell: There was a group by sex interaction (ANOVA, F=5.387,
p<0.01, See Figure 2A) in the total number of NeuN-positive neurons in the CeA on PND
14. PCE females had less NeuN-positive cells compared to UN females (Fisher LSD,
p<0.01) and PCE males (Fisher LSD, p<0.05). CS males also had significantly fewer NeuN-
positive cells compared to PCE males (Fisher LSD, p<0.05), and both CS (Fisher LSD,
p<0.05), and UN females (Fisher LSD, p<0.005).

3.3.2.2. BrdU positive cells co-labeled as NeuN-positive Neurons. There was a group by
sex interaction (ANOVA, F=3.945, p<0.05) for the percentage of BrdU-positive cells that
co-labeled as a NeuN-positive neuron in the CeA. PCE males had a larger percentage of
BrdU cells that co-labeled as a NeuN-positive neuron compared to PCE females (Fisher,
p<0.05) and CS males (Fisher, p<0.05). There were no other significant differences in the
CeA or any other regions assessed on PND 14.

3.3.3. PND 21 IHC Cell Counts—Developmental differences previously observed in the
CeA on PND 14 normalized in PCE and CS offspring by PND 21 (See Figure 2A,B),
however, sex-dependent differences began to emerge in the VMH (See Figures 2B) in PCE
and CS offspring.

3.3.3.1. NeuN-positive Cells. As seen in Figures 2B, there was a significant treatment group
by sex interaction in total number of NeuN-positive neurons in the VMH on PND 21
(ANOVA, F=3.120, p<0.05). PCE males had a greater density of mature neurons in the
VMH on PND 21 than PCE females, CS females, and UN males (Fisher, p<0.05). CS males
also had more NeuN-positive neurons in the VMH than CS females (Fisher, p<0.05).

3.3.3.2. BrdU positive cells co-labeled as NeuN-positive Neurons. There were no
significant differences in the percentage of BrdU positive cells that co-labeled as a NeuN-
positive neuron on PND 21 in any brain regions assessed.

3.4. Correlations Between Variations in Vocalizations and Limbic Region Development

3.4.1. PND 1 Vocalizations and Regional Development Correlations—There were
no significant correlations between the dPAG or the VPAG in total number of NeuN-positive
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cells or percentage of BrdU-positive cells that co-label as a NeuN-positive neuron with
variations in rodent offspring vocalizations on PND 1.

3.4.2. PND 14 Vocalizations and Regional Development Correlations—By PND
14, some acoustic measures of vocalizations began to correlate with VIMH developmental
differences (not shown). A significant inverse relationship was observed for the percentage
of BrdU cells that co-label as a mature neuron in the VMH and the amplitude of the loudest
call produced (r=—0.398, p<0.005). Specifically, a greater percentage of BrdU cells that co-
labeled as a neuron in the VMH correlated with a lower amplitude of the loudest call. There
were no other relationships between PND 14 rodent offspring vocalizations and total
number of NeuN positive cells or percent of BrdU positive cells that co-label as a NeuN
positive neuron in any other brain regions.

3.4.3. PND 21 Vocalizations and Regional Development Correlations—
Correlations between vocalization acoustic measures and specific brain region
developmental differences, specifically the VMH and CeA, began to emerge by PND 21.
The total number of NeuN-positive neurons in the VMH correlated positively with the total
duration of USVs (r=0.452, p<0.001, Figure 3A) and the amplitude of the loudest USV
(r=0.495, p<0.0005, Figure 3B). Interestingly, the total number of NeuN-positive neurons in
the VMH (r=—0.287, p<0.05, Figure 3C) and in the CeA (r=—0.274, p<0.05, Figure 3D)
were inversely related to the percentage of calls that fell into the 22 kHz USV range.

The percentage of BrdU cells that were NeuN-positive neurons in the VMH were positively
related to the amplitude of the loudest call (r=0.315, p<0.05) and the percentage of BrdU
cells that co-labeled as NeuN-positive neurons in the VIMH was also inversely related to the
percentage of calls that were categorized as a 22kHz USV (r=-0.271, p<0.05). To ensure
correlations were not a false positive based on a large number of offspring not emitting any
vocalizations in the 22kHz range and potentially skewing the data correlations were re-ran
for only those offspring that emitted at least one 22kHz USV. Correlations between the
number of 22 kHz USVs offspring emitted and either the VMH or CeA developmental
measures became more significant (VMH: total NeuN negatively correlated with percentage
of USVs that fell in the 22 kHz range r=—0.527, p<0.05; VMH: Percent of BrdU cells
colabeling with NeuN negatively correlated with percentage of USVs that fell in the 22 kHz
range r=—0.692, p<0.005; CeA: total NeuN negatively correlated with percentage of USVs
that fell in the 22 kHz range r=-0.589, p<0.01).

4. Discussion

We predicted that PCE would coincide with age- and sex-dependent variations in USVs,
limbic circuitry development, and that differences in vocalizations would correlate with
variations in development of limbic brain regions. As hypothesized, cocaine-induced
changes in neonatal vocalizations were sex and age-dependent. On PND 1, PCE decreased
the number of vocalizations in both males and female offspring and PCE males had a
smaller percentage of calls with at least one observable harmonic than did UN males at this
age. CS exposure did not coincide with differences in vocalizations suggesting that
variations observed following PCE can be attributed directly to PCE versus indirectly
through stress-related mechanisms. These findings on PND 1 are interesting in light of
studies showing maternal substance abuse is associated with neglect in humans [58] and
rodents [40;68] perhaps partially mediated through variations in infant cues [38]. In the
animal model employed in this study it was previously shown that gestational cocaine-
exposure alters maternal behavior (with the greatest deficits occurring around PPD 1) and
that all rodent mothers or dams (regardless of treatment history) displayed altered maternal
behavior towards PCE pups [38] suggesting that some attribute of the PCE pups may render
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them less able to elicit normal maternal care. Variations in vocalizations, including rate of
vocalizations and harmonics, could potentially be important cues impacting rodent pup early
care. Rodent pup USVs play an important role in altering both the neurobiology and
response of the dam [13;27;28;86]. Sustained high-rate vocalizations emitted by pups have
been shown to be most effective for eliciting retrieval from dams [13;27;103]. While no
study to our knowledge has explored the impact of harmonics on early dam-pup interactions
in a rodent model it has been shown that following a painful experience, human infants emit
cries with indistinct harmonic segments which are then perceived to be more urgent by their
environment [77]. It is reasonable to suggest that decreased rate of USVs observed in PCE
pups and decreased percentage of calls with a harmonic observed in PCE male pups could
be differentially affecting the care taking environment. Current studies are now targeting
early translational behavioral differences in PCE pups and their impact on the maternal
environment to continue elucidating the mechanisms underlying neglect.

Differences in vocalizations observed on PND 1 normalized by PND 14 in PCE offspring.
PND 14 was found to be a peak vocalizing period for all offspring, as evidence in more
vocalizations that were longer, louder, and had shorter intervals between individual USVs
than at other ages. PND 14 in rodents is thought to be roughly equivalent in age to one
month old human infants who have a peak crying period around six to eight weeks [5]
followed by a decrease in rate of crying [78]. Rodent infants show a similar developmental
shift to human infants, as rates of isolation-induced USVs increase during the early postnatal
period and peak in rate between the first and second week of postnatal life [36;37;83]. This
peak is subsequently followed by a decrease in rate of USVs as signs of fear-like behavior
emerge (i.e. freezing) when the offspring is in an aversive environment (i.e. predator odor or
isolation) [44]. Our age comparisons support this developmental progression in rodent
infants.

Interestingly, we found that by PND 21 PCE and CS-exposure in males prolonged higher
rates of vocalizations that were louder with shorter intervals between USVs. While human
PCE has been suggested to decrease neonatal crying [19] similar to what we observed on
PND 1, it has also been found to increase excessive crying and irritability [25;45]. In
general, “excessive crying” has been referred to as a common symptom following substance
exposure [29]. Since prenatal stress has also been suggested to result in excessive crying
[90] with a peak period of fussiness occurring between three and six months of age [95],
similar findings in both PCE and CS males could suggest effects at this age may reflect a
common or similar early developmental stress effect or similar developmental mechanisms
are targeted by prenatal stress and cocaine. Variations in vocalizations were sex specific
suggesting that males may be more sensitive to these manipulations which support previous
reports. Sex-dependent differences in rats have been reported for a number of measures
following PCE [21;33;39;60] and prenatal stress [4] with males suggested to be more
vulnerable to prenatal complications, including stress [30]. These findings are particularly
interesting in light of the many neurodevelopmental disorders (many with increased
prevalence in males) that are associated with altered early communication in humans. For
instance, parents of children with autism spectrum disorder often report that they cannot
understand why their child is crying in the first year. These parents describe their child’s
cries as unexpected and loud [24]. Altered crying behavior in males could also have a
detrimental impact on the maternal environment, especially in populations more vulnerable
to neglect-like behavior such as those abusing cocaine. These considerations further
strengthen the need for more research exploring the implications of sex-dependent changes
in vocalizations.

The present study also explored the neural mechanism(s) underlying variations in
vocalizations at each respective age. Cocaine has been shown to consistently decrease adult
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neurogenesis [20;71;97], however, research has yet to provide a systematic evaluation of
neuronal development following PCE or if neuronal developmental deficits normalize
during the neonatal period and the impact these changes have on behavior in PCE offspring.
To begin addressing this we examined the PAG, amygdala, and VMH for developmental
differences between PCE, CS, and UN rodent offspring. PCE wasn’t associated with
variations in PAG development on PND 1 but by PND 14 PCE was differentially associated
with variations in brain development in male and female offspring. PCE in females was
associated with decreased neuronal density in the CeA while PCE in males was associated
with increased neuronal differentiation (a larger percentage of BrdU cells that colabeled as a
NeuN-positive neuron). Variations in CeA development observed on PND 14 were found to
have normalized by PND 21 while variations in VMH development began to emerge in PCE
males. PCE in males was associated with increased neuronal density in the VMH on PND
21. We were surprised that PCE in males was associated with increased neuronal
differentiation in the CeA (PND 14) and increased neuronal density in the VMH (PND 21)
as we hypothesized that they PCE would coincide with delayed neuronal maturation (i.e.
decreased number of neurons). PCE has previously been shown to decrease proliferation but
not effect cell survival [50], increase apoptosis in the fetal brain [96], disrupt migration, and/
or enhance differentiation in offspring [51]. Neuronal differentiation/ neurogenesis on PND
21 has previously been found to be differentially affected in male and female rodent
offspring following one day of maternal deprivation on PND three. Specifically, maternal
deprivation enhances neuronal differentiation in males yet decreases neuronal differentiation
in females [74]. Based on these findings differential variations in brain development in PCE
male and female offspring could be more directly related to environmental differences
occurring in the neonatal environment. CS-exposure in male offspring also increased
neuronal density in the VIMH on PND 21 suggesting that results are more related to general
stress mechanisms or that environmental differences (occurring in both the PCE and CS
environment) could be more related to changes in VMH development. Similar results in
both the PCE and CS males on PND 21 are very interesting and require more work to
elucidate the relevance of findings. Differential age related results are not surprising as the
neonatal period is very dynamic with behavior and brain development changing rapidly. It
has previously been shown that prenatal stress differentially affects amygdala development
depending on the age of examination (with PND 25 showing the most robust differences as
compared to PND 7, 45, or 60) suggesting this juvenile period might be a particularly
sensitive time in development [46]. It is also important to note that cell death continues to
occur in the brain through adolescence and is also sexually dimorphic [72;73]. However,
since PND 21 PCE and CS males showed significantly greater neuronal density in the VMH
but did not show a significant difference in the percentage of BrdU-positive cells that
colabeled as a NeuN-positive neuron results can be interpreted as a consequence of more
immature neurons differentiating/ maturing sooner verses dysregulated apoptosis as survival
of BrdU-positive cells was not affected. Future studies are needed to clarify the
mechanism(s) underlying findings, i.e. if results are a consequence of altered differentiation
or dysregulated apoptosis.

Understanding the behavioral implications of altered limbic system development could have
strong implications for early intervention in the clinical setting. We hypothesized that
variation in PAG development, a region critical for triggering vocalizations [43;49] in
response to both emotional [1;102] and somatosensory input [65;81], would impact
vocalization production, even during the very early neonatal period when vocalizations are
speculated to be an acoustic by-product of changes in internal homeostasis (i.e.
thermoregulation, pain) and not emotionally or cognitively produced [9]. Variations in
vocalizations between PCE and control offspring did not however correlate with altered
PAG development on PND 1. While CS-exposure was associated with developmental
differences in the vPAG these differences did not correlate with variations in vocalizations.
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Future studies are needed to clarify the functional implications of these changes. Future
studies targeting later proliferation times (i.e. GDs 16-17) might help to clarify findings as
proliferation in the PAG occurs between GDs 13-17 in a ventral to dorsal gradient [2]. Since
neonatal vocalizations are thought to be produced via a ‘brainstem model’ in that regions
rostral to the midbrain are not required for vocalization production during early infant
development [69], perhaps other regional changes in the brainstem such as the nucleus
ambiguous [92], should be explored in PCE offspring.

We also hypothesized that by PND 21 developmental differences in limbic “fear-related”
circuitry would correlate with variations in vocalizations, including increased rates of
vocalizations and delayed onset of 22 kHz USVs. In the present study PCE and CS female
(significant) and male (non-significant) offspring had a reduction in the percentage of USVs
that fell into the 22 kHz range on PND 21 suggesting that both PCE and CS exposure may
alter emergence of USV expression associated with fear-like behavior though this effect was
stronger in females. As the limbic system matures in the developing human infant the first
displays of fear-like behavior begin to emerge [34]. Previous animal studies indicate that
fear-like behavior is associated with plasticity of the VMH [75] and amygdala [18;88]. Our
findings support this in that greater neuronal density in the VMH and CeA negatively
correlated with the percentage of 22 kHz USVs emitted, suggesting a role for both the CeA
and VMH in the model employed in this study with behavioral findings of delayed onset of
fear-like behavior which should be further explored. We also found increased neuronal
density in the VMH on PND 21 (and larger percentage of BrdU cells co-labeled as a neuron)
positively correlated with the total duration of vocalizations suggesting dysregulated VMH
development (previously suggested as playing a role in infant crying [41]), may possibly
have contributed to altered vocalizations in PCE and CS males. It is important to note that
data appears to be bi-modal for many acoustic measures. Fear circuitry has recently been
shown to be modulated by the medial prefrontal cortex [16] and hence other regions could
be playing a role in vocalization production and control as offspring appear to fall into two
categories: those that vocalize and those that don’t suggesting other mechanisms of
inhibition are occurring.

Increased amplitude of USVs in PCE and CS males on PND 21 also correlated with
variations in VMH development. Stimulation of the VMH has previously been associated
with increased USV amplitude parallel to pain-induced increases in USV amplitude [11]. It
was interesting that the correlation of VMH with amplitude was age-dependent. PND 14
offspring showed a negative relationship between amplitude and the percentage of BrdU
cells that co-labeled as a neuron while PND 21 offspring showed a positive relationship
between amplitude and the density of VMH neurons. Defensive behavior and what is
perceived as a threatening stimulus changes in an age-dependent manner during early
development [93]. Differential age-specific relationship between VMH development and
amplitude of calling could represent a developmental change in VMH function or changing
sensitivity to the isolation/ cold scale stimulus used for USV elicitation in this study.

Recent findings suggest changes in the amplitude of USVs are associated with early
differences in the neonatal environment (i.e. maternal care), and might be functionally
relevant as a behavioral marker of early environmental differences [94] further suggesting
similar behavioral findings in PCE and CS males may be more related to common
environmental differences associated with prenatal stress. With this in mind, it is important
to note that a limitation of this study is that we did not differentiate between the
consequences of prenatal cocaine or stress-induced changes in offspring vocalizations or
brain development with that of differences in the postnatal environment. Previous studies
have found that early environmental experience alters vocalizations in rodent pups.
Specifically, pups experiencing five days of brief maternal separation/deprivation (an animal
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model of maternal neglect) from PND two through six vocalize less and show subtle
changes in the sonographic structure of USVs than control pups when re-isolated from their
dam and litter on PNDs seven and twelve [103;104]. Additionally, maternal deprivation has
been shown to decrease neurogenesis in the hippocampus [26] and to effect neural
proliferation differentially in male and female offspring. Prenatal stress also differentially
affects neural proliferation in male and female offspring [63;89;91]. These gender
differences are speculated to coincide with behavioral differences in adulthood and imply
that early life stress establishes sex differences in neural plasticity, contributing to alterations
in the HPA axis [74]. These studies and our findings here might suggest differences in
vocalizations and differences observed in the VMH on PND 21 might be primarily related to
environmental-induced differences. Future studies employing cross fostering paradigms
should focus on determining the role of the postpartum environment as an independent
mediator of these effects.

5. Conclusion

In conclusion, PCE disrupted offspring vocalizations in an age-dependent fashion with
neonatal offspring exhibiting decreased rates of vocalizations and juvenile offspring
displaying increased overall rates of vocalizations. While variations in vocalizations on PND
1 appear to be related directly to PCE as CS offspring did not exhibit parallel changes in
vocalizations we found that on PND 21 differences observed were in general parallel for
PCE and CS offspring suggesting the mechanism(s) underlying these differences in juvenile
behavior may be more related to general stress effects experienced in both environments.
Males appear to be more sensitive to cocaine and stress-induced changes in vocalizations as
juveniles than do females. The impact of variations in neonatal and juvenile cry acoustic
properties on the maternal and social environment needs to be further explored. For instance,
if human male infants prenatally exposed to cocaine emit expirations that have differential
acoustic properties, such as differences in harmonics (as observed on PND 1) or changes in
amplitude and overall rates of crying (as observed on PND 21) these variations could
influence maternal perception (i.e. feeling of urgency) and hence parental response toward
the infant. Data also suggest developmental differences in the VMH and CeA are associated
with these variations in vocalizations, supporting previous reports that the cry is both a
social and biological signal. Additional research is needed to elucidate how infant behavior
and neural development interact with the infant’s environment to influence long-term
developmental outcomes. Understanding the neural basis of behavioral changes following
prenatal insults, commonly found to be correlated with neurodevelopmental disorders, has
great promise for discovering early biomarkers and novel interventions.
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Figure 1. Developmental Variationsin Vocalizationson PND 1, 14, and 21 in rat male and
female offspring following PCE, CS, or no prenatal exposure

(A) Total number of USVs emitted by offspring on each respective test day. On PND 1 PCE
offspring emitted fewer USVs compared to controls. On PND 21 PCE males emitted more
USVs than PCE females. (B) Total duration of USVs. No significant differences were
observed in total duration of USVs on PND 1 or 14. By PND 21 PCE and CS males showed
a longer total duration of USVs compared to UN males. PCE males also had a greater total
duration than PCE females. (C) Percentage of USVs emitted with at least one observable
harmonic. PCE males showed a decrease in the percentage of calls emitted with an
observable harmonic on PND 1 but not significant differences were observed between
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groups on PND 14 or 21. (D) Amplitude of the Loudest USV emitted. No significant
differences in amplitude were observed on PND 1 or 14. On PND 21 PCE and CS males
emitted USVs with louder amplitude than UN males. CS males also emitted USVs with at
louder amplitudes than CS females. (E) Percentage of vocalizations emitted that fell into the
22, 40, 55, or greater than 60 kHz range for female offspring at each age of testing. PCE and
CS female offspring emitted less 22 kHz USVs compared to UN females. Males (not shown)
showed a similar pattern at each age but did not significantly differ in percentage of 22 kHz
calls on PND 21. (***p<0.001, **p<0.01, * p<0.05; # p=0.06; N= 10-11 animals per
treatment group and sex analyzed for vocalizations)
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Figure2. PND 14 and 21 CeA, VMH, and vPAG development in offspring following PCE, CS, or
no prenatal exposure

(A) PND 14 quantitative depiction of neuronal density in the CeA, VMH, and vPAG. PCE
female offspring on PND 14 showed a decrease in neuronal density in the CeA compared to
UN female and PCE male offspring but did not significantly differ from controls in the
VMH or dPAG. (B) PND 21 quantitative depiction of neuronal density in the CeA, VMH,
and vPAG. PCE male offspring showed an increase in neuronal density in the VMH
compared to UN male and PCE and CS female offspring. CS males showed an increase in
neuronal density in the VMH compared to CS females. No significant differences were
observed in the CeA or vPAG. (C—E) PND 21 representative images of the CeA at 40X
magnification from UN, CS, and PCE male offspring respectively. (F-H) PND 21
representative images of the VMH at 40X magnification from UN, CS, and PCE male
offspring respectively. (I-K) PND 21 representative images of the vVPAG at 40X
magnification from UN, CS, and PCE male offspring respectively. White line in the bottom
right of Figure K is 75 um scale bar for all 40X representative images. (***p<0.001,
**p<0.01, * p<0.05; N=8-11 (PND 14) and 8-10 (PND 21) animals per treatment group
and sex analyzed for CeA, VMH, and vVPAG).
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Figure 3. PND 21 Correlations Between Variationsin Vocalizationsand Limbic Region
Development

(A) Correlation between total duration of USVs on PND 21 and the percentage of BrdU-
positive cells that co-label as a mature neuron in the VMH on PND 21 showing a significant
positive relationship. (B) Correlation between amplitude of the loudest call on PND 21 and
the percentage of BrdU-positive cells that co-label as a mature neuron in the VMH on PND
21 showing a significant positive relationship. (C) Correlation between percentage of USVs
that were in the 22kHz range on PND 21 and the total number of NeuN-positive mature
neurons in the VMH on PND 21 showing a significant inverse relationship. (D) Correlation
between percentage of USVs that were in the 22kHz range on PND 21 and the total number
of NeuN-positive mature neurons in the CeA on PND 21 showing a significant inverse
relationship. 8-10 animals per treatment group and sex analyzed CeA and VMH correlations
with percentage of 22kHz USVs).
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