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Introduction

In preclinical models, prenatal opioid exposure (POE) has been
linked to neurodevelopmental deficits, including cognitive deficits
and altered social behaviors, which corroborates clinical
observations of children with prior POE and cognitive impairments
(Jantzie et al., 2020; Kongstorp et al., 2020; Mills-Huffnagle et al.,
2024). Ultrasonic vocalizations (USVs) act as a mechanism to elicit
maternal caregiving, representing a behavioral reaction to stress,
along with serving as a critical indicator of early neurobehavioral
development in neonatal rodents, providing insight into underlying
neural disruptions (Granata et al.,, 2021; Hermans et al., 2024).
Prior work suggests that POE alters USV emission patterns,
potentially  reflecting  underlying  neuroinflammatory  and
neurodevelopmental disturbances (Mills-Huffnagle et al., 2024).
Previous work has also shown rat pups emit a 40-kHz vocalization
when they are separated from their mothers, and that adult rats
emit a 22-kHz vocalization in anticipation of inescapable aversive
stimuli, reflecting a negative affective state of the animal (Portfors
2007). This study seeks to characterize USV patterns within the
22kHz-46kHz range, following methodologies adapted from studies
of neonatal HI injury (Hermans et al., 2024), in 10-day-old (PN10)
neonatal rats exposed to opioids /n utero and experiencing
naloxone-precipitated withdrawal.

Methods

From embryonic day 14 (E14) through weaning (PN21), pregnant
dams were exposed to either heroin (2 mg/kg/day) or saline via
implanted osmotic pumps, resulting in 21 neonates exposed to
heroin and 22 exposed to saline in utero. At PN10, all neonates
underwent naloxone-precipitated withdrawal (5mg/kg, IP), followed
by 10-minute recordings using Ethovision XT® under a GigE
camera and ultrasonic microphone to capture withdrawal
symptoms, including USVs. USVs were analyzed using UltraVox®
software to quantify average frequency (kHz), call duration (ms),
mean amplitude (amp), and total number of calls. Statistical
analyses were conducted to assess differences in USV patterns
between conditions. Data were analyzed using 2-way ANCOVA,
varying sex (male, female) and drug (saline, heroin) while
controlling for differences between cohorts (covariate).

Results

Total Calls. Neonates exposed to heroin in utero emitted more
USV calls than saline-exposed controls, as indicated by a
significant main effect of drug, F(1,38)=10.852, p=0.002 (Figure
1A). Male neonates emitted more USV calls than Female neonates
overall, as indicated by a significant main effect of sex,
F(1,38)=6.303, p=0.016 (Figure 1B); however, the sex*drug
interaction was not significant, F(1,38)=2.892, p=0.097. Pairwise
comparisons of significant main effects (Figure 1C) indicated a
significant difference between the saline and heroin conditions for
males (p=0.005), but not for females (p=0.175). There was also a
significant difference between the males and females within the
heroin condition (p=0.004), but not within the saline condition
(p=0.573).

Call Duration. There was no significant sex*drug interaction,
F(1,38)=0.146, p=0.704; nor were there significant main effects of
sex, F(1,38)=0.578, p=0.452, or drug, F(1,38)=1.025, p=0.318,
(Data not shown).

Results

Call Frequency. Neonates exposed to heroin in utero had a higher
call frequency than saline-exposed controls, as indicated by a
significant main effect of drug, F(1,38)=19.290, p<0.001 (Figure
2A). Male neonates had a higher frequency overall compared with
Female neonates, as indicated by a significant main effect of sex,
F(1,38)=6.073, p=0.018 (Figure 2B); however, the sex*drug
interaction was not significant, F(1,38)=1.795, p=0.188. Pairwise
comparisons of significant main effects (Figure 2C) indicated a
significant difference between the saline and heroin conditions for
males (p=0.001), and for females (p=0.011). There was also a
significant difference between the males and females within the
heroin condition (p=0.009), but not within the saline condition
(p=0.438).

Call Amplitude. Call amplitude was not an effective measure of
withdrawal, as indicated by the lack of a significant main effect of
drug, F(1,38)=0.150, p=0.701 (Figure 3A). Overall, Male neonates
had a higher call amplitude compared with Female neonates, as
indicated by a significant main effect of sex, F(1,38)=4.675,
p=0.037 (Figure 3B); however, the sex*drug interaction was not
significant, F(1,38)=0.668, p=0.419. Pairwise comparisons of the
significant main effect of sex (Figure 3C) indicated a significant
difference between the saline and heroin conditions for males
(p=0.037), but not for females (p=0.356).
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Figure 1: Total Calls. (A) The average number of calls + SEM during the
ten-minute test period for 10-day-old rat pups exposed to saline (n=21)
or heroin (n=22) in utero. (B) The average number of calls £ SEM during
the ten-minute test period for male (n=14) and female (n=29) 10-day-old
rat pups. (C) The average number of calls £ SEM for male and female rat
pups exposed to saline (n=6 male, 15 female) or heroin (n=8 male, 14
female) in utero.
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Figure 2: Call Frequency. (A) The average call frequency (kHz) £ SEM
during the ten-minute test period for 10-day-old rat pups exposed to
saline (n=21) or heroin (n=22) in utero. (B) The average call frequency
(kHz) £+ SEM during the ten-minute test period for male (n=14) and
female (n=29) 10-day-old rat pups. (C) The average call frequency (kHz)
+ SEM for male and female rat pups exposed to saline (n=6 male, 15
female) or heroin (n=8 male, 14 female) in utero.

Discussion

The greater number of calls a neonatal rat emits reflects a stronger
negative affective state for heroin exposure and withdrawal
symptoms, along with potentially indicating a greater likelihood of
eliciting a maternal caregiving response.

Cohort differences may result from genetic variation, maternal
behavior, and differential placenta effects, which vary based on
neonatal sex counts and litter size. Other possible variables leading
to these cohort differences might include room temperature,
external stimuli, and/or people observing nearby.

Conclusions

Our findings further elucidate the impact of POE on neonatal
vocalizations and highlight USVs as a valuable behavioral
biomarker for assessing neurodevelopmental outcomes, aimed at
understanding the long-term consequences of prenatal drug
exposure on neurodevelopment and behavior.

Such characterizations may serve to establish USVs as a
behavioral biomarker for symptoms of neonatal opioid withdrawal,
especially when measured within the 22-46kHz aversive USV
emission range.
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Figure 3: Call Amplitude. (A) The average amplitude (Amp) £+ SEM of
calls during the ten-minute test period for 10-day-old rat pups exposed to
saline (n=21) or heroin (n=22) in utero. (B) The average amplitude (Amp)
+ SEM of calls during the ten-minute test period for male (n=14) and
female (n=29) 10-day-old rat pups. (C) The average amplitude (Amp) +
SEM of calls for male and female rat pups exposed to saline (n=6 male,
15 female) or heroin (n=8 male, 14 female) in utero.
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