
iScience

Article

ll
OPEN ACCESS
Oxytocin-induced birth causes sex-specific
behavioral and brain connectivity changes in
developing rat offspring
Tusar Giri, Susan E.

Maloney, Saswat

Giri, ..., James D.

Quirk, Adam Q.

Bauer, Arvind

Palanisamy

arvind.palanisamy@wustl.edu

Highlights
Induced birth with oxytocin

did not affect maternal and

neonatal wellbeing

Maternally administered

oxytocin downregulated

oxytocin receptor in the

developing brain

Oxytocin exposure at birth

altered early life

communication in the pups

Oxytocin exposed

offspring had sex-specific

deficits in empathy and

brain connectivity

Giri et al., iScience 27, 108960
February 16, 2024 ª 2024 The
Author(s).

https://doi.org/10.1016/

j.isci.2024.108960

mailto:arvind.palanisamy@wustl.edu
https://doi.org/10.1016/j.isci.2024.108960
https://doi.org/10.1016/j.isci.2024.108960
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.108960&domain=pdf


iScience

Article

Oxytocin-induced birth causes sex-specific
behavioral and brain connectivity changes
in developing rat offspring

Tusar Giri,1 Susan E. Maloney,2 Saswat Giri,3 Young Ah Goo,4,5 Jong Hee Song,5 Minsoo Son,5 Eric Tycksen,6

Sara B. Conyers,2 Annie Bice,7 Xia Ge,7 Joel R. Garbow,7 James D. Quirk,7 Adam Q. Bauer,7

and Arvind Palanisamy1,8,9,*

SUMMARY

Despite six decades of the use of exogenous oxytocin for management of labor, little is known about its
effects on the developing brain. Motivated by controversial reports suggesting a link between oxytocin
use during labor and autism spectrumdisorders (ASDs), we employed our recently validated rat model for
labor induction with oxytocin to address this important concern. Using a combination of molecular biolog-
ical, behavioral, and neuroimaging assays, we show that induced birth with oxytocin leads to sex-specific
disruption of oxytocinergic signaling in the developing brain, decreased communicative ability of pups,
reduced empathy-like behaviors especially in male offspring, and widespread sex-dependent changes
in functional cortical connectivity. Contrary to our hypothesis, social behavior, typically impaired in
ASDs, was largely preserved. Collectively, our foundational studies provide nuanced insights into the neu-
rodevelopmental impact of birth induction with oxytocin and set the stage for mechanistic investigations
in animal models and prospective longitudinal clinical studies.

INTRODUCTION

Despite six decades of the use of exogenous oxytocin (Oxt) for induction and augmentation of labor,1,2 one of the most common clinical in-

terventions in obstetric practice, little is known about its effects on the developing brain. Epidemiological evidence, albeit conflicting, sug-

gests a link between the use of Oxt and neurodevelopmental disorders. For example, labor induction and/or augmentation was associated

with a 23% increased odds for autism diagnosis,3 an increased risk for autism in males,4 a 2-fold increased prevalence of abnormal autism-like

behaviors in the offspring,5,6 and reduced school performance in children at age 12.7 Similarly, such practice has been linked to a 2.5-fold

increased risk for impaired cognition, bipolar disorder, and attention deficit hyperactivity disorder in children.8,9 These studies are counter-

balanced by evidence that suggests a lack of impact of these practices on the incidence of neurodevelopmental disorders.10–12 Nevertheless,

epidemiological studies are inconclusive because of (i) wide variations in obstetric practice, (ii) lack of cumulative Oxt dose data, and more

importantly, (iii) their inability to distinguish the need for labor induction from its effects and to separate the effect of Oxt from other drugs

used during labor induction (e.g., prostaglandins). Recently, however, a case-control study reported for the first time, a dose-response rela-

tionship between Oxt use during labor and autism spectrum disorders (ASD). Specifically, male offspring exposed to either a higher cumu-

lative dose of Oxt (odds ratio OR 2.8, 95%CI 1.1–7.7) or a longer duration of Oxt infusion (OR 3.5, 95%CI 1.3–9.4) had significantly higher odds

of developingASD.13 For every 500mIU increase in cumulativeOxt dose or 500min increase in the duration ofOxt exposure, the odds for ASD

diagnosis increased by 1.1 or 2.1, respectively, among boys. Notably, these associations were absent in the female offspring. Despite these

recurring concerns, and evidence for Oxt transfer across the humanplacenta,14,15 themechanisms by whichOxt could impact the fetus remain

unresolved.

Oxt infusion regimens were introduced in obstetrics many decades ago,16–18 prior to the seminal discoveries that established the non-ob-

stetric role of Oxt as a pivotal neurotransmitter. Oxt, acting through the Oxt receptor (Oxtr), is essential for the maturation of social behaviors

during development, and is an important neurotransmitter for modulating trust, compassion, and empathy behaviors.19–28 Despite
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knowledge of these recently discovered critical roles of Oxt in human behavior, and evidence for transplacental transfer of maternally admin-

istered Oxt,14,29–31 a fundamental question still remains unanswered: can maternally administered Oxt affect oxytocinergic signaling in the

developing brain? This lack of knowledge is concerning because Oxtr is a G-protein coupled receptor that is highly susceptible to desensi-

tization and downregulation upon prolonged stimulation with Oxt,32,33 such as during prolonged administration for the management of la-

bor. Most studies on Oxt use focus solely on obstetric outcomes and immediate neonatal wellbeing without assessment of the long-term

neurodevelopmental impact of such interventions.27,28 Furthermore, given its ubiquitous use and the artificially elevated Oxt environment

during the perinatal period (i.e., prophylactic use in postpartumhemorrhage), clinical studies with anOxt-naive control group are challenging,

if not impossible. Not surprisingly, there is a dearth of high quality evidence regarding neurodevelopmental health of children after induced

birth withOxt. This becomes evenmore concerningwith the 15–20% rate of ‘‘elective’’ inductionwhere labor is induced for provider or patient

convenience.34–37 Motivated by the urgent need for translational investigations, we developed and validated an innovative high-fidelity

model for labor induction with Oxt that mimics management of labor in pregnant women.38 By using an implantable and pre-programmable

microprocessor-controlled infusion pump connected internally to the jugular vein, we circumvented the drawbacks of previous animal

models, to allow for precise intravenous Oxt dose escalation over time to electively induce birth in term pregnant rats. In this report, we

used this model to perform a series of experiments to test the hypothesis that elective labor induction with Oxt would disrupt the develop-

mental expression of Oxtr and cause sex-specific abnormalities in social behavior of the offspring.

RESULTS

Birth induction with Oxt does not affect maternal nurturing and neonatal wellbeing

To assess whether birth induction with Oxt affects maternal and neonatal wellbeing, we performed a series of quantitative and semi-quali-

tative experiments (Figure 1). Litter sizes and pup survival rates were comparable between Oxt-induced and spontaneous birth

(Figures S1A and S1B). The latency to retrieve the first pup, the total time to retrieve all pups, and the overall efficacy of pup retrieval

were comparable in Oxt-exposed and unexposed rats in the pup retrieval test (Figure 1A). Similarly, the overall proportion of time spent

in maternal (licking/grooming, nest building and maintenance, active/passive nursing) and non-maternal behaviors (self-care, feeding, drink-

ing) were comparable (Figures 1B, 1C, S1C, and S1D). These findingswere additionally supported by the semi-quantitative licking and groom-

ing ‘‘pen mark’’ assay showing lack of significant differences in maternal nurturing behavior (Figures 1D and 1E). Milk intake of both Oxt-

exposed and unexposed pups, as measured by the weigh-suckle-weigh (WSW)method, was comparable (Figure 1F). Finally, the pre-weaning

weight trajectories of both Oxt-exposed and unexposed pups were similar (Figure 1G). Collectively, our data indicated that birth induction

with Oxt did not affect maternal nurturing or impact neonatal wellbeing.

Maternal Oxt undergoes placental transfer and affects Oxt signaling in the developing brain

To confirm placental transfer of Oxt during prolonged infusion during labor, we assayed Oxt levels in the maternal/fetal plasma, and the

brains of pups delivered by cesarean section at gestational day (GD) 22 (schematic in Figure 2A). Overall, there was a significant increase

in maternal plasma Oxt (Figure 2B), and an approximately 2-fold increase in Oxt in the fetal plasma (Figure 2C) and brain of Oxt-exposed

pups (Figure 2D), suggesting that Oxt is capable of crossing both the placental and the fetal blood-brain barrier. Commercially available

ELISA does not distinguish exogenous Oxt from endogenous oxytocin, such that it is challenging to calculate maternal-to-neonatal transfer

ratio with precision. To address this, we infused custom-synthesized stable isotope labeled Oxt (SIL-Oxt) in the G21 dam with the same pro-

tocol as that for Oxt (schematic in Figure 2E), and subsequently assayed for the presence of SIL-Oxt in maternal and simultaneously collected

pooled neonatal blood with mass spectrometry (Figure 2F). We detected SIL-Oxt in the newborn plasma (Figure 2G), which was approxi-

mately 0.1% of the maternal plasma SIL-Oxt concentration.

Because of evidence for placental transfer of Oxt, we focused on the direct effect of Oxt on Oxt-ergic signaling mechanisms in the devel-

oping brain (Figure 2H). Prolonged exposure to Oxt is known to downregulate theOxtr.32,33,39 Therefore, we tested this possibility with qPCR

(Figure 2I) and western blot (Figures 2J, 2K, and S2) and confirmed a substantial decrease in Oxtr expression in the developing GD22 fetal

cortex of pups exposed to Oxt in utero. To test whether this effect could be dose-dependent, we compared the extent of Oxtr gene down-

regulation at higherOxt doses (2x and 4x) using fetal cortical samples collected at GD22 during our previous study.38We noted thatOxt dose-

dependently decreased the expression of Oxtr gene (Figure 2L). Motivated by evidence for altered DNA methylation of the Oxtr promoter

after Oxt treatment,31 we tested this possibility and noted that birth induction with Oxt was associated with a substantial decrease in DNA

methylation of theOxtr promoter in the fetal cortex ofOxt-exposed offspring (Figures 2M and 2N). Finally, in a vaginal birth cohort, we tracked

the trajectory ofOxtr expression immediately after birth. Consistent withOxtr downregulation observed atGD22, cortical Oxtr expressionwas

downregulated in P1 pups (Figure 2O). Taken together, our data suggested that maternally administered Oxt during labor induction can

reach the neonatal circulation and influence Oxtr regulation in the developing brain.

Oxt-induced birth causes communicative delay and sex-specific deficits in empathy behavior

In a separate set of experiments, we assayedOxt-exposed and unexposedmale and female pups in a series of behavioral tasks to assess early

communicative behavior (pre-weaning period), and social communication, anxiety-like behaviors, behavioral flexibility, sensorimotor gating,

social approach, and empathy-like behaviors (in the juvenile offspring) (schematic of timeline of behavioral assessments in Figure 3A). Assess-

ment of ultrasonic vocalizations (USV), a measure of early communicative behavior, at P8 revealed an overall decrease in the number of USV
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calls and phrases in both Oxt-exposed male and female offspring (Figures 3B and S3A‒S3E). The frequency of social interaction and social

preference (Figures 3C, 3D, S3F, and S3G) behavior was no different between the groups, nor were there significant differences in social play

behavior and juvenile dyadic USVs (Figures S3H‒S3J). There were no observable differences in anxiety-like behaviors (i.e., no changes were

noted in the proportion of time spent in the open vs. closed arms of the elevated plus maze) (Figures S3K and S3L), behavioral inflexibility

tested with spontaneous alternation behavior in the Y-maze (Figure S3M), or the magnitude of prepulse inhibition of the startle reflex

(Figures S3N and S3O). In the observational fear learning (OFL) task designed to assess empathy-associated behaviors, we noted a significant

decrease in the percentage of freezing in male but not female Oxt-exposed pups when a sex-matched conspecific was shocked. Because

freezing response is suggestive of emotional contagion and empathy-like behavior, a reduction in freezing response indicated the possibility

of reduced empathy-like behavior in Oxt-exposed male pups (Figures 3E and S3P). These behavioral changes were not accompanied by dif-

ferences in Oxtr expression in the medial prefrontal cortex (mPFC) (Figure 3F) and basolateral amygdala (BLA) of P40 offspring (Figure 3G),

plasma Oxt levels (Figure 3H), and were not because of altered onset of puberty (Figures S4A‒S4G). The constellation of behavioral findings

Figure 1. Impact of induced birth with oxytocin on maternal care and neonatal wellbeing

(A) Dot plots with bar graphs of the time to retrieve isolated pups and the latency and efficacy of pup retrieval. There were no differences between dams that

spontaneously labored and dams whose labor was induced with Oxt.

(B) Dot plots with bar graphs showing that the proportion of maternal and non-maternal behaviors were no different between spontaneously laboring dams and

dams whose labor was induced with Oxt.

(C) Representative photographs of maternal and non-maternal behavior.

(D) Representative photographs of a ‘‘marked’’ pup at P7 (white arrows at the back of the head and lower body close to the tail) and the ‘‘licked and groomed’’ pup

24 h later at P8.

(E) Dot plots with bar graphs of licking/grooming scores showing no differences in maternal care between unexposed and Oxt-exposed mothers.

(F) Dot plots with bar graphs of showing no differences in milk intake between unexposed and Oxt-exposed pups.

(G) Dot plots with bar graphs of pupweights at P8 and P12 showing no differences between unexposed andOxt-exposed pups. Each data point represents a dam

and/or its litter (n = 4–7 per condition). Data were analyzed with Welch’s t-test and expressed as mean G SEM.
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Figure 2. Assessment of placental transfer of Oxt and its impact on Oxtr in the developing brain

(A) Schematic for placental Oxt transfer experiments.

(B‒D) Dot plots with bar graphs showing Oxt concentration in the maternal plasma, fetal plasma, and the fetal brain, respectively, showing a nearly 2-fold

elevation of Oxt in the fetal plasma and brain after Oxt infusion.

(E) Schematic for stable isotope labeled Oxt (SIL-Oxt) experiments.

(F) Retention time and precursor ion, 1014.46 m/z, of SIL-Oxt and the PRM (parallel reaction monitoring) transitions. The topmost intense fragment ion, 730.28

m/z, was selected.

(G) Bar graph showing the presence of maternally administered SIL-Oxt in the newborn circulation confirming transplacental transfer of Oxt.

(H) Schematic of the experimental timeline for impact of Oxt on Oxtr in the developing brain.

(I) Dot plots with bar graphs showing a significant decrease in Oxtr gene expression in the fetal cortex.

(J) Immunoblots showing a decrease in the expression of OXTR protein in the fetal brain aftermaternal Oxt infusion. Lanes were run on the same gel but were non-

contiguous.

(K) Dot plots with bar graphs showing densitometric quantification of the decrease in OXTR expression.

(L) Dot plots with bar graphs showing a dose-dependent decrease in Oxtr gene expression in the fetal cortex suggesting that the consequences for the fetus

could be dependent on maternal Oxt dose.

(M) Details of the DNA methylation assay for the Oxtr.

(N) Oxt exposure was associated with a significant decrease in the % methylation of selected CpG sites in the Oxtr promoter region.

(O) Dot plots with bar graphs showing a decrease inOxtr gene expression in the cortex of 1-day old vaginally born pups. Each data point represents a dam and/or

its litter (n = 5–8 per condition except SIL-Oxt experiments). Data were analyzedwithWelch’s t-test or one-way ANOVA and expressed asmeanG SEM; *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001.

ll
OPEN ACCESS

4 iScience 27, 108960, February 16, 2024

iScience
Article



Figure 3. Neurobehavioral and transcriptomic changes in the offspring after induced birth with Oxt

(A) Schematic of the timeline of behavioral experiments from P8-P49.

(B) Reduced number of ultrasonic vocalizations (USV) and phrases in Oxt-exposed P8 offspring.

(C) Frequency of interaction during social play was not different after Oxt exposure.

(D) Social investigation, shown as social preference index, was largely preserved in both female and male offspring after Oxt-induced birth.

(E) Despite comparable freezing response at baseline, Oxt-exposed male pups displayed a significantly diminished freezing response during observational fear

testing. Oxtr gene expression in the mPFC (F) and the BLA (G) was unaltered after Oxt exposure in both female and male P40 offspring.

(H) Plasma Oxt was no different in the P40 offspring whose birth was induced.

(I) Heatmap showing differentially expressed genes in male and female Oxt-exposed offspring, with sex of the offspring being the most important source of

variation. Top 25 FDR-significant genes for gene ontology (GO) biological processes (J) suggesting upregulation of immune/inflammatory pathways.

(K) Significantly differentially expressed gene pathways identified with KEGG (Kyoto Encyclopedia of Genes and Genomes) analyses. Behavioral and assay data

are expressed as meanG SEM (n = 4–8 per treatment condition per sex, except Figure 3B where n = 16 per treatment condition with sexes combined); *p < 0.05,

and ***p < 0.001. RNA-seq data were analyzed with Limma generalized linear models and GAGE as described (n = 6 per sex per treatment condition).
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Figure 4. Electively induced labor with Oxt impairs functional brain connectivity in the developing brain

(A) Group averaged maps of functional connectivity seeds in cortical areas show a qualitative reduction in ipsilateral and bilateral connections in Oxt-exposed

offspring (Oxt; right panel) primarily in frontal, motor, somatosensory, and visual regions.

(B) Control rats (Con; left panel) exhibited high connection number (yellows, whites) while Oxt-exposed rats (Oxt; right panel) exhibitedmore global reductions in

node degree (reds). Main group-wise differences (Con minus Oxt) (C) and sex-specific differences (males minus females) in functional connection density in the

Oxt-exposed pups (D).

(E) Timeline of the diffusion tensor imaging (DTI) experiment to assess brain structure.

(F) Segmentation showing brain regions of interest (left: mPFC in pink; right: corpus callosum in green and amygdala in violet).
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and the lack of substantial differences in Oxt signaling prompted us to examine the transcriptome of themPFC, a critical neuroregulatory hub

frequently affected in neurodevelopmental disorders,40,41 with unbiased RNA sequencing. Changes were modest with the largest source of

variation being the sex of the offspring and not Oxt exposure (heatmap of differentially expressed genes in Figure 3I). Gene ontology (GO)

enrichment analyses and Kyoto Encyclopedia of Genes andGenomes (KEGG) pathway analyses are presented in Figures 3J, 3K, and S4H‒S4J
(Data S1, S2, and S,3). We confirmed that Oxtr expression was unaltered (Figure S4K). In aggregate, Oxt-induced birth was associated with

early communicative delay and impaired empathy-like behaviors especially in males, but these behavioral changes were not accompanied by

substantial changes in the mPFC transcriptome.

Birth induction with Oxt sex-specifically alters functional brain connectivity of the offspring

Wenext asked if perinatal exposure toOxt could alter functional brain connectivity because of the intricate link betweenOxt-Oxtr system and

functional connectivity.42–44 We tested this with in vivo optical intrinsic signal imaging (fcOISI) in post-weaning male and female unexposed

and Oxt-exposed offspring (P25-30) (Figure 4A). Control rat offspring (Con) exhibited strong positive (reds) ipsilateral correlation adjacent to

and contralateral from each seed and strong anticorrelations (blues) between opposed functional networks (e.g., between sensorimotor and

retrosplenial cortices). While some of these features were observed in Oxt-exposed rats (Oxt), both ipsilateral and bilateral connections were

qualitatively reduced (e.g., in frontal, motor, somatosensory, and visual regions). To quantify these observations, maps of node degree for

each group were calculated for all pixels in our field of view by thresholding each pixel’s functional connectivity map at z(r) > 0.3 and counting

all pixels above this threshold. Control offspring exhibited high connection number (yellows, whites) in retrosplenial, visual and portions of

motor regions, while conversely, Oxt-exposed offspring exhibitedmore global reductions in functional connection number (reds) (Figure 4B).

The main group-wise differences (control minus Oxt) occurred within primary and secondary motor, portions of lateral and medial somato-

sensory, parietal association, and primary and secondary visual cortices (Figure 4C). Male offspring exhibited higher node degree within

lateral parietal and somatosensory regions (Figure 4D, yellows) while females exhibited higher connection number within medial motor, so-

matosensory, and retrosplenial cortex (Figure 4D, reds). These changes in functional connectivity were not accompanied by changes in struc-

tural connectivity as assessed by ex vivo diffusion tensor imaging (DTI) (Figures 4E–4J and S5). Collectively, our data suggested that exposure

to Oxt-induced birth causes substantial decreases in functional brain organization of which some changes were sex-specific.

DISCUSSION

In this report, we provide novel preclinical evidence that elective induction of birth with Oxt has neurodevelopmental consequences for the

developing offspring. Specifically, we show that Oxt administered for labor crosses the placenta, affects Oxtr expression in the developing

brain, and induces a unique pattern of sex-specific abnormalities in neurobehavior and cortical connectivity. Taken together with largely intact

measures of maternal-neonatal wellbeing after birth induction with Oxt, our preclinical data indicate that the neurodevelopmental impact is

likely directly from Oxt exposure and not indirectly from impaired maternal care. Our work adds significantly to the growing body of animal

research suggesting that perinatal exposure to Oxt could be consequential for the offspring.31,45–48 Our model, however, is distinctive

because: (i) Oxt was administered to induce and augment labormaking it contextually relevant tomodern obstetric practice, (ii) the biological

effects of Oxt on cyclical uterine contractility were comprehensively studied and validated previously,38 (iii) measures of maternal-neonatal

wellbeing after Oxt exposure were assayed and confirmed, and (iv) the sophisticated social behavioral repertoire of the offspring from a

genetically robust, outbred rat strain was fully leveraged to enable thorough characterization of ASD-specific neurobehavioral changes.

By simulating management of human labor with Oxt infusion and ensuring maternal-neonatal wellbeing, results from our work are likely

to be translationally relevant than currently existing preclinical models.

Though only 0.1% of maternally administered Oxt was detectable in the neonatal circulation, our results have to be interpreted in the

context of notable differences in placental structure and function.49 Rats have hemotrichorial (3 trophoblast layers) compared to the hemo-

monochorial (1 trophoblast layer) placentae in pregnant women,50,51 raising the possibility that placental Oxt transfer in pregnant women

could, in fact, be higher because of reduced interhemal diffusion barrier compared to rodents. This notion of species-specific differences

in placental drug transfer is supported by studies on barusiban, anOxtr antagonist, showing an approximately 5% placental transfer in rabbits

(hemodichorial placenta) but a higher 9.1% rate of transfer in primates and humans (hemomonochorial placenta).52 More notably, during

studies with atosiban, an Oxtr antagonist with molecular weight similar to that of Oxt, approximately 12% of the administered atosiban

was noted to undergo placental transfer in pregnant women.53 Our data, therefore, are broadly in alignment with preclinical and human

studies demonstrating either direct or indirect evidence for placental Oxt transfer.14,15,29,31,54,55

Consistent with the effect of prolonged Oxt exposure on the Oxtr,32,33,39 we noted a decrease in Oxtr gene and protein expression in the

developing brain. Our observations are largely consistent with sex-specific Oxtr downregulation observed at GD18.5 and P9 after perinatal

Oxt administration reported by Hsieh et al.,47 but at odds with those of Hirayama et al.45 This inconsistency can be partly explained by

Figure 4. Continued

(G) Representative images showing T2-weighted images, the ADC, and FA of male offspring in Con (above) andOxt (below) groups. Bar graphs with scatterplots

showing lack of differences between unexposed and Oxt-exposed offspring in the ADC and FA of the mPFC (H), amygdala (I) and corpus callosum (J).

Significance of FcOISI data determined by 2-tailed Student’s t test and FDR-corrected for multiple comparisons on a cluster-wise basis (n = 4–6/treatment/sex).

Node degree difference maps were thresholded at a corrected p value of 0.05. DTI data were analyzed with Welch’s t-test and expressed as meanG SEM (n = 6

per treatment condition; sexes combined because of absence of sex differences).
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differences in the mode of administration (intravenous vs. subcutaneous), the duration of Oxt exposure, and whether or not Oxt administra-

tion resulted in birth. Our findings contrast with our previous work with Oxt bolus injection which showed a lack of effect onOxtr expression in

the fetal brain,56 suggesting that the current results are uniquely driven by sustained exposure to Oxt infusion. In addition, our Oxtr DNA

methylation results contrast with that of Kenkel et al.,31 but could be explained by differences in the experimental paradigm (continuous infu-

sion of Oxt vs. single i.p. injection; sample collection at 8 h vs. 90 min), the Oxtr promoter regions between species (rats vs. prairie voles), and

the choice of CpG sites.

Ourmost important observation was the unique pattern of previously unreported behavioral abnormalities inOxt-exposed offspring. Early

communicative delay in pups after maternal separation could be explained in part by decreasedOxt-ergic signaling secondary to a reduction

in Oxtr expression. This is supported by evidence for a reduction in pup USV distress calls after maternal separation in both Oxt and Oxtr

knockout (KO) mice.57,58 Contrary to our hypothesis, however, we did not find evidence for abnormal social behavior, considered sine qua

non for the diagnosis of ASD. Because behavioral changes appear to be sensitive to Oxtr gene dosage,59–61 the extent of Oxtr downregu-

lation that we observed was likely below the threshold necessary to cause disruption of social behavior. This notion is compatible with the fact

that a majority of children born after Oxt-induced birth show neurotypical development. Therefore, it is likely that an increased dose of Oxt or

an underlying genetic vulnerability (gene3Oxt interaction) are potentially more relevant factors in impacting social behavior. Such ideas are

supported by our results showing anOxt dose-dependent decrease in Oxtr expression, evidence for a dose-dependent relationship between

Oxt exposure and ASD,13 and a causal interaction between genetic liability and alteration of Oxt-ergic signaling.62,63 Though the neurocir-

cuitry mediating empathy-like behaviors need to be probed to better understand the mechanisms, it is well-established that manipulation of

Oxt-ergic signaling can influence emotional contagion and OFL. For example, Oxt enhances observational fear, a surrogate for empathy-like

behavior, especially in male mice,21 whereas administration of L-368,899, an Oxt antagonist, can decrease observational fear.64 Similarly, in

prairie voles, KO of the Oxtr resulted in decreased helping behavior when observing distressed conspecifics.65 Collectively, our behavioral

data present a nuanced montage of the neurodevelopmental effects of labor induction with Oxt for the offspring and identify derangement

of empathy-like behavior in male offspring as a likely consequence.

Though we did not note decreased Oxtr expression in the mPFC and BLA of P40 animals, regions typically implicated in empathy-like be-

haviors in rodents, we cannot exclude the possibility of disrupted connectivity between these regions. This is a tangible hypothesis consid-

ering that functional connectivity is typically enhanced between themPFC and the amygdala when observing a distressed conspecific or after

intranasal Oxt administration.66–68 This notion is partly supported by the profound treatment-specific decrease in functional brain connectivity

of juvenile offspring after induced birth withOxt.When analyzed by sex amongOxt-exposed offspring,male and female pups showed unique

patterns of regional functional connectivity changes which suggested that the overall impact of Oxt induced birth on functional connectivity in

the developing brain is sex-and region-specific. Our results might seem contradictory to the conclusions of a recent prairie vole study that

showed an overall increase in functional connectivity, especially in male offspring, after Oxt exposure.69 These contrasting results can be

reconciled because of differences in Oxt administration (intravenous Oxt infusion to induce birth vs. single i.p. administration of Oxt without

inducing birth) and the assessment time point (juvenile vs. adult offspring).

Collectively, our proof-of-principle foundational work outlines the wide-ranging impact of elective birth induction with Oxt on neurode-

velopmental outcomes and implicates disruption of Oxtr signaling in the developing brain as the most proximate cause. Future work should

investigate whether social behavior of the offspring is sensitive to cumulative Oxt dose and underlying genetic vulnerability. With the rising

popularity of elective induction, where labor is induced for provider convenience in the absence of maternal or fetal indications,70,71 our

research highlights the critical need for concomitant mechanistic investigations and prospective human studies to evaluate long-term neuro-

developmental health of children after such interventions.

Limitations of the study

Our study has a few limitations that warrant discussion. First, we recognize that results reported here may not be translatable to humans

because of significant species differences in the permeability of the placental and the fetal blood-brain barriers that may ultimately affect

the extent of Oxt transfer,50,72,73 and variations in the distribution of the Oxtr in the brain that may modify the potential consequences.74,75

At best, our results provide evidential support for Oxtr downregulation in the fetal brain after labor induction with Oxt, which until now, has

largely been a theoretical concern.76,77 Second, considerable species differences in neurodevelopmental ontogeny could potentially influ-

ence the interpretation of our neurobehavioral outcomes.74,75,78,79 Though performing these studies in P10 pups, the equivalent of a term

human neonate,78 would seem ideal, it is confounded by the rich social-sensory experiences of the pups during maternal nurturing and litter-

mate contact during the first 10 days of life, in contrast to the absence of these experiences with the in uteroOxt exposure paradigm relevant

to obstetric practice. Third, because of constraints related to the size of the post-weaning rats, we performed functional connectivity exper-

iments between P25-30. Though these experiments can be correlated with behavioral changes in juvenile offspring, we are unable to extrap-

olate changes in functional connectivity to DTI features which weremeasured in adulthood. Similarly, because the amygdala was inaccessible

to the fcOISI system, wewere unable to directly evaluate functional connectivity between themPFC and the BLA. Our neurobehavioral results

were also limited to the juvenile/adolescent period, so it remains unclear how these developmental neurobehavioral trajectories evolve across

the lifespan. Our work does not exclude other causal possibilities that are unrelated to Oxt per se, i.e., from interrupting or altering the pre-

ordained process of natural labor, such as labor dystocia with oxytocin, the consequence of slightly earlier birth, or the impact of labor induc-

tion on fetal signaling to initiate parturition.80–82 Similarly, there are multiple pathways by which disruption of Oxtr signaling could lead to

neurobehavioral impairment through interlinked mechanisms (e.g., perinatal disruption of gamma-aminobutyric acid signaling,
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downregulation of the cation chloride transporter KCC2 resulting in excitation-inhibition imbalance, altered synaptogenesis etc.).29,30,83–85 By

adapting our model to transgenic animals, hypotheses related to Oxt signaling deficits could be potentially tested in future experiments.

Finally, our animal model provides valuable biological insights into the neurodevelopmental impact of exogenous Oxt exposure at birth,

but their applicability to complex human development and behavior is limited and necessitates further clinical research.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-OxtR antibody www.origene.com TA351476

Rabbit polyclonal anti-cyclophilin antibody www.cellsignal.com Cat# 2175; RRID: AB_2169116

Anti-rabbit IgG, HRP-linked antibody www.cellsignal.com Cat# 7074; RRID: AB_2099233

Chemicals, peptides, and recombinant proteins

Oxytocin (Syntocinon), 25 mg vial www.selleckchem.com Cat# P1029

Trifluoroacetic acid www.sigmaaldrich.com Cat# T6508

Pierce phosphatase inhibitor cocktail www.thermofisher.com Cat# A32957

Pierce Protease Inhibitor cocktail www.thermofisher.com Cat# A32953

Methanol, ACS-grade LC reagent, R99.9% www.sigmaaldrich.com SKU# 439193

Acetonitrile, LC-MS LiChrosolv� www.sigmaaldrich.com SKU# 1000291000

Formic acid, ACS reagent, Ph. Eur., R98% www.sigmaaldrich.com SKU# 33015

Custom-synthesized stable isotope labeled Oxt

(H2N-CYI^QNCPLG-amide; I^ = Isoleucine (13C6,15N)

www.vivitide.com Ref# M197987 Rev 2

Critical commercial assays

Oxytocin - Fluorescent EIA Kit https://phoenixpeptide.com/ FEK-051-01

DetectX� Oxytocin ELISA Kit www.arborassays.com K048-H1

Subcellular Protein Fractionation Kit www.thermofisher.com Cat# 87790

Prometheus Protein Biology Products

ProSignal� Dura ECL Reagent

https://geneseesci.com/ Cat # 20-301

Zymo Research EZ Methylation kit www.zymoresearch.com Cat# D5002

HotstarTaq DNA polymerase kit www.qiagen.com Cat# 203205

Custom designed assay for genomic DNA isolation www.epigendx.com Cat# ASY1570

Dynabeads� mRNA DIRECT� Kit www.thermofisher.com Cat# 610.12

SuperScript III RT enzyme www.thermofisher.com Cat# 18080093

NovaSeq 6000 Sequencing System www.illumina.com

Deposited data

Raw RNA sequencing data and the count metrices This paper Gene Expression Omnibus (GEO)

accession number GSE228913

Experimental models: Organisms/strains

CD� (Sprague Dawley) Rats, 8-10 weeks old Female,

Timed pregnant E14, strain-001

www.criver.com CD IGS# 001

Oligonucleotides

Custom TaqMan� OxtR probe- Rn00563503_m1 www.thermofisher.com Cat# 4331182

Custom TaqMan� Actb probe- Rn00667869_m1 www.thermofisher.com Cat# 4331182

Custom TaqMan� Pgk1 probe- Rn01474008_gH www.thermofisher.com Cat# 4331182

RNeasy mini kit (50) www.qiagen.com Cat# 74104

SuperScript� IV VILO� Master Mix www.thermofisher.com Cat# 11756050

TaqMan� Fast Advanced Master Mix www.thermofisher.com Cat# 4444964

Applied Biosystems� 7500 Real-Time PCR System www.thermofisher.com Cat# 4351104

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Arvind Palanisamy (arvind.palanisamy@wustl.edu).

Materials availability

This study did not generate any unique reagents.

Data and code availability

The RNA sequencing data are available through Gene Expression Omnibus (GEO) under the accession number GSE228913 (‘Transcriptomic

changes in the medial prefrontal cortex of juvenile rat offspring after induced birth with oxytocin’).

This paper does not use customized code and does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Image Studio Software www.licor.com V.5.2.5

iPRECIO management software (IMS-200) www.alzet.com IMS-200

Illumina DRAGEN Bio-IT server software www.illumina.com V.3.9.3-8

R/Bioconductor package EdgeR Ref Robinson et al.86

R/Bioconductor package Limma Ref Ritchie et al.87

Limma’s voomWithQualityWeights Ref Liu et al.88

R/Bioconductor package GAGE Ref Luo et al.89

R/Bioconductor package heatmap3 Ref Zhao et al.90

KEGG graphs with the R/Bioconductor package Pathview Ref Luo and Brouwer91

R/Bioconductor package WGCNA Ref Langfelder and Horvath92

R/Bioconductor package clusterProfiler Ref Yu et al.93

Prism 9 for macOS GraphPad Software Inc. V.9.4.1

IBM SPSS Statistics V.28

MATLAB https://www.mathworks.com/

products/matlab.html

Ref Hakon et al.94

Illustrations https://www.biorender.com/

Waxholm Space Atlas of the Sprague Dawley Rat Brain https://www.nitrc.org/

projects/whs-sd-atlas

RRID:SCR_017124

Other

Micro infusion pump iPRECIO� www.alzet.com SMP-200

Bullet Blender www.nextadvance.com Storm 24

Pierce� Peptide Desalting Spin Columns www.thermofisher.com Ref# 89852

Tecan multi-detection microplate reader www.tecan.com Infinite M200 PRO

LI-COR Fc imaging system www.licor.com Odyssey Fc Imager

iPRECIO data communication device (IMS-200) www.alzet.com IMS-200

Pyrosequencing PSQ 96HS system www.biotage.com PSQ 96HS

Vanquish Horizon UHPLC equipped with Orbitrap Exploris� 240 www.thermofisher.com

Waters ACQUITY HSS T3 C18 column (2.1 x 150 mm, 1.8 mm) www.waters.com SKU# 186003540

Heated Electrospray Ionization (HESI-II) Probe www.thermofisher.com Cat#IQLAAEGABBFACNMAGY

Rodent brain matrix, 1 mm www.tedpella.com Cat# 15065
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Labor induction with Oxt was performed in timed-pregnant CD� (Sprague Dawley) IGS rat (Crl:CD[SD] outbred) as described previously.38

Briefly, saline-primed iPrecio pump implantation was performed on gestational day (GD)16, followed by initiation of birth induction with Oxt

on GD21. We focused on the direct effects of Oxt motivated by prior reports suggesting a direct effect on Oxtr in the developing brain,31,47

and based on our data that excluded oxidative stress as a potential mechanism.38 Experiments were performed in multiple cohorts over a

3-year period (Table S1). All animal experiments and methods reported here were approved by the Institutional Animal Care and Use Com-

mittee atWashingtonUniversity in St. Louis (#20170010) and conducted in compliancewith institutional andARRIVEguidelines (Supplemental

File ).

METHOD DETAILS

Pup retrieval test

To determine whether Oxt-exposed postpartum mothers could positively respond to pup separation, we performed the pup retrieval test.

Briefly, on postnatal day P2, pups were separated from their respective mothers for 10 min and placed in a 35�C heated cup. Three randomly

chosen pups of either sex were subsequently placed in the three corners of the cage with their biological mother (either Oxt-exposed or un-

exposed). We measured: (i) the latency to retrieve the first pup, (ii) total time to retrieve all 3 pups, and (iii) the efficacy of retrieval in 5 min (for

example, if all 3 pups were retrieved to the nest within 5 min, efficacy was 100%).

Qualitative assessment of maternal nurturing behavior

To ensure that the Oxt-exposed dam did not exhibit abnormal maternal behavior, we performed two 30-min video recordings 5-6 h apart, to

examine the interaction between the mother and her pups (60 min total assessment time) over two days (P5-6). Recorded videos were scored

to determine the total duration of maternal (licking, grooming, nest building, active or passive nursing) and nonmaternal behaviors (maternal

self-care behaviors such as eating, drinking and self-grooming, or pups out of the nest) as described by Lee et al.,95 and reported as a per-

centage of the total observation time.

Licking and grooming ‘pen mark’ assay

We quantified the extent of maternal licking and grooming of pups with the pen mark assay on P7 as described by Lee et al.95 Briefly, we

marked the top of the head and the bottom of the torso on the dorsal side of the pups with a laboratory marker and returned the pups to

their mothers in home cages for 24 h. Next day, we assessed the quality of the marks based on an arbitrary scoring system: 0, no visible

mark (implying excellent licking and grooming); 1, extremely faint mark; 2, clearly visible but faint mark; and 3, fully visible mark (implying

poor licking and grooming). The average of the two scores (for head and body each) was calculated for each pup, averaged per dam, and

subsequently compared between Con and Oxt groups.

Weigh-suckle-weigh (WSW) method to assess milk intake

We assessed milk intake of P12 pups with the WSW method. These experiments were performed between 13:00 and 17:00 h. Briefly, pups

were separated from their mothers and grouped in dedicated pipette tip boxes containing appropriate cage bedding. The ambient temper-

ature surrounding these boxes was maintained at approximately 30�C with radiant heating. After a 3 h separation, pups from the same litter

were collectively weighed (pre-feeding weight) and returned to their respective mothers for a 1 h nursing bout following which they were

immediately weighed again (post-feeding weight). The difference between the post- and pre-feeding weights was considered a surrogate

measure of milk intake and was normalized to the litter size and expressed as milk intake/pup (mL).

Quantification of Oxt in the fetal plasma and brain

We performed Oxt quantitation in the fetal plasma and brain samples collected during our recent study.38 Briefly, fetal blood was collected

from at least 6 pups extracted by cesarean delivery 8-12 h after either labor induction with Oxt or unmanipulated labor as described by us

previously.96 All fetal blood samples collected from pups from the same dam were pooled as one unit. Collected samples were centrifuged

at 1500 g for 10 min at 4�C, and plasma was stored at -80�C. During these experiments, we also collected the brains from pups. Cortical hemi-

spheres from one fetal brain/dam were homogenized in a bullet blender (Next Advance, Inc.) and dissolved in PBS containing protease and

phosphatase inhibitor cocktail at 4�C. Samples were then incubated at 100�C for 10min for complete inhibition of proteases followed by chill-

ing on ice for 2 min. Trifluoroacetic acid (1% TFA) was added to extract peptides on ultrasonic bath (Branson 1510) for 1 min. Tissue debris was

removed by centrifugation at 14000 x g for 30 min at 4�C. Both plasma and brain homogenate were C-18 extracted, lyophilized, and assayed

for Oxt in duplicate using a fluorescent enzyme immunoassay kit (#FEK-051-01, Phoenix Pharmaceuticals, Inc.). Oxt levels, normalized to total

protein concentration, were compared between Oxt and control conditions.

Stable isotope labeled Oxt (SIL-Oxt) for assessment of placental transfer

Because exogenous Oxt is indistinguishable from endogenous Oxt, we performed additional experiments with custom-synthesized stable

isotope labeled Oxt ([13C,15N]-Ile labeled Oxt; SIL-Oxt, Vivitide Inc.) to ascertain placental transfer. Briefly, extracted metabolites from
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maternal and newborn plasma samples fromSIL-Oxt treatedGD21 dams (administered through iPrecio pumpusing the sameprotocol as that

for Oxt; 100 mcg/mL) were resuspended with 30 mL of 50% MeOH and centrifuged to avoid debris prior to injection for LC-MS/MS on a

Vanquish Horizon UHPLC equipped with Orbitrap Exploris� 240 (Thermo Scientific). The samples were injected onto Waters ACQUITY

HSS T3 C18 column (2.1 x 150 mm, 1.8 mm) and eluted at a flow rate of 400 mL/min with 2%mobile phase B (90% acetonitrile with 0.1% formic

acid) for 2min, followed by a linear gradient to 27% for 7min, 98% for 7min then held 2min with 2%mobile phase A (0.1% formic acid in water)

over 22 min gradient. Analyses were carried out using Heated Electrospray Ionization (HESI-II) Probe in the positive ion mode. For the full MS

scan mode, precursor ion was isolated by quadrupole in 1.6 m/z window and analyzed in Orbitrap at 60,000 resolution. The SIL-Oxt was de-

tected at a precursor mass of 1014.46m/z. For the parallel reaction monitoring (PRM) of SIL-Oxt, fragment ions were scanned using Orbitrap

at 15,000 resolution and the collision energy was optimized at 27% by stepwise increment. The MS2 ion spectra were acquired within a time

window from 9.30 to 10.15 min. The following instrument settings were optimized for the PRM: isolation window, 1.0m/z; RF Lens level 30%;

AGC target, 2e5; and Maximum injection time, 200 ms. For the quantification of SIL-Oxt, the most intense and quantifiable MS2 ion, 730.28

m/z, was selected by the linearity test using a calibration curve. Each calibration point was analyzed in triplicate and the linear rangewas deter-

mined by themaximumnumber of points that could be included for the R2 to remain > 0.99 and the coefficient of variation (CV) to be < 20% in

triplicates. The lower limit of quantitation (LLOQ) was determined by the lowest value on the linear range which is higher than limit of detec-

tion (LOD) defined by 3 sigma of blank signal. The calibration rangewas 254 pg/mL to 1 mg/mL (R2 = 0.9991) and the LODwas 127 pg/mL. The

concentration of exogenous SIL-Oxt was calculated by 1/x weighted linear regression and the LOD was taken as the y-intercept for calcula-

tion. SIL-Oxt detection and quantification was performed at the Mass Spectrometry Technology Access Center (MTAC) at Washington

University.

Evaluation of OxtR gene and protein expression in the brain

Similar methods were employed for Oxtr gene expression studies in the cortex of P1 pups and in bilaterally dissected mPFC and BLA tissue,

and the hypothalamus frommale and female P40 pups.Western blot was done as described forOxtR expression in the uterinemyometrium,38

except that membrane-associated proteins were isolated from the fetal cortex, using Subcellular Protein Fractionation Kit (catalog 87790;

Thermo Fisher Scientific) following manufacturer’s instructions. Immunoblots were incubated with ProSignal� Dura ECL Reagent (catalog

#20-301, Prometheus Protein Biology Products) for 1 min at room temperature and detection of bound antibody was achieved with LI-

COR Fc imaging system (LI-COR Biosciences Inc.).

DNA methylation analysis of the OxtR promoter region

We probed the DNA methylation status of 7 CpG sites in the promoter region of the Oxtr gene (from ATG -1349 to -1295, from TSS -1319 to

-1265, Rnor_6.0/rn6 Chr#4 144417435-144417381, amplicon size:120 bp). Briefly, 200 - 500 ng of genomic DNA isolated from the frontal cortex

of Oxt or saline-exposed pups was subjected to bisulfite modification with Zymo Research EZ Methylation kit (cat. # D5002, Zymo Research,

Irvine, CA). HotstarTaq DNA polymerase kit (cat. # 203205, Qiagen, Inc.) was used to amplify the Oxtr target region using forward and reverse

primer set with the following PCR conditions: 15 min at 95�C, 45 cycles of 95�C for 30s, 51�C for 30s, and 68�C for 30s, and a 5min 68�C exten-

sion step. Pyrosequencing was performedwith the PSQ 96HS system (Qiagen) as described by Beery et al.97 with modifications. DNAmethyl-

ation analysis after the genomic DNA isolation step was performed by EpigenDx (Hopkinton, MA) using a custom designed assay (ASY1570).

Oxt plasma assays at P40

We performed plasma Oxt quantitation in P40 pups. Briefly, under isoflurane anesthesia 1 mL of blood was directly aspirated from the left

ventricle using a 21G needle, mixed in a BD Vacutainer EDTA tube, and subsequently centrifuged at 1500 g for 10 min at 4�C. Approximately

500-600 mL of plasma was stored at -80�C. Samples were assayed for Oxt using an enzyme immunoassay kit (#K048-H1, Arbor Assays, Inc.)

according to manufacturer’s instructions. In brief, each sample was diluted 1:8 in the assay buffer and applied to the designated well(s),

respectively. All experiments were performed in duplicate, and the absorbance was read with Tecan Infinite M200 PRO (Tecan Group

Ltd., Switzerland) at 450 nm. Oxt concentrations were determined by comparison with predetermined standards, corrected for the dilution

factor and reported as pg/mL.

Assessment of behavioral phenotype after Oxt-induced birth

Rat pups were assessed for behavioral consequences of Oxt-induced birth at P8 and again through juvenility and adolescence. For all tasks,

the rats were acclimated to the testing roomat least 30min prior to the start of testing. All assays were conductedby experimenters blinded to

experimental group designations during testing, which occurred during the light phase. The order of behavioral tests was chosen tominimize

the effects of stress on performance. To minimize any effect of hormonal cycling during the peripubertal period, behavior testing across

experimental groups were conducted at the same time of day to control for variation in testosterone levels across the day in males or other

circadian effects. Likewise, in females, status of vaginal openings as a proxy for estrous phase were monitored during behavior testing. Un-

exposed andOxt-exposedoffspring of both sexeswere assessed for early communicative behavior withmaternal isolation-induced ultrasonic

vocalizations (USV), anxiety-like behaviors with elevated plus maze, social behaviors with social investigation and social play, cognitive inflex-

ibility with spontaneous alternations, sensorimotor gating with prepulse inhibition, and empathy-like behaviors with observational fear

learning.
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Maternal isolation-induced ultrasonic vocalizations

Maternal isolation-induced ultrasonic vocalizations (USVs) produced by the pup is one of the earliest forms of social communication we can

examine in the rat, and these isolation calls elicit maternal care from the dam.98,99 USVs were recorded on P8 following our methods adapted

for the rat from our previous publication.100 Briefly, the damwas removed from the nest and the litter was placed on a heating pad tomaintain

body temperature while away from the dam. The surface temperature of each pup was recorded (HDE Infrared Thermometer; Saline-

exposed: M=35.3�C, SD=0.54; Oxt-exposed: M=35.2�C, SD=0.69) prior to placement in an empty polycarbonate cage (28.5 cm x 17.5 cm

x 12 cm) in a sound-attenuating chamber (Med Associates Inc., Fairfax, VT). USVs were recorded for three minutes using an Avisoft

UltraSoundGate CM16 microphone, Avisoft UltraSoundGate 116H amplifier, and Avisoft Recorder software (gain = 8.5 dB, 16 bits, sampling

rate = 250 kHz). The pup was then weighed and returned to the nest. The dam was returned to the nest following recording of the last pup in

the litter. Individual syllables and other temporal and spectral features were extracted from thewaveform audio files using the Avisoft-SASLab

Pro Sound Analysis Software (frequency range = 25 kHz to 120 kHz, FFT size = 512, overlap = 50%, time resolution = 1.024 ms, frequency

resolution = 488.2 Hz).

Elevated plus maze

Passive avoidance behavior for an open, elevated area was assessed in the elevated plus maze on P26 as previously published.56 Briefly, each

rat received one five-minute trial conducted in a dark room. The elevated (62.5 cm) apparatus wasmade of opaque acrylic and comprised two

enclosed arms, two open arms (36 cm x 6.1 cm x 15 cm each), and a center platform (5.5 cm x 5.5 cm). Movement within the apparatus was

quantified via breaks in photobeampairs. Percent time in the open arm and total distance traveledwere analyzed. The apparatus was cleaned

with 0.02% chlorhexidine diacetate solution between animals.

Juvenile social play

Social interactive behaviors were measured at P28 in dyadic, sex- and treatment-matched pairings adapted from previous methods.101 To

potentiate social behaviors, each rat was isolation housed for two and one-half hours prior to recordings and paired with a non-cage

mate during testing. Rats were placed in an open field (40 cm x 40 cm x 40 cm) with opaque walls under white lighting (315 lux) and recorded

for ten minutes via Any-maze tracking software (Stoelting, Co.). The apparatus was cleaned with 0.02% chlorhexidine diacetate solution

between animals. Play behaviors such as pouncing, pinning, boxing and chasing were not observed. Therefore, additional social interaction

behaviors, including sniffing, allogrooming and following, were scored manually by a blinded experimenter. A composite score of all three

behaviors was calculated for frequency, duration, and mean bout duration, as well as latency to first behavior.

Spontaneous alternation Y-maze

To assess spatial workingmemory and cognitive inflexibility in behavioral patterns, we used the spontaneous alternation Y-maze at P30 based

on previous methods.101–103 Briefly, each rat was placed in the center of a Y shaped maze made of black acrylic under dim white lighting (8.5

lux) and allowed to freely explore for 8 minutes. Each armmeasured 40 cm x 10 cm x 20 cm. Any-maze tracking software was used to quantify

the spontaneous alternations, which were defined as any three consecutive choices of three different arms without re-exploration of a pre-

viously visited arm. The percentage of alternations was determined by dividing the total number of alternations by the total number of choices

minus two. The apparatus was cleaned with 0.02% chlorhexidine diacetate solution between animals.

Juvenile dyad USVs

Communication behavior was assessed at P34 bymeasuringUSVs emitted during dyadic, sex- and treatment-matched interactions. To poten-

tiate vocalizations, each rat was isolation housed for two and one-half hours prior to recordings and paired with a non-cage mate during re-

cordings. For ten minutes, the rat pair was placed in an empty chamber (47.6 cm 3 25.4 cm 3 20.6 cm) inside a sound attenuating chamber

(Med Associates Inc, Fairfax, VT). The chamber was cleaned with 0.02% chlorhexidine diacetate solution between animals. USVs were re-

corded as described above for maternal isolation-induced pup USVs. Data were analyzed at the level of dyad.

Acoustic startle/prepulse inhibition

Sensorimotor gating and startle reflex were assessed at P41 in the acoustic startle/prepulse inhibition (PPI) test as previously described.100

Briefly, each rat received one test session during which acoustic startle to a 120 dB auditory stimulus pulse (40 ms broadband burst) and

PPI (response to a startle pulse following a prepulse 100ms earlier) weremeasured on a force plate apparatus using computerized instrumen-

tation (StartleMonitor, Kinder Scientific). During the 20 min test, a total of 65 trials were presented including non-startle trials during the first

5 min, which served as an acclimation period when no stimuli above the 65 dB white noise background were presented. Startle reflex was

measured across twenty startle trials. The first and second to last set of trials included 5 consecutive startle (120 dB pulse alone) trials unac-

companied by other trial types. Themiddle 10 startle trials were interspersed with PPI trials, consisting of an additional 30 presentations of 120

dB startle stimuli preceded by prepulse stimuli of 4, 12, or 20 dB above background (10 trials for each PPI trial type). A percent PPI score for

each trial was calculated using the following equation: %PPI = 100 3 (startle pulse alone � prepulse + startle pulse)/startle pulse alone. The

final 5 trials included startle trials with the stimulus increasing from 80 to 120 dB as a measure of startle sensitivity. The apparatus was cleaned

with 0.02% chlorhexidine diacetate solution.
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Social approach

Sociability was assessed at P43 in the 3-chambered apparatus social approach task following our previously published methods.56 Briefly,

each rat received two consecutive, ten-minute trials in a three chambered apparatus (100 cm x 100 cm x 22 cm). The first trial served to habit-

uate the animal to the apparatus including the stimulus withholding cylinder, while the second trial measured sociability, or the tendency to

initiate social contact with a novel sex-, strain- and age-matched conspecific rat sequestered in the withholding cylinder. The duration inves-

tigating within 2cm of each cylinder (stimulus and empty), time and entries into each chamber, and total distance traveled were quantified.

The apparatus was cleaned 0.02% chlorhexidine diacetate solution and the withholding cylinders with 70% ethanol between animals.

Observational fear learning

To assess empathy-like fear responses, we conducted the observational fear learning (OFL) assay at P48-49 as previously described.56 Briefly,

rats were conditioned to context-dependent fear by observing an age-, strain- and sex-matched conspecific receive foot shocks. The appa-

ratus (27 cm x 31 cm x 30.5 cm) consisted of an acrylic chamber divided by a transparent acrylic wall with 90 equidistant 1cm-diameter holes to

allow for scent and sound penetration. The stimulus rat was sequestered to one half of the cage on a stainless-steel grid floor that allowed for

the presentation of 1.0 mA foot shocks. The observer side of the chamber was fitted with an opaque acrylic floor to prevent the animal from

receiving foot shocks. On day one, the first five minutes served as acclimation to the apparatus and to record baseline freezing behaviors.

During the second 4minutes, the stimulus rat received a 1.0mA foot shock every 10 s. The freezing behavior of the observer rat wasmeasured.

On day 2, the observer rat was placed back in the apparatus without the stimulus rat or foot shocks, and freezing behavior was quantified as a

measurement of observational fear memory during the nine-minute test session. The apparatus was cleaned 0.02% chlorhexidine diacetate

solution between animals.

Assessment of puberty onset

Male and female offspring (n=3 each from 3 independent litters unexposed or exposed toOxt) weremonitored daily from P28 through P40 to

determine the day of onset of puberty with balano-preputial separation and vaginal opening, respectively.104 In addition, we performed

vaginal cytology experiments in female offspring to confirm onset of puberty with establishment of the estrus cycle.105 Body weights were

simultaneously measured at multiple timepoints to track somatic growth of the offspring.

RNA-seq to assess the impact of Oxt on the medial prefrontal cortex transcriptome

Motivated by sex-specific neurobehavioral changes implicating the medial prefrontal cortex (mPFC), we performed RNA-seq to assess the

mPFC transcriptome in postnatal day P45male and female control andOxt-exposed offspring to facilitate correlation with behavioral studies.

Briefly, we isolated themPFC after sectioning the brain in the coronal plane (1mm) using a rodent brainmatrix (Ted Pella Inc.) with atlas-based

anatomic guidance (Paxinos &Watson, 6th edition). Total RNAwas extracted using RNAeasy kit (Qiagen) and subjected to RNA-seq (Genome

Technology Access Center core facility). Only RNAwith RIN> 8.0 were used for RNA-seq. Library preparationwas performedwith 5 to 10ug of

total RNA with a Bioanalyzer RIN score greater than 8.0. Ribosomal RNA was removed by poly-A selection using Oligo-dT beads (mRNA

Direct kit, Life Technologies). mRNA was then fragmented in reverse transcriptase buffer and heating to 94 degrees for 8 minutes. mRNA

was reverse transcribed to yield cDNA using SuperScript III RT enzyme (Life Technologies, per manufacturer’s instructions) and random hex-

amers. A second strand reaction was performed to yield ds-cDNA. cDNAwas blunt ended, had an A base added to the 3’ ends, and then had

Illumina sequencing adapters ligated to the ends. Ligated fragments were then amplified for 12-15 cycles using primers incorporating unique

dual index tags. Fragments were sequenced on an Illumina NovaSeq-6000 using paired end reads extending 150 bases. RNA-seq reads were

then aligned and quantitated to the Ensembl release 101 primary assembly with an Illumina DRAGEN Bio-IT server running version 3.9.3-8

software.

All gene counts were then imported into the R/Bioconductor package EdgeR86 and TMM normalization size factors were calculated to

adjust for differences in library size between samples. Ribosomal genes and genes not expressed in the smallest group size minus one sam-

ples greater than one count-per-million were excluded from further analysis. The TMM size factors and the matrix of counts were then im-

ported into the R/Bioconductor package Limma.87 Weighted likelihoods based on the observed mean-variance relationship of every gene

and sample were then calculated for all samples and the count matrix was transformed to moderated log 2 counts-per-million with Limma’s

voomWithQualityWeights.88 The performance of all genes was assessed with plots of the residual standard deviation of every gene to their

average log-count with a robustly fitted trend line of the residuals. Differential expression analysis was then performed to analyze for differ-

ences between conditions and the results were filtered for only those genes with Benjamini-Hochberg false-discovery rate adjusted p-values

less than or equal to 0.05. For each contrast extracted with Limma, global perturbations in known Gene Ontology (GO) terms, MSigDb, and

KEGG pathways were detected using the R/Bioconductor package GAGE89 to test for changes in expression of the reported log 2 fold-

changes reported by Limma in each term versus the background log 2 fold-changes of all genes found outside the respective term. The R/Bio-

conductor package heatmap390 was used to display heatmaps across groups of samples for each GO or MSigDb term with a Benjamini-

Hochberg false-discovery rate adjusted p-value less than or equal to 0.05. Perturbed KEGG pathways where the observed log 2 fold-changes

of genes within the term were significantly perturbed in a single-direction versus background or in any direction compared to other genes

within a given term with p-values less than or equal to 0.05 were rendered as annotated KEGG graphs with the R/Bioconductor package

Pathview.91
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To find the most critical genes, the Limma voomWithQualityWeights transformed log 2 counts-per-million expression data were then

analyzed via weighted gene correlation network analysis with the R/Bioconductor package WGCNA.92 Briefly, all genes were correlated

across each other by Pearson correlations and clustered by expression similarity into unsigned modules using a power threshold empirically

determined from the data. An eigengene was then created for each de novo cluster and its expression profile was then correlated across all

coefficients of the model matrix. Because these clusters of genes were created by expression profile rather than known functional similarity,

the clusteredmodules were given the names of random colors where grey is the only module that has any pre-existing definition of containing

genes that do not cluster well with others. These de novo clustered genes were then tested for functional enrichment of knownGO terms with

hypergeometric tests available in the R/Bioconductor package clusterProfiler.93 Significant termswith Benjamini-Hochberg adjusted p-values

less than 0.05 were then collapsed by similarity into clusterProfiler category network plots to display the most significant terms for each mod-

ule of hub genes in order to interpolate the function of each significant module. The information for all clustered genes for eachmodule were

then combined with their respective statistical significance results from Limma to determine whether or not those features were also found to

be significantly differentially expressed.

Functional connectivity mapping with optical intrinsic signal imaging

Functional connectivity of the brain of OXT and saline-exposed male offspring was assessed at P23 using a reflectance-mode functional con-

nectivity optical intrinsic signal imaging (fcOISI) system.106 The fcOISI system images the brain through the intact skull and records sponta-

neous fluctuations in oxy- and deoxyhemoglobin. Through neurovascular coupling, these fluctuations represent spatiotemporal variations in

neural activity, similar to human BOLD-fMRI. Briefly, juvenile rats were anesthetizedwith an i.p. injection of ketamine (86.9mg/kg) and xylazine

(13.4 mg/kg) as described previously.107 Optical intrinsic signals were acquired during sequential elimination provided by four polarized light

emitting diodes (LEDs, Thorlabs, 470 nm: M470L3-C1, 590 nm: M590L3-C1, 617 nm: M617L3-C1, and a 625 nm: M625L3-C1) placed approx-

imately 20 cm above the rat’s head. Diffuse reflected light from the rat head was detected by a cooled, frame-transfer EMCCD camera (iXon

897 Ultra, Andor Technologies). A crossed linear polarizer was placed in front of the camera lens to reject specular reflection from the LEDs.

The LEDs and camera were time-synchronized and controlled via a National Instruments data Acquisition card (NI PCI 6733) and computer

(Dell Workstation) using custom-written software (MATLAB, Mathworks) at a frame rate of 120 Hz (30 Hz/LED). Image processing and func-

tional connectivity measurements (including seed-based functional connectivity and regional node degree) were performed as described

previously by our group.94 Briefly, seeds for functional connectivity analysis were placed in cortical areas corresponding to frontal, cingulate,

motor, somatosensory (SS), retrosplenial, visual and auditory networks. From each seed region, time traces of oxygenated hemoglobin were

correlated with time courses in all brain pixels, generating a resting state-functional connectivity (RS-FC)map for each seed. Individual rat pup

RS-FC maps were transformed to Fisher z-scores and averaged within each group. Seed-based RS-FC maps were displayed using a color

scale where negative correlations were in blue hues and positive correlations in red hues. RS-FC matrices were constructed by compressing

RS-FCmaps to report RS-FC between each seed-seed pair. Correlating each pixel’s time course with the time courses of all other pixels in the

brain yields amatrix containing all of the RS-FC informationwithin our field-of-view. Specifically, each rowor columnof thismatrix represents a

pixel’s RS-FC map. The number of functional connections (degree) of each pixel (node) was determined by thresholding this matrix at z(r)R

0.4, so that only strong positive RS-FC contributed to each pixel’s measure of node degree. Summing the correlation coefficients above this

threshold over pixels in the same (ipsilateral) or opposite (contralateral) hemisphere relative to a candidate pixel produced a weighted mea-

sure of intra- or inter-hemispheric node degree for that pixel, respectively. This procedure was performed in each rat over pixels within the

shared brain mask. Group-level maps were created by averaging intra- and inter-hemispheric node degree maps across rats, and quantified

within brain regions.

Ex vivo DTI for structural connectivity assessment

MRI of fixed adult rat brains was performed on a Varian Agilent (Santa Clara, CA) 11.74 T DirectDrive MRI system. The rat brains were

immersed in Fluorinert, and images were acquired at 125 x 125 x 500 mm3 resolution with a 192 x 192 matrix and 45 slices. T2-weighted

spin echo anatomic images were acquired using TR = 2000 ms, TE = 20 ms, and 2 averages. Diffusion tensor images were acquired using

TR = 2000 ms and TE = 25.5 ms over 26 combinations of b-value and diffusion directions, bmax = 3000 s/mm2, d = 5 ms, D = 15 ms. Brain

regions of interest (mPFC, corpus callosum, amygdala) were identified by registering the T2-weighted MRI images to the Waxholm Space

Atlas of the SpragueDawley Rat Brain (https://www.nitrc.org/projects/whs-sd-atlas) usingANTs (AdvancedNormalization Tools).108 The brain

regions weremapped onto the acquiredMRI data through automated registration against a rat brain atlas. The resulting segmentations were

imperfect, especially on brains where fixation and subsequent handling produced cracks or gross distortion in the external shape of the brain.

While we manually adjusted the segmentations in particularly egregious cases, the lack of a trend across treatments or regions (except

perhaps for the CC FA) strongly indicated that the results would not be affected by minor refinements to the region definitions. Diffusion

tensor eigenvalues and parametric maps of apparent diffusion coefficient (ADC) and fractional anisotropy (FA) were calculated according

to standard equations109,110 using the Bayesian Toolbox,111 a data modeling software package based upon Bayesian probability theory. Dax-

ial and Dradial represent the first diffusion eigenvalue (along the direction of white-matter fibers) and the average of the second and third

eigenvalues (perpendicular to the white-matter fibers), respectively.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data outliers were detected and eliminated using ROUT (robust regression and outlier analysis) with Q set to 1%. Normality of residuals was

checked with D’Agostino-Pearson omnibus test. For experiments where sex was not included as a variable, data were analyzed with either

Welch’s t-test orMann-Whitney test as appropriate. Oxt dose-response data were analyzedwith one-way ANOVAwith Dunnett’s test formul-

tiple comparisons. Because of established sex differences in Oxtr expression and Oxt signaling at or around weaning, data fromR P21 pups

were independently analyzed by sex. For analyses of behavioral data, we first screened for missing values and fit of distributions with assump-

tions underlying univariate analysis. This included the Shapiro-Wilk test on z-score-transformed data and qqplot investigations for normality,

Levene’s test for homogeneity of variance, and boxplot and z-score (G3.29) investigation for identification of influential outliers. Means and

standard errors were computed for each measure. Parametric models including student’s t-test and analysis of variance (ANOVA), including

one-way, factorial and repeated measures, were used to analyze data where appropriate, and simple main effects were used to dissect sig-

nificant interactions. Sex was included as a biological variable in all analyses. Where appropriate, the Greenhouse-Geisser or Huynh-Feldt

adjustment was used to protect against violations of sphericity for repeatedmeasures designs.Multiple pairwise comparisons were subjected

to Bonferroni correction, where appropriate. For data that did not fit univariate assumptions, non-parametric tests were used, or data trans-

formations were applied. The critical alpha value for all behavioral analyses was p % 0.05 unless otherwise stated. RNA-seq data were

analyzed with generalized linear models to test for gene/transcript level differential expression between conditions and the results were

filtered for only those genes with Benjamini-Hochberg false-discovery rate adjusted p-values (FDR) % 0.05. Perturbations in known Gene

Ontology (GO) terms and KEGG pathways were detected using the R/Bioconductor package GAGE to test for changes in expression of

the reported log 2 fold-changes reported by Limma in each term versus the background log 2 fold-changes of all genes found outside

the respective term. GO terms were considered significant with FDR % 0.05 and KEGG terms were marked as significant with p-values %

0.05. Prior to statistical testing of fcOISImeasures, Pearson r valueswere transformed to Fisher z-scores.Maps of node degreewere compared

at each pixel using a two-tailed student’s t-test assuming unequal group variance and corrected for multiple comparisons using clustering

statistics. Quantitative DTI data for brain regions of interest were independently analyzed with either Welch’s t-test or Mann-Whitney test

as appropriate. Differences between groups were considered statistically significant if p < 0.05 following correction for multiple comparisons

when necessary. Data are presented as meanG SEM. Quantitative data were analyzed with Prism 9 for macOS (version 9.4.1; GraphPad Soft-

ware Inc.), behavioral data were analyzed with IBM SPSS Statistics (v.28), and fcOISI data with MATLAB.
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