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Psychological stress, both leading up to and during pregnancy, is associated with increased risk for negative pregnancy outcomes. Although the neuroendocrine circuits that link the stress response to reduced sexual motivation and mating are well-described, the specific pathways by which stress negatively impacts gestational outcomes remain unclear. Using a mouse model of chronic psychological stress during pregnancy, we investigated 1) how chronic exposure to stress during gestation impacts maternal reproductive neuroendocrine circuitry, and 2) whether stress alters developmental outcomes for the fetus or placenta by mid-pregnancy. Focusing on the stress-responsive neuropeptide RFRP-3, we identified novel contacts between RFRP-3-immunoreactive (RFRP-3-ir) cells and tuberoinfundibular dopaminergic neurons in the arcuate nucleus, thus providing a potential pathway linking the neuroendocrine stress response directly to pituitary prolactin production and release. However, neither of these cell populations nor circulating levels of pituitary hormones were affected by chronic stress. Conversely, circulating levels of steroid hormones relevant to gestational outcomes (progesterone and corticosterone) were altered in chronically-stressed dams across gestation, and those dams were qualitatively more likely to experience delays in fetal development. Together, these findings suggest that, up until at least mid-pregnancy, mothers appear to be relatively resilient to the effects of elevated glucocorticoids on reproductive neuroendocrine system function. We conclude that understanding how chronic psychological stress impacts reproductive outcomes will require understanding individual susceptibility and identifying reliable neuroendocrine changes resulting from gestational stress.
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INTRODUCTION
In women, maternal stress, including psychological stress such as anxiety and depression, is associated with an increased risk of miscarriage, preterm birth, and low birth weight, particularly if stress occurs during the first trimester of pregnancy (Lou et al., 1994; Neugebauer et al., 1996; Hobel et al., 1999; Paarlberg et al., 1999; Kurki et al., 2000; Glover, 2014; Sheriff et al., 2017; Van den Bergh et al., 2017; Valsamakis et al., 2019). In animal models, stress exposure similarly results in higher risk for negative pregnancy outcomes, including embryo resorption, reduced litter size, and intrauterine growth restriction (Lesage et al., 2004; Paternain et al., 2013; Jafari et al., 2017). Understanding the neuroendocrine mechanisms by which stress increases negative pregnancy outcomes is important for identifying clinical targets to treat or mitigate these effects in both humans and animals.
Activity of the hypothalamic-pituitary-adrenal (HPA) axis is a central component of the physiological stress response, and its excess activity has been linked to negative effects on reproductive outcomes. When the HPA axis is activated, the adrenal gland increases the production and release of glucocorticoids (i.e., cortisol in humans and corticosterone in mice) that can dysregulate the maternal hypothalamo-pituitary-gonadal (HPG) axis via direct and indirect actions on the hypothalamus and pituitary (Whirledge and Cidlowski, 2013, 2017). The RFamide-related peptide-3 (RFRP-3) system is a direct target of glucocorticoids and has been consistently implicated in the stress responses in rodents (Kirby et al., 2009; Geraghty et al., 2015; Yang et al., 2018; Singh et al., 2022). Most relevant to the present study, stress prior to gestation increases activity of the inhibitory RFRP-3 system, ultimately leading to reduced reproductive success (Geraghty et al., 2015). Dysregulation of the HPG axis via HPA activation can also suppress progesterone production, a steroid hormone critical for pregnancy maintenance (van Niekerk and Morgenthal, 1982; Wiebold et al., 1986; Parker and Douglas, 2010; Kajaysri and Nokkaew, 2014; Wilsterman et al., 2018), and modify pituitary prolactin secretion, a peptide hormone for which secretion pattern can predict poor pregnancy outcomes (Miller et al., 2004; Poletini et al., 2007).
Although the impact of HPA axis activation on reproductive function has been well-studied during non-pregnant physiological states, the interactions between these axes during gestation are not well characterized. Our previous work has shown that, in mice, chronic psychological stress inhibits ovarian progesterone synthesis in early pregnancy and this inhibition is associated with elevated corticosterone concentrations in maternal circulation (Wilsterman et al., 2018). However, the impact of chronic stress on hypothalamic neuroendocrine circuits critical for pregnancy maintenance and, how chronic stress affects embryonic and placental development remains to be fully elucidated. Thus, in the present study, we aimed to answer two broad questions: 1) How do neuroendocrine circuits critical for successful pregnancy maintenance and offspring development respond to chronic psychological stress during gestation, and 2) Is psychological stress during early pregnancy associated with altered embryonic and placental development?
To answer these questions, we compared multiple levels of the HPG axis in mouse dams subjected to daily restraint and predator odor stress beginning on day 1 of pregnancy to that of unstressed dams at three time points across gestation (day 5, 10, and 15). We also quantified the effects of stress exposure on embryonic and placental development. Within reproductive neuroendocrine circuits, we focused on potential interactions between hypothalamic RFRP-3 cells and tuberoinfundibular dopaminergic (TIDA) neurons that regulate pituitary prolactin secretion (Fuxe, 1964; Ben-Jonathan and Hnasko, 2001; Parker et al., 2011; Lyons et al., 2012). We predicted that, as with stress that occurs prior to pregnancy (Geraghty et al., 2015), stress during pregnancy would alter the RFRP-3 neuronal system and potentially its projections onto TIDA neurons, and thus gestational stress would impair reproductive success and fetal development. In addition, we quantified changes to developmental outcomes by examining fetal development, placental structure, and placental gene expression. We focused our gene expression analyses on six key genes that have been previously implicated in glucocorticoid regulation within the placenta [GR, 11βHSD1, and 11βHSD2; e.g., (Low et al., 1994; Jamieson et al., 1995)], placental responses to stress and fetal growth [Phlda2; (Tunster et al., 2014, 2; Janssen et al., 2016, 2; Tunster et al., 2016, 2)], or placenta-specific cell type differentiation or function [Tpbpa and PLII; e.g., (Faria et al., 1990; Faria and Soares, 1991; Hu and Cross, 2011; Albers et al., 2019)].
MATERIALS AND METHODS
Animals
Adult (10–12 week old) C57BL/6J mice were purchased from the Jackson Laboratory (Sacramento, CA) and housed in ventilated cages on a 14:10 light/dark cycle (lights on at 07:00, lights off at 21:00) with laboratory chow and water available ad libitum. Humidity and temperature were held constant at 40% and 21°C, respectively. Experimental females were pair-housed with an age-matched male throughout the experiment. All animals were allowed to acclimate to the housing conditions for at least 1 week prior to commencing the experiment. All protocols were approved by the UC Berkeley Office of Laboratory Animal Care and were consistent with NIH guidelines for the care and use of laboratory animals.
Experimental Procedures
Experimental procedures and timeline are outlined in Figure 1. Virgin female mice were paired with sexually-experienced males and examined for vaginal copulatory plugs every morning. The morning a plug was observed was considered gestational day 1. Females were randomly assigned to chronic stress or control (non-stressed) groups. All females were massed each morning prior to treatment. Animals assigned to the chronic psychological stress group were moved each morning, beginning on day 1, to a separate room where they were restrained in a modified 50 ml centrifuge tube as previously described (Wilsterman et al., 2018). “Psychological stress” is used here to distinguish a perceived threat from a physical or physiological stressor. In addition, 15 µL of predator odor (undiluted fox urine, Minnesota Trapline, Inc; Pannock, MN) was applied to a fresh cotton ball and placed in the cage with each mouse during restraint. Daily stress exposure lasted 4 h from 09:00 to 13:00 (i.e., starting 2 h after lights on). Stress exposure was repeated daily until euthanasia. Non-stressed females remained in their home cages.
[image: Figure 1]FIGURE 1 | A summary of the experimental design and sampling timeline used in this experiment. Each box represents 1 day, with grey shading representing the dark period. Animals were assigned to either control (green) or stress (yellow) treatment groups on the day vaginal plugs were identified (gestational day 1). A combination of restraint and predator odor were used as the psychological stressor. Mice were exposed to the stressor in the mornings on each experimental day (indicated by the red bar within each box). Tissues were collected in the morning on days 5, 10, or 15 of pregnancy and tissues for further analysis, as indicated by cartoon symbols in the figure. For animals sampled on day 15 of gestation, evening blood samples were collected on days 4 and 9 to examine the evening prolactin surge. Refer to methods and results text for further details.
Females were euthanized during early pregnancy (day 5) through mid-pregnancy (day 10 and day 15) via intraperitoneal injection of sodium pentobarbital (200 mg/kg) followed by rapid decapitation or perfusion (see Figure 1 for timeline). Stress exposure did not occur on the morning of tissue collection. All blood samples were collected in fewer than 3 min from lifting the cage either via retro-orbital sinus bleeds (prior to perfusion, N = 6/group) or directly from the trunk after decapitation (n = 9-11/group). Blood was clotted at room temperature for 90 min prior to centrifugation at 1300 × g for 15 min at 4°C. Plasma was aspirated and then centrifuged a second time for 1 min to remove any residual red blood cells prior to aliquoting for storage.
Animals were perfused transcardially with 0.9% saline (2 min at 10 ml/min) followed by 4% paraformaldehyde (PFA; 5 min at 10 ml/min). After dissections, brains from perfused animals were submerged in PFA at 4°C for 3 h followed by cryoprotection using 30% sucrose (overnight at 4°C) prior to snap-freezing.
On day 15, the number of developing embryos in each uterine horn was counted and fetal developmental abnormalities (as detailed below) or resorption sites were recorded by an observer unaware of treatment conditions. The fetuses were individually massed and a subset (n = 4, 6 for control and stress, respectively) were assessed for developmental stage based on Theiler Staging (Theiler, 2013) by two independent observers unaware of experimental treatment. Placentae and pituitaries were flash frozen in isopentane on dry ice. Maternal hypothalami were dissected from the brain and divided in half along the midline before flash freezing. One half of each hypothalamus was used for RFRP-3 peptide quantification using an ELISA.
All tissues were stored at −80°C until assay and analysis.
Brain Tissue Histology, Microscopy, and Image Analysis
Brain Immunohistochemistry
All immunohistochemistry was performed on brains fixed via perfusion with 4% PFA. Brains were sectioned in the coronal plane at 40 μm on a Leica 3050S cryostat and stored at −20°C in antifreeze solution until immunohistochemistry (IHC) was performed. To visualize RFRP-3-immunoreactive (RFRP-3-ir) cell bodies, their processes, and TIDA neurons, double-label immunofluorescence was performed on every fourth 40 μm brain section. To visualize TIDA neurons, an anti-tyrosine hydroxylase (TH) antibody was used, as TH is the rate-limiting enzyme in the conversion of tyrosine to dopamine. Briefly, free floating sections were washed in phosphate-buffered saline (PBS), incubated for 10 min in 0.5% hydrogen peroxide, washed in PBS again, and then blocked for 1 h in 3% normal goat serum suspended in PBS containing 0.1% Triton X-100 (PBT). Sections were then incubated for 48 h at 4°C in a rabbit polyclonal anti-RFRP-3 antibody (1:120,000; PAC 123/124) with 2% normal goat serum in PBT. After incubation in the primary antibody, sections were washed in PBT, incubated for 1 h in biotinylated goat anti-rabbit IgG (1:300, Vector Laboratories, Burlingame, CA), washed in PBT, and incubated for 1 h in avidin-biotin-horseradish peroxidase complex (ABC Elite Kit, Vector Laboratories). Sections were then washed with PBT followed by 0.6% biotinylated tyramide solution for 30 min. After washing with PBS, cells were labeled with the fluorophore, CY-2 streptavidin conjugate (1:150, Jackson ImmunoResearch Laboratories, West Grove, PA). Next, sections were washed with PBS and incubated for 1 h with 3% normal donkey serum suspended in PBT prior to being incubated for 48 h at 4°C in a mouse polyclonal anti-TH antibody (1:10,000; T2928, Sigma-Aldrich, St. Louis, MO) with 2% normal goat serum in PBT. Following incubation, sections were washed and labeled with the fluorophore, CY-3 donkey-anti-mouse (1:150, Jackson ImmunoResearch Laboratories, West Grove, PA). Sections were then incubated with DAPI (1:20,000, Invitrogen, catalog #D1306) for 10 min. Finally, sections were washed with PBS and mounted onto gelatin-coated slides, dehydrated and cleared with xylene, and coverslips were applied.
RFRP-3-ir and TIDA Neuron Image Analysis
To determine the number of RFRP-3-ir cells labeled and the percentage of TIDA neurons with close apposition from RFRP-3-ir fibers, sections were examined using conventional microscopy and the standard wavelengths for CY-2 (488 nm) and CY-3 (568 nm) with a Zeiss Z1 microscope (Thornwood, NY). Every fourth section through the dorsomedial hypothalamus was examined for RFRP-3-ir cell bodies. Every fourth section through the arcuate nucleus of the hypothalamus was examined for TH-ir and RFRP-3-ir terminal fibers. Photomicrographs were taken at 400×. Each label was captured in an automated Z-stack at 0.5-μm increments. Images were quantified in Fiji (Schindelin et al., 2012) by two investigators unaware of experimental treatment. The average counts per section were used for analyses. For each animal, the rostral-caudal extent of the arcuate nucleus was examined and three consecutive sections in the sequence were chosen based on TH-positive cell location (Supplementary Figure S1).
Hormone Assays
All AM blood samples used in hormone analyses were collected from the trunk following rapid decapitation. All PM blood samples used in hormone analyses were collected via retro-orbital sinus bleeds. Progesterone was quantified using a Cayman Chemical Progesterone ELISA (Item No. 582601, Ann Arbor, MI). Intra- and inter-assay coefficients of variation (COV) for progesterone were 3.6 and 6.8%, respectively. Baseline corticosterone was quantified using an Enzo corticosterone ELISA kit (ADI-900-097; Enzo Life Sciences, Inc., Farmingdale, NY) according to the manufacturer’s protocol for small sample volumes. Intra- and inter-assay COV were 6.19 and 5.08%, respectively. Prolactin was assayed using a mouse prolactin ELISA kit from Abcam (ab100736, Cambridge, MA). Intra- and inter-assay COV were 3.6 and 4.2%, respectively. LH concentrations were quantified using LH ELISA, modified from (Ancel et al., 2012). The protocol was kindly provided by Dr. Jens D. Mikkelsen (Copenhagen University Hospital, Denmark). Briefly, 96-well microtiter plates were coated with 50 μL of bovine LHβ 518B7 monoclonal antibody (kindly provided by Lillian E Sibley, UC Davis) and incubated overnight at 4°C. Excess antibody was removed, and the plates were washed with 200 μL/well of 10 mM PBS with 0.1% Tween 20. The plates were blocked using 5% skim milk powder in PBS with 0.1% Tween 20 and incubated for 1 h at room temperature. Following washes, 50 μL of sample or standards of mouse LH (mouse RIA kit, National Hormone and Pituitary program, University of California, Harbor Medical Center, Los Angeles, CA), diluted in assay buffer, were added per well in duplicates and incubated for 2 h at room temperature. The plates were washed and 50 μL of rabbit polyclonal LH antibody (AFP240580Rb, National Hormone and Pituitary program, University of California, Harbor Medical Center, Los Angeles, CA) were added into each well and then incubated at room temperature for 90 min. After washing, 50 µL of a polyclonal goat anti-rabbit IgG conjugated to horseradish peroxidase (DAKO Cytomation, catalog #P0448) were added at 1:2000 dilution and incubated for 1 h at room temperature. After washing, 100 μL of o-phenylenediamine [OPD (Invitrogen, catalog # 00–2003)] in citrate buffer were added to all the wells. The color reaction was allowed to develop for 30 min in the dark. The reaction was stopped by adding 50 μL of 3M HCl per well and the optical density of each well was read immediately at 490 nm with a correction using at 655 nm. Samples which did not reach the limit for detection for the LH assay were assigned the lowest measurable value (28/90 samples). Intra- and inter-assay coefficients of variation were 5.3 and 4.9%, respectively. Some samples did not have sufficient plasma to quantify all hormones, thus sample sizes vary.
Gene Expression
Total RNA was extracted from pituitary samples using an RNAqueous micro kit (AM 1931, Ambion, Life Technologies, Carlsbad, CA) and from placental samples using ISOLATE II RNA Mini-kit (BIO-52073, Bioline United States Inc., Taunton, MA). RNA concentration and purity were assessed by spectrophotometry (NanoDrop 2000; Thermo Fisher Scientific). The RNA quality of a random subset of samples was analyzed on an Agilent Technologies Bioanalyzer and yielded an RNA integrity number (RIN) of 7.6 or higher for pituitaries and 9.4 or higher for placentae. Reverse transcription was performed using Takara Bio PrimeScript RT Reagent Kit with gDNA Eraser (cat. No RR047A, Mountain View, CA) and then frozen at -20°C until qRT-PCR was performed.
Analysis of relative gene expression via qRT-PCR was performed using SSOAdvanced SYBR Green supermix (BIO-RAD, 1725272, Hercules, CA, United States). Samples were run on a BIO-RAD CFX384 machine with 10 µL reaction volumes with a 2-step amplification for 40 cycles with an annealing temperature of 60°C followed by a melt curve. Primers were designed from published sequences for Mus musculus using NCBI Primer BLAST software (Supplementary Table S1). Primer sets were validated for specificity using positive, negative, no reverse transcriptase, and no template controls, and confirmed with a single-peak melt curve and correct product length. Efficiency of each primer set was determined by standard curve; primers were 95.3–106.2% efficient with R2 values above 0.99. All samples were run in triplicate. Replicate sets in which Cq values varied beyond 0.5 cycles were excluded from analysis and resulting data were analyzed in Microsoft Excel following the ΔΔCq method (Pfaffl, 2001).
The geometric mean for the expression of two housekeeping genes was used for reference where possible. We tested several housekeeping genes across all tissues, and we removed those that varied across treatments based on linear models identical to those used for analyses (see Statistical Analysis). Rplp and Tubb were used as reference genes for the pituitaries, Rplp and TBP were used as reference genes for the labyrinth zone, and TBP was used alone for the junctional zone. In all gene replicate groups, the Cq standard deviations for chosen housekeeping genes were smaller than 0.2. All data are expressed as a fold-change over early-pregnancy, control individuals. Some samples did not have sufficient cDNA to quantify the expression of all genes, thus sample sizes vary.
Placental Dissection, Histology and Image Analysis
Tissue Preparation and Histology
Fresh-frozen placentae were sectioned on a cryostat for gene expression and histological analyses. Placental junctional and labyrinth zones (JZ and LZ, respectively) were separated using punches for RNA extraction and gene expression analysis in 60 µm sections. A 40 µm section of each placenta was collected for PCR-based sexing. For histological assessment, sections were collected at 20 µm from these same placentas. Sections were thaw-mounted on slides and stored at −20°C until staining. Slide-mounted tissue was fixed in 4% PFA for 30 min, stained with hematoxylin and eosin Y, and cleared with HistoClear before coverslipping with Permount (SP15-500, Fisher Scientific).
Placental Image Analysis
Placental sections were scanned using on a Zeiss AxioScan.Z1 microscope at the CRL Molecular Imaging Center at the University of California, Berkeley. Images were taken at 5x and individual tiles were automatically stitched together in the Zeiss ZEN two Slidescan application (blue edition) to create a single image of the placenta. Cross-section photos were then converted from proprietary .czi file types to .tiff file types in the Zeiss ZEN 3.1 application (blue edition). Four representative scans from each placenta were selected by an investigator unaware of their experimental condition.
A custom MATLAB script was created to process the selected images and quantify the total cross-section area, LZ area, JZ area, percentage of each zone containing tissue, and length of the LZ-JZ border. For the full script, please refer to our GitHub repository: https://github.com/Kriegsfeld-Lab/Placenta-Morphology-Analysis-2021.
Briefly, the MATLAB script employed a color analysis to divide the placental zones - labyrinth, junctional, and decidua-according to their characteristic colors following H&E staining (See Supplementary Figure S2). Four sections from each placenta were randomly selected for morphological quantification and analysis. First, each original photomicrograph was divided into eight different clusters based on a CMYK color map, controlling for the intensity and contrast of the stain on each tissue section. The user, unaware of treatment assignment, was prompted to choose which of the eight CMYK clusters was the brightest in all placental zones and the script then focused on that cluster for the remainder of the analysis. Next, the chosen CMYK cluster was divided into eight different segmentations based on distance between color peaks on an HSV color map. As the different placental zones absorb hematoxylin and eosin Y differently, each zone is best represented by a different color. The eight largest color peaks on the HSV map were divided such that each zone was most visible in the color segmentation that was closest to the stain color of that zone. This information was used to assign a color segmentation to each zone. The user was then prompted to outline each zone (LZ, JZ, and decidua) on the color segmentation chosen for each zone, respectively. This outline directed the script to the location to be analyzed and the perimeter of each placental zone to be defined. A separate image was generated for each zone (Supplementary Figure S2) and the perimeter outline was used to calculate the area of the region, as well as subtract the area that does not contain tissue. The length of the junction of the LZ and JZ was calculated by detecting where their perimeters overlap. Finally, the images of the zone sub-region perimeters, tissue, the LZ:JZ junction line were compiled.
In some instances where chorionic plate tissue or remnants of the yolk sac were adhered to the placenta, they were excluded from the analysis using an accessory script that used the images and calculations created from the main script to recalculate the final data based on user input. This code is also in the GitHub repository.
Determination of Sex
Placental sections (40 µm) were incubated overnight at 56°C in 200 µL of proteinase K and lysis buffer diluted at 1:100 (200 mM NaCl, 100 mM Tris (pH 8.5), 5 mM EDTA (pH 8.0), and 0.2 percent SDS). The digested samples were centrifuged at 14,000 g at room temperature for 10 min, and the supernatant was poured off into a tube containing 200 µL of isopropanol and subsequently inverted to precipitate the DNA pellet. After a second round of centrifugation (14,000 g, room temperature, 10 min), the isopropanol was aspirated and the DNA pellet for each sample was diluted with 50 µL of TE Buffer (pH 7.6). The polymerase chain reaction (PCR) designed as a probe for sex genotyping was adapted from Simon James Tunster (2017) to yield a 269 bp product from the X chromosome and a 353 bp product from the Y chromosome (Forward: CAC​CTT​AAG​AAC​AAG​CCA​ATA​CA; Reverse: GGC​TTG​TCC​TGA​AAA​CAT​TTG​G) (Tunster, 2017). This probe was used to detect the two-copy Y-linked Rbm31y and the single-copy X-linked Rbm31x in the DNA samples. PCR was performed using MyTaq 2X Red Mix from Bioline (cat. no BIO-25044, Memphis, TN), and 10 µM of Rbm31x/y forward and reverse primers. Thermocycler conditions were 94°C for 2 min, followed by 30 cycles of 94°C for 20 s, 60°C for 20 s and 72°C for 30 s with a final elongation period of 72°C for 5 min. PCR reaction products were mixed with 6X Blue Gel Loading Dye and then electrophoresed onto a 1.5 percent agarose gel.
Statistical Analyses
Analyses were conducted in R (R Core Team, 2021) using base R functions as well as packages lme4 (Bates et al., 2015, 4), lmerTest (Kuznetsova et al., 2017), emmeans (Lenth, 2021), and scales (Wickham et al., 2020). For all analyses, p < 0.05 was considered statistically significant.
Effects of gestational day and stress on maternal physiological measures (e.g., hypothalamic RFRP-3-ir and TIDA neuron abundance, hormone concentrations, pituitary gene expression) were tested using linear models. Significant main effects were examined via post hoc contrasts using Bonferroni-Holm correction for multiple comparisons.
Effects of gestational day and treatment on maternal mass were tested using linear mixed models with dam as a random effect.
Mann Whitney U tests were used to compare litter size and resorption site counts between treatment groups. A logistic regression using the glmer procedure was used to test for effects of treatment on sex bias within litters.
Differences in embryo mass attributable to treatment were assessed using linear mixed models including an interaction between treatment and embryonic sex and dam as a random effect. Litter size had no effect on any models, nor did it differ between treatments and it was thus excluded. Ten (10) embryo masses were excluded from the dataset due to technical errors in dissection.
The effects of stress exposure on placental structure were examined using a series of linear mixed models (See Supplementary Table S2). We summed variables across four representative images of each placenta to reduce bias and noise in analysis due to using a single image. All analyses were conducted on these summed variables. Linear mixed models all included dam as a random effect. We used the rescale function from the scales packages to rescale area measurements for analysis.
Finally, to test for effects of stress exposure on gene expression in the placenta, a series of linear mixed models were used (See Supplementary Tables S3, S4 for full models and results). In all models, dam ID was included as a random effect. Models included fetal mass as a proxy for developmental stage. We used the rescale from the scales packages to rescale gene expression values from qRT-PCR for analysis.
RESULTS
Hypothalamic Networks Are Not Affected by Stress
The number of RFRP-3-ir cells decreased as pregnancy progressed (Figure 2A; Gestational day: F1,16 = 22.69, p < 0.0003), as did the intensity of labeling (optical density) in RFRP-3-ir cells (Figure 2B; Gestational day: F1,16 = 12.81, p < 0.003). There was no significant effect of gestational day or stress on the size of RFRP-3-ir cells (Figure 2C; p > 0.11 for all comparisons).
[image: Figure 2]FIGURE 2 | RFRP-3-ir cell numbers/intensity and projections to TIDA (TH+) neurons are impacted by stage of pregnancy, but not by stress. (A–C) Number and intensity of RFRP-3-ir neurons were modulated by pregnancy progression but unaffected by stress, whereas the size of RFRP-3-ir neurons remained constant in all treatments. (D,E) The number of TH + cells was unaltered by gestational day of pregnancy or stress exposure, whereas contacts between TH + cells and RFRP-3-ir neurons decreased across gestation. (F) A representative image of TH + neuron receiving close contacts from RFRP-3-ir axon. High power inset shows contacts in further detail. Asterisks (*) indicate significant (p < 0.05) main effects.
TH-ir cell numbers did not change across gestation nor with chronic stress exposure (Figure 2D, p > 0.11 for all main effects). However, gestational day did affect the percentage of TH-ir cells contacted by RFRP-3-ir fibers: the percentage of hypothalamic TH-ir neurons receiving close contacts from RFRP-3-ir axons decreased from early-to mid-gestation (Figure 2E, Gestational day: F1,14 = 5.017, p < 0.05). Stress did not impact the percentage of contacts between RFRP-ir fibers and TH-ir cells (Figure 2E).
Pituitary Expression of Prolactin (Prl) mRNA and a Relevant Regulatory Receptor Were Impacted by Stress Early in Pregnancy, but Circulating Prolactin Remained Unaltered
Chronic stress elevated pituitary D2 receptor mRNA expression at both early- and mid-gestation (Figure 3A; Treatment: F1,30 = 8.50, p < 0.007). Chronic stress also resulted in a reduction of Prl mRNA abundance during early gestation, however it had no effect on mid-gestation abundance (Figure 3B; Treatment×Gestational Day: F1,31 = 4.25, p < 0.05).
[image: Figure 3]FIGURE 3 | The impact of stress on pituitary mRNA expression. (A) Pituitary D2 receptor (D2R) mRNA expression was increased in both early- and mid-pregnancy by chronic psychological stress exposure. (B) Pituitary Prl mRNA expression was attenuated by stress in early-, but not mid-pregnancy. (C) pituitary LHβ mRNA expression was unaffected by stress, but exhibited a reduction as pregnancy progressed. Asterisks (*) indicate significant (p < 0.05) main effects. Different letters indicate significant differences (p < 0.05) in post-hoc analyses using the Bonferroni-Holm correction for multiple comparisons.
Changes in pituitary gene expression did not correspond to changes in the circulating level of prolactin. Circulating concentrations of prolactin were assessed in the morning and late afternoon during the expected times of twice-daily prolactin surges. Circulating prolactin decreased as pregnancy progressed for both morning and evening surges (Figures 4A,B; Gestation AM: F2,50 = 29.35, p < 3.70E-9; Gestation PM: F1,34 = 7.55, p < 0.01). However, prolactin concentrations did not differ between chronically stressed mice and control groups at any timepoint (Figures 4A,B; p > 0.05 for all).
[image: Figure 4]FIGURE 4 | Circulating pituitary hormones change across pregnancy but are unaffected by chronic stress. (A) Morning circulating prolactin decreased as pregnancy progressed, but concentrations did not differ between chronically-stressed and non-stressed mice at either pregnancy stage. (B) Similar patterns were found in evening levels of circulating prolactin. (C) Circulating morning LH was unaffected stress, but decreased during mid-pregnancy (day 15). (D) Circulating evening LH did not differ among treatments. Asterisks (*) indicate significant (p < 0.05) main effects. Different letters indicate significant differences (p < 0.05) in post-hoc analyses using the Bonferroni-Holm correction for multiple comparisons.
Pituitary expression of LHβ subunit decreased as pregnancy progressed, but was not altered by chronic stress (Figure 3C; Gestational Day: F1,28 = 15.44, p < 0.0006; p > 0.05 for other main effects). Circulating LH similarly decreased across gestation (at least in the morning) but was not altered by chronic stress (Figures 4C,D; AM LH: Gestational Day: F2,50 = 4.38, p < 0.02).
Concentration of Steroid Hormones in Maternal Circulation Were Impacted by Stress and Pregnancy Stage
Chronic stress elevated morning baseline corticosterone concentrations during early and mid-pregnancy relative to unstressed dams (Figure 5A; Treatment×Gestational day: F2,50 = 3.37, p < 0.04). In the evening, baseline corticosterone was lower in stressed dams during early-pregnancy relative all other timepoints (Figure 5B; Treatment×Gestational day: F1,33 = 3.16, p = 0.08; p < 0.03 for all post-hoc comparisons).
[image: Figure 5]FIGURE 5 | Steroid hormones are modulated by chronic stress and gestation. (A) Morning baseline corticosterone concentrations were elevated in chronically-stressed mice on day 5 and 10 of pregnancy, but not on day 15 of pregnancy. (B) In the evening, corticosterone was suppressed in chronically stressed dams during early pregnancy (day 5), but unaltered during mid-pregnancy. (C) Morning progesterone was lower in chronically stressed dams during early pregnancy, but was unaffected by stress at later timepoints. (D) Evening progesterone was lower in chronically stressed dams during both early- and mid-pregnancy compared to non-stressed mice. Different letters indicate significant differences (p < 0.05) in post-hoc analyses using the Bonferroni-Holm correction for multiple comparisons.
Stress also resulted in the suppression of serum progesterone. In the morning, this suppression was only apparent during early pregnancy (Figure 5C; Treatment×Gestational day: F2,51 = 6.11, p < 0.005; p < 0.004 for all post-hoc comparisons). In the evening, progesterone concentrations were lower in stressed dams regardless of gestational day (Figure 5D; Treatment: F1,34 = 32.57, p < 2.08E-6). There were no significant correlations between serum corticosterone and progesterone at any time point in pregnancy (all p > 0.15).
Stress Inhibits Maternal Mass Gain Across Gestation
Chronically-stressed mice exhibited a different pattern of mass gain throughout gestation, compared to non-stressed mice (Treatment×Gestational day: F1,245 = 8.9, p < 0.004). Although both groups gained mass across their pregnancies, stressed females exhibited smaller mass gains than non-stressed females across the pregnancy and thus remained lower in average mass throughout gestation (Figure 6). Some of this slower gain in mass was driven by mass loss across the first 6 days of gestation (see Supplementary Figure S3).
[image: Figure 6]FIGURE 6 | Gestational stress inhibits mass gain by dams, and progesterone is correlated with mid-term mass in stressed dams. Pregnant mice that were exposed to chronic stress for the first 9 days of gestation exhibited a different pattern of mass gain throughout gestation, compared to non-stressed mice, with a magnitude of difference increasing as pregnancy progressed.
Stress Results in Variable Embryo Development
We found no effect of stress on embryonic mass irrespective of sex (Figure 7A; Treatment: F1,16.95 = 2.79, p = 0.11). However, we also recorded developmental stages for embryos from a subset of dams within the experiment (Control N = 4; Treatment N = 6) and we found that while developmental stage was consistent among embryos from non-stressed mice (N = 4; all embryos staged at TS 22 or 23), embryos from chronically stressed mice exhibited a higher variation in developmental stage such that 35% of embryos were at TS < 22 and 50% of dams (N = 6) had embryos at TS < 22 (Table 1). Formal analyses of these differences are precluded by sample size. Nonetheless, we also found no effect of stress on litter size or the number of resorption sites per dam (Litter size: W = 44, p = 0.97; Resorption sites: W = 56, p = 0.34; Table 1). Finally, there was no effect of treatment on sex-bias within litters (logistic regression, Treatment: p = 0.32).
[image: Figure 7]FIGURE 7 | Chronic psychological stress exposure did not affect fetal or placental outcomes. (A) Within litters, male embryos tended to be larger than female embryos, but there were no effects of stress on mass. (B) Placental cross-sectional areas did not differ by fetal sex or with gestational stress exposure. (C) The area of the junctional zone was larger in male embryos compared with female embryos, but it was not altered by gestational stress. (D) Female labyrinth zones tended to be larger than that of males, but there was no effect of gestational stress on the area. Letters indicate significant differences (p < 0.05) in post-hoc analyses using the Bonferroni-Holm correction for multiple comparisons.
TABLE 1 | Descriptive parameters of embryo development in chronically-stressed and non-stressed (control) dams. Pregnant mice were exposed to stress for the first 9 days of gestation, 4 h per day, and allowed six more days to recover before tissue collection at gestational day 15. Non-stressed pregnant mice remained in their home cage.
[image: Table 1]Gestational Stress did Not Alter Structure or Function of the Placenta
Morphology
To examine the long-term impact of chronic stress on placental morphology, we quantified the total area (mm2) of the JZ and LZ, tissue density within these regions, and the tortuosity of the junction between the JZ and the LZ (Supplementary Figure S2). Fetal mass, used here as a proxy for developmental stage, had a strong and significant effect on most measures of placental histology; larger fetuses, presumably of later developmental stages, had larger placentas (Sex: F1,17.66 = 35.07, p < 0.0001). Fetal sex also impacted the make-up of the placenta, with male embryos having larger junctional zones relative to female embryos in both absolute and relative terms (Figure 7C; Supplementary Table S2). Tortuosity of the junction between the junctional and labyrinth zone was similarly unaffected by stress during gestation (see Supplementary Table S2).
Gene Expression
Using qRT-PCR, we quantified expression of a panel of genes relevant to placental function and development (see Introduction). Developmental stage had a significant effect on expression of all genes of interest in both junctional and labyrinth zone, except for Tpbpa in either zone and 11β-HSD1 in the labyrinth zone (p < 0.006 for all; see Supplementary Tables S3, S4). When controlling for developmental stage, there was no effect of stress on expression of genes of interest in either the JZ or LZ (p > 0.15 in all cases; see Supplementary Tables S3, S4).
DISCUSSION
The present study sought to investigate two questions: whether psychological stress during in early pregnancy modifies neuroendocrine circuitry and hormone production, and whether fetal and placental development are impacted by this stressor. Although we found that chronic psychological stress resulted in elevated corticosterone in gestating dams (Figure 5A), demonstrating the stressor activated the HPA-axis, our results suggest that major components of the reproductive neuroendocrine system, the fetus, and the placenta are resilient to psychological stress up until mid-pregnancy. In addition to identifying select neuroendocrine resilience to psychological stress during pregnancy, we identified novel connectivity between RFRP-3-ir and TIDA neurons, and we reveal dynamic regulation of this putative circuit across early gestation. Together, these results pose new questions about the mechanism(s) underlying maternal and embryonic resilience to stress during early to mid-gestation.
In general, our results qualitatively align with previous work on chronic stress in pregnant mice (Wilsterman et al., 2018), finding that stress-related suppression of progesterone release is not associated with changes to the production of the pituitary hormones PRL or LH. Our study also supports the hypothesis that maternal body condition or energy balance contributes to changes in progesterone (Wilsterman et al., 2018). Intriguingly, new data from this study suggest that stress exposure alters the daily pattern of corticosterone production (see Figures 5A,B), perhaps pointing to effects of stress on the circadian system (e.g., Smarr et al., 2017; Varcoe, 2018; Gotlieb et al., 2020). More detailed work on markers of energy balance that may influence progesterone secretion and circadian dynamics related to stress responses during gestation are needed to disentangle the mechanisms driving this relationship.
In this study, we identified novel connections between RFRP-3-ir cells and TIDA neurons (Figure 2). These connections suggest a novel pathway by which stress, via corticosterone action on RFRP-3, might impact prolactin regulation. Surprisingly though, we found no effects of gestational stress on any of the hypothalamic or hormone measures within this putative pathway. The absence of any change in hypothalamic RFRP-3-ir in particular was unexpected because previous work in non-pregnant or pre-pregnant mice and rats consistently showed stress-dependent changes in RFRP-3-ir cell activation and gene expression (Kirby et al., 2009; Geraghty et al., 2015; Yang et al., 2018; Singh et al., 2022). Thus, our study suggests that maternal neuroendocrine systems are buffered from stress during the first two thirds of gestation. Indeed, across mammalian species, including humans, extensive morphological and functional central changes occur during pregnancy (Zingg et al., 1995; Galea et al., 2000; Grattan et al., 2001; Oatridge et al., 2002; Kokay et al., 2006; Pawluski et al., 2009; Hillerer et al., 2014; Kim, 2016), and during late gestation, these changes include an attenuated HPA response to a variety of stressors (Douglas et al., 1998). Because our study focused on early to mid-gestation with dams displaying a robust change in production of glucocorticoids, HPA axis attenuation cannot explain out results, and instead our data point to a novel system responsible for buffering the effects of stress on maternal physiology. Dynamic mechanisms are likely necessary in part because the fetus and placenta increasingly participate in neuroendocrine regulation of maternal physiology during late gestation; thus, maternal physiology must be dynamically regulated as well. More specifically, our study suggests that, during early pregnancy, changes in the connectivity between RFRP-3-ir neurons and other hypothalamic mediators of the stress response (e.g., changes in GR receptor expression) may contribute to stress resilience.
The failure to detect changes in putative RFRP-3-TIDA-mediated prolactin release is surprising given that we found evidence for changes in the mRNA abundance for both D2r and Prl in the pituitary gland of stressed dams. The pattern of gene expression for D2r and Prl in the pituitary gland is consistent with stress-dependent increases in the inhibitory tonicity of dopamine on prolactin transcription in the pituitary (Maurer, 1981; Ben-Jonathan and Hnasko, 2001), suggesting that stressed dams were indeed experiencing greater dopamine-dependent inhibition of prolactin production. One possible explanation for the absence of any change in circulating prolactin is that transcriptional changes did not contribute to significant changes in protein production, ultimately equalizing prolactin production and release between treatment groups. Alternatively, there may be a difference in prolactin production that we failed to detect in our study due to the pulsatile pattern of prolactin release during pregnancy. With a pulsatile secretion pattern, a single time point may not be representative of the dynamic changes in hormone secretion (Guillou et al., 2015; Grant et al., 2018). Notably, the surge values measured here are lower than expected (e.g., Barkley et al., 1978; Helena et al., 2009), suggesting we did not capture the peak of the surge in our sampling. Greater temporal resolution hormone measures (e.g., serial/time course sample collection) are needed to determine definitively whether our stress paradigm leads to hypothalamic-pituitary dysregulation and stress-induced hormone dysregulation.
A major motivation for carrying out this study was evidence for a host of stress-related detrimental effects on implantation, litter size, embryo resorption, fetal growth, and survival rates (Arck et al., 1995; Haque et al., 2004; Kondoh et al., 2009; Geraghty et al., 2015; Jafari et al., 2017). However, when controlling for developmental stage, we found no effect of stress on fetal mass. It is possible that differences in mass or growth would have emerged later in gestation, as fetal growth increases exponentially during the final third of gestation. In agreement with this possibility, in other studies that were focused on chronic stress and fetal growth outcomes, no effects on growth or placental phenotypes were detected until near-term (Oatridge et al., 2002). Thus, an absence of stress-related effects on fetal growth at mid-pregnancy does not indicate that chronic psychological stress during gestation is inconsequential. Examining placental and fetal phenotypes across the final third of pregnancy under similar stress protocols as used here will be informative for understanding how and when late gestation phenotypes emerge.
Despite observing no effect of stress on fetal mass, we found substantial variability in litter development among dams subjected to psychological stress that was absent in control dams. Variability in litter development among stressed dams indicates individual variation in sensitivity or susceptibility to the chronic stress applied in this study. Individual differences in stress response are surprising given that the mice in this study are genetically identical. Differences in vulnerability and resilience may arise from epigenetic modifications linked to early life experience or social position. For example, in humans, methylation in the promoter of the GR NR3C1 is associated with maternal prenatal stress (Radtke et al., 2011; Mulligan et al., 2012; Hompes et al., 2013). Social factors prior to pregnancy, including whether dams were dominant or subordinate, could also contribute to epigenetic variation or susceptibility [e.g., (Nesher et al., 2013; Gross and Pinhasov, 2016; Gross et al., 2018; Bairachnaya et al., 2019; Murlanova et al., 2021)]. Finally, as alluded to earlier, variation in maternal condition might also contribute to or predict fetal growth trajectories and developmental delays [e.g. (Cross et al., 1994; Spencer and Bazer, 2002; Miller et al., 2004; Geraghty et al., 2015)]. Clarifying the interactions and mechanisms that lead some individuals to be resilient versus susceptible to stress will be important for explaining individual variation in outcomes, as seen here.
Overall, the present findings suggest that the impact of stress on glucocorticoid production is evident well past its cessation, but that many aspects of reproductive function are largely unaffected up until mid-gestation. Nonetheless, variation in litter development among stress-exposed-mothers points to the importance of understanding individual variation in susceptibility to stress in terms of predicting risk for adverse gestational outcomes. Finally, the impact of stress during pregnancy appears to occur via mechanisms distinct from those seen in non-pregnant animals. Further studies examining these alternative pathways at different stages of pregnancy are important for understanding how stress at different periods of gestation might translate into altered gestational outcomes.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://github.com/kwilsterman/ChronicPrenatalStress_2022.git.
ETHICS STATEMENT
The animal study was reviewed and approved by UC Berkeley Office of Laboratory Animal Care.
AUTHOR CONTRIBUTIONS
NG, KW, GB, and LK conceptualized the study. NG, KW, SB, SF, and MB carried out the experiment and sample collection. NG, SB, SF, MB, EI-U, and KU generated data from experimental tissues. NG curated data. KW and NG completed formal analyses and KW created figures. NG, LK, and KW drafted the manuscript and made revisions. GB and LK reviewed and edited the manuscript. All authors approved of the final manuscript.
FUNDING
KW was supported by NSF DBI grant 1907233 and DGE grant 1106400. Additional funding was provided via NIH grant R01 HD-050470 to LK, NSF IOS grant 1856750 to GB, and JSPS KAKENHI Grant 20KK0161 to KU.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank Pooja Srinivas, Amber Kirawala, Damhee Hu, Lee-Or Scarlat, Marina Fayzullina, Diana Cornejo, Gwyneth Hutchinson, Crystal Chan, Laura Reynolds, Emily Tang, Veronica Kim, Kim Jennings, Tim Van Ruitenbeek, and especially Oscar Becerra, for technical assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2022.886298/full#supplementary-material
REFERENCES
 Albers R. E., Kaufman M. R., Natale B. V., Keoni C., Kulkarni-Datar K. Min S., et al. (2019). Trophoblast-Specific Expression of Hif-1α Results in Preeclampsia-like Symptoms and Fetal Growth Restriction. Sci. Rep. 9, 2742. doi:10.1038/s41598-019-39426-5
 Ancel C., Bentsen A. H., Sébert M.-E., Tena-Sempere M., Mikkelsen J. D., Simonneaux V. (2012). Stimulatory Effect of RFRP-3 on the Gonadotrophic Axis in the Male Syrian Hamster: The Exception Proves the Rule. Endocrinology 153, 1352–1363. doi:10.1210/en.2011-1622
 Arck P. C., Merali F. S., Manuel J., Chaouat G., Clark D. A. (1995). Stress-triggered Abortion: Inhibition of Protective Suppression and Promotion of Tumor Necrosis Factor-Alpha (TNF-Alpha) Release as a Mechanism Triggering Resorptions in Mice. Am. J. Reprod. Immunol. N. Y. N. 33, 74–80. doi:10.1111/j.1600-0897.1995.tb01141.x
 Bairachnaya M., Agranyoni O., Antoch M., Michaelevski I., Pinhasov A. (2019). Innate Sensitivity to Stress Facilitates Inflammation, Alters Metabolism and Shortens Lifespan in a Mouse Model of Social Hierarchy. Aging 11, 9901–9911. doi:10.18632/aging.102440
 Barkley M. S., Bradford G. E., Geschwind I. I. (1978). The Pattern of Plasma Prolactin Concentration during the First Half of Mouse Gestation. Biol. Reprod. 19, 291–296. doi:10.1095/biolreprod19.2.291
 Bates D., Mächler M., Bolker B., Walker S. (2015). Fitting Linear Mixed-Effects Models Using Lme4. J. Stat. Soft. 67 (1), 1–48. doi:10.18637/jss.v067.i01
 Ben-Jonathan N., Hnasko R. (2001). Dopamine as a Prolactin (PRL) Inhibitor. Endocr. Rev. 22, 724–763. doi:10.1210/edrv.22.6.0451
 Cross J., Werb Z., Fisher S. (1994). Implantation and the Placenta: Key Pieces of the Development Puzzle. Science 266, 1508–1518. doi:10.1126/science.7985020
 Douglas A., Johnstone H., Wigger A., Landgraf R., Russell J., Neumann I. (1998). The Role of Endogenous Opioids in Neurohypophysial and Hypothalamo-Pituitary-Adrenal axis Hormone Secretory Responses to Stress in Pregnant Rats. J. Endocrinol. 158, 285–293. doi:10.1677/joe.0.1580285
 Faria T. N., Soares M. J. (1991). Trophoblast Cell Differentiation: Establishment, Characterization, and Modulation of a Rat Trophoblast Cell Line Expressing Members of the Placental Prolactin Family. Endocrinology 129, 2895–2906. doi:10.1210/endo-129-6-2895
 Faria T. N., Deb S., Kwok S. C. M., Talamantes F., Soares M. J. (1990). Ontogeny of Placental Lactogen-I and Placental Lactogen-II Expression in the Developing Rat Placenta. Dev. Biol. 141, 279–291. doi:10.1016/0012-1606(90)90384-U
 Fuxe K. (1964). Cellular Localization of Monoamines in the Median Eminence and the Infundibular Stem of Some Mammals. Z Zellforsch Mikrosk. Anat. 61, 710–724. doi:10.1007/BF00342620
 Galea L. A. M., Ormerod B. K., Sampath S., Kostaras X., Wilkie D. M., Phelps M. T. (2000). Spatial Working Memory and Hippocampal Size across Pregnancy in Rats. Horm. Behav. 37, 86–95. doi:10.1006/hbeh.1999.1560
 Geraghty A. C., Muroy S. E., Zhao S., Bentley G. E., Kriegsfeld L. J., Kaufer D. (2015). Knockdown of Hypothalamic RFRP3 Prevents Chronic Stress-Induced Infertility and Embryo Resorption. eLife 4, e04316. doi:10.7554/eLife.04316
 Glover V. (2014). Maternal Depression, Anxiety and Stress during Pregnancy and Child Outcome; what Needs to Be Done. Best Pract. Res. Clin. Obstet. Gynaecol. 28, 25–35. doi:10.1016/j.bpobgyn.2013.08.017
 Gotlieb N., Moeller J., Kriegsfeld L. J. (2020). “Development and Modulation of Female Reproductive Function by Circadian Signals,” in Developmental Neuroendocrinology ed . Masterclass in Neuroendocrinology ed . Editors S. Wray, S. Blackshaw (Cham: Springer International Publishing), 413–446. doi:10.1007/978-3-030-40002-6_16
 Grant A. D., Wilsterman K., Smarr B. L., Kriegsfeld L. J. (2018). Evidence for a Coupled Oscillator Model of Endocrine Ultradian Rhythms. J. Biol. Rhythms 33, 475–496. doi:10.1177/0748730418791423
 Grattan D. R., Pi X. J., Andrews Z. B., Augustine R. A., Kokay I. C. Summerfield M. R., et al. (2001). Prolactin Receptors in the Brain during Pregnancy and Lactation: Implications for Behavior. Horm. Behav. 40, 115–124. doi:10.1006/hbeh.2001.1698
 Gross M., Pinhasov A. (2016). Chronic Mild Stress in Submissive Mice: Marked Polydipsia and Social Avoidance without Hedonic Deficit in the Sucrose Preference Test. Behav. Brain Res. 298, 25–34. doi:10.1016/j.bbr.2015.10.049
 Gross M., Romi H., Miller A., Pinhasov A. (2018). Social Dominance Predicts Hippocampal Glucocorticoid Receptor Recruitment and Resilience to Prenatal Adversity. Sci. Rep. 8, 9595. doi:10.1038/s41598-018-27988-9
 Guillou A., Romanò N., Steyn F., Abitbol K., Le Tissier P. Bonnefont X., et al. (2015). Assessment of Lactotroph axis Functionality in Mice: Longitudinal Monitoring of PRL Secretion by Ultrasensitive-ELISA. Endocrinology 156, 1924–1930. doi:10.1210/en.2014-1571
 Haque S. F., Izumi S.-I., Aikawa H., Suzuki T., Matsubayashi H. Murano T., et al. (2004). Anesthesia and Acoustic Stress-Induced Intra-uterine Growth Retardation in Mice. J. Reproduct. Dev. 50, 185–190. doi:10.1262/JRD.50.185
 Helena C. V., McKee D. N. T., Bertram R., Walker A. M., Freeman M. E. (2009). The Rhythmic Secretion of Mating-Induced Prolactin Secretion Is Controlled by Prolactin Acting Centrally. Endocrinology 150, 3245–3251. doi:10.1210/en.2009-0095
 Hillerer K. M., Jacobs V. R., Fischer T., Aigner L. (2014). The Maternal Brain: an Organ with Peripartal Plasticity. Neural Plast. 2014, 1–20. doi:10.1155/2014/574159
 Hobel C. J., Dunkel-Schetter C., Roesch S. C., Castro L. C., Arora C. P. (1999). Maternal Plasma Corticotropin-Releasing Hormone Associated with Stress at 20 Weeks' Gestation in Pregnancies Ending in Preterm Delivery. Am. J. Obstet. Gynecol. 180, S257–S263. doi:10.1016/s0002-9378(99)70712-x
 Hompes T., Izzi B., Gellens E., Morreels M., Fieuws S. Pexsters A., et al. (2013). Investigating the Influence of Maternal Cortisol and Emotional State during Pregnancy on the DNA Methylation Status of the Glucocorticoid Receptor Gene (NR3C1) Promoter Region in Cord Blood. J. Psychiatr. Res. 47, 880–891. doi:10.1016/j.jpsychires.2013.03.009
 Hu D., Cross J. C. (2011). Ablation of Tpbpa-Positive Trophoblast Precursors Leads to Defects in Maternal Spiral Artery Remodeling in the Mouse Placenta. Dev. Biol. 358, 231–239. doi:10.1016/j.ydbio.2011.07.036
 Jafari Z., Faraji J., Mirza Agha B., Metz G. A. S., Kolb B. E., Mohajerani M. H. (2017). The Adverse Effects of Auditory Stress on Mouse Uterus Receptivity and Behaviour. Sci. Rep. 7, 4720. doi:10.1038/s41598-017-04943-8
 Jamieson P. M., Chapman K. E., Edwards C. R., Seckl J. R. (1995). 11 Beta-Hydroxysteroid Dehydrogenase Is an Exclusive 11 Beta- Reductase in Primary Cultures of Rat Hepatocytes: Effect of Physicochemical and Hormonal Manipulations. Endocrinology 136, 4754–4761. doi:10.1210/endo.136.11.7588203
 Janssen A. B., Tunster S. J., Heazell A. E. P., John R. M. (2016). Placental PHLDA2 Expression Is Increased in Cases of Fetal Growth Restriction Following Reduced Fetal Movements. BMC Med. Genet. 17, 17. doi:10.1186/s12881-016-0279-1
 Kajaysri J., Nokkaew W. (2014). Assessment of Pregnancy Status of Asian Elephants (Elephas maximus) by Measurement of Progestagen and Glucocorticoid and Their Metabolite Concentrations in Serum and Feces, Using Enzyme Immunoassay (EIA). J. Vet. Med. Sci. 76, 363–368. doi:10.1292/jvms.13-0103
 Kim P. (2016). Human Maternal Brain Plasticity: Adaptation to Parenting. New Dir. Child Adolesc. Dev. 2016, 47–58. doi:10.1002/cad.20168
 Kirby E. D., Geraghty A. C., Ubuka T., Bentley G. E., Kaufer D. (2009). Stress Increases Putative Gonadotropin Inhibitory Hormone and Decreases Luteinizing Hormone in Male Rats. Proc. Natl. Acad. Sci. U.S.A. 106, 11324–11329. doi:10.1073/pnas.0901176106
 Kokay I. C., Bull P. M., Davis R. L., Ludwig M., Grattan D. R. (2006). Expression of the Long Form of the Prolactin Receptor in Magnocellular Oxytocin Neurons Is Associated with Specific Prolactin Regulation of Oxytocin Neurons. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 290, R1216–R1225. doi:10.1152/ajpregu.00730.2005
 Kondoh E., Okamoto T., Higuchi T., Tatsumi K., Baba T. Murphy S. K., et al. (2009). Stress Affects Uterine Receptivity through an Ovarian-independent Pathway. Hum. Reprod. Oxf. Engl. 24, 945–953. doi:10.1093/humrep/den461
 Kurki T., Hiilesmaa V., Raitasalo R., Mattila H., Ylikorkala O. (2000). Depression and Anxiety in Early Pregnancy and Risk for Preeclampsia. Obstet. Gynecol. 95, 487–490. doi:10.1097/00006250-200004000-00003
 Kuznetsova A., Brockhoff P. B., Christensen R. H. B. (2017). lmerTest Package: Tests in Linear Mixed Effects Models. J. Stat. Soft. 82 (13), 1–26. doi:10.18637/jss.v082.i13
 Lenth R. V. (2021). Emmeans: Estimated Marginal Means, Aka Least-Squares Means. Available at: https://CRAN.R-project.org/package=emmeans. 
 Lesage J., Del-Favero F., Leonhardt M., Louvart H., Maccari S. Vieau D., et al. (2004). Prenatal Stress Induces Intrauterine Growth Restriction and Programmes Glucose Intolerance and Feeding Behaviour Disturbances in the Aged Rat. J. Endocrinol. 181, 291–296. doi:10.1677/joe.0.1810291
 Lou H. C., Hansen D., Nordentoft M., Pryds O., Jensen F. Nim J., et al. (1994). Prenatal Stressors of Human Life Affect Fetal Brain Development. Dev. Med. Child. Neurol. 36, 826–832. doi:10.1111/j.1469-8749.1994.tb08192.x
 Low S. C., Chapman K. E., Edwards C. R. W., Seckl J. R. (1994). 'Liver-type' 11β-Hydroxysteroid Dehydrogenase cDNA Encodes Reductase but Not Dehydrogenase Activity in Intact Mammalian COS-7 Cells. J. Mol. Endocrinol. 13, 167–174. doi:10.1677/jme.0.0130167
 Lyons D. J., Hellysaz A., Broberger C. (2012). Prolactin Regulates Tuberoinfundibular Dopamine Neuron Discharge Pattern: Novel Feedback Control Mechanisms in the Lactotrophic axis. J. Neurosci. 32, 8074–8083. doi:10.1523/JNEUROSCI.0129-12.2012
 Maurer R. A. (1981). Transcriptional Regulation of the Prolactin Gene by Ergocryptine and Cyclic AMP. Nature 294, 94–97. doi:10.1038/294094a0
 Miller B. H., Olson S. L., Turek F. W., Levine J. E., Horton T. H., Takahashi J. S. (2004). Circadian Clock Mutation Disrupts Estrous Cyclicity and Maintenance of Pregnancy. Curr. Biol. 14, 1367–1373. doi:10.1016/j.cub.2004.07.055
 Mulligan C., D'Errico N., Stees J., Hughes D. (2012). Methylation Changes atNR3C1in Newborns Associate with Maternal Prenatal Stress Exposure and Newborn Birth Weight. Epigenetics 7, 853–857. doi:10.4161/epi.21180
 Murlanova K., Michaelevski I., Kreinin A., Terrillion C., Pletnikov M., Pinhasov A. (2021). Link between Temperament Traits, Brain Neurochemistry and Response to SSRI: Insights from Animal Model of Social Behavior. J. Affect. Disord. 282, 1055–1066. doi:10.1016/j.jad.2020.11.005
 Nesher E., Gross M., Lisson S., Tikhonov T., Yadid G., Pinhasov A. (2013). Differential Responses to Distinct Psychotropic Agents of Selectively Bred Dominant and Submissive Animals. Behav. Brain Res. 236, 225–235. doi:10.1016/j.bbr.2012.08.040
 Neugebauer R., Kline J., Stein Z., Shrout P., Warburton D., Susser M. (1996). Association of Stressful Life Events with Chromosomally Normal Spontaneous Abortion. Am. J. Epidemiol. 143, 588–596. doi:10.1093/oxfordjournals.aje.a008789
 Oatridge A., Holdcroft A., Saeed N., Hajnal J. V., Puri B. K. Fusi L., et al. (2002). Change in Brain Size during and after Pregnancy: Study in Healthy Women and Women with Preeclampsia. AJNR Am. J. Neuroradiol. 23, 19–26.
 Paarlberg K. M., Vingerhoets J. J. M., Passchier J., Dekker G. A., Heinen A. G. J. J., Geijn H. P. (1999). Psychosocial Predictors of Low Birthweight: a Prospective Study. Br. J. Obstet. Gynaecol. 106, 834–841. doi:10.1111/j.1471-0528.1999.tb08406.x
 Parker V. J., Douglas A. J. (2010). Stress in Early Pregnancy: Maternal Neuro-Endocrine-Immune Responses and Effects. J. Reproduct. Immunol. 85, 86–92. doi:10.1016/j.jri.2009.10.011
 Parker V. J., Menzies J. R. W., Douglas A. J. (2011). Differential Changes in the Hypothalamic-Pituitary-Adrenal axis and Prolactin Responses to Stress in Early Pregnant Mice. J. Neuroendocrinol. 23, 1066–1078. doi:10.1111/j.1365-2826.2011.02204.x
 Paternain L., de la Garza A. L., Batlle M. A., Milagro F. I., Martínez J. A., Campión J. (2013). Prenatal Stress Increases the Obesogenic Effects of a High-Fat-Sucrose Diet in Adult Rats in a Sex-specific Manner. Stress 16, 220–232. doi:10.3109/10253890.2012.707708
 Pawluski J. L., Brummelte S., Barha C. K., Crozier T. M., Galea L. A. M. (2009). Effects of Steroid Hormones on Neurogenesis in the hippocampus of the Adult Female Rodent during the Estrous Cycle, Pregnancy, Lactation and Aging. Front. Neuroendocrinol. 30, 343–357. doi:10.1016/j.yfrne.2009.03.007
 Pfaffl M. W. (2001). A New Mathematical Model for Relative Quantification in Real-Time RT-PCR. Nucleic Acids Res. 29, e45. doi:10.1093/nar/29.9.e45
 Poletini M. O., McKee D. N. T., Kennett J. E., Doster J., Freeman M. E. (2007). Knockdown of Clock Genes in the Suprachiasmatic Nucleus Blocks Prolactin Surges and Alters FRA Expression in the Locus Coeruleus of Female Rats. Am. J. Physiol.-Endocrinol. Metab. 293, E1325–E1334. doi:10.1152/ajpendo.00341.2007
 R Core Team (2021). R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing. Available at: https://www.R-project.org/. 
 Radtke K. M., Ruf M., Gunter H. M., Dohrmann K., Schauer M. Meyer A., et al. (2011). Transgenerational Impact of Intimate Partner Violence on Methylation in the Promoter of the Glucocorticoid Receptor. Transl. Psychiatry 1, e21. doi:10.1038/tp.2011.21
 Schindelin J., Arganda-Carreras I., Frise E., Kaynig V., Longair M. Pietzsch T., et al. (2012). Fiji: an Open-Source Platform for Biological-Image Analysis. Nat. Methods 9, 676–682. doi:10.1038/nmeth.2019
 Sheriff M. J., Bell A., Boonstra R., Dantzer B., Lavergne S. G. McGhee K. E., et al. (2017). Integrating Ecological and Evolutionary Context in the Study of Maternal Stress. Integr. Comp. Biol. 57, 437–449. doi:10.1093/icb/icx105
 Singh P., Anjum S., Srivastava R. K., Tsutsui K., Krishna A. (2022). Central and Peripheral Neuropeptide RFRP-3: A Bridge Linking Reproduction, Nutrition, and Stress Response. Front. Neuroendocrinol. 65, 100979. doi:10.1016/j.yfrne.2022.100979
 Smarr B. L., Grant A. D., Perez L., Zucker I., Kriegsfeld L. J. (2017). Maternal and Early-Life Circadian Disruption Have Long-Lasting Negative Consequences on Offspring Development and Adult Behavior in Mice. Sci. Rep. 7, 3326. doi:10.1038/s41598-017-03406-4
 Spencer T. E., Bazer F. W. (2002). Biology of Progesterone Action during Pregnancy Recognition and Maintenance of Pregnancy. Front. Biosci. 7, d1879–1898. doi:10.2741/spencer
 Theiler K. (2013). The House Mouse: Atlas of Embryonic Development. New York, NY: Springer Science & Business Media. 
 Tunster S. J., Van De Pette M., John R. M. (2014). Isolating the Role of Elevated Phlda2 in Asymmetric Late Fetal Growth Restriction in Mice. Dis. Model. Mech. 7, 1185–1191. doi:10.1242/dmm.017079
 Tunster S. J., Creeth H. D. J., John R. M. (2016). The Imprinted Phlda2 Gene Modulates a Major Endocrine Compartment of the Placenta to Regulate Placental Demands for Maternal Resources. Dev. Biol. 409, 251–260. doi:10.1016/j.ydbio.2015.10.015
 Tunster S. J. (2017). Genetic Sex Determination of Mice by Simplex PCR. Biol. Sex. Differ. 8, 31. doi:10.1186/s13293-017-0154-6
 Valsamakis G., Chrousos G., Mastorakos G. (2019). Stress, Female Reproduction and Pregnancy. Psychoneuroendocrinology 100, 48–57. doi:10.1016/j.psyneuen.2018.09.031
 Van den Bergh B. R. H., van den Heuvel M. I., Lahti M., Braeken M., de Rooij S. R. Entringer S., et al. (2017). Prenatal Developmental Origins of Behavior and Mental Health: The Influence of Maternal Stress in Pregnancy. Neurosci. Biobehav. Rev. 117, 26–64. doi:10.1016/j.neubiorev.2017.07.003
 van Niekerk C. H., Morgenthal J. C. (1982). Fetal Loss and the Effect of Stress on Plasma Progestagen Levels in Pregnant Thoroughbred Mares. J. Reprod. Fertil. Suppl. 32, 453–457.
 Varcoe T. J. (2018). Timing Is Everything: Maternal Circadian Rhythms and the Developmental Origins of Health and Disease. J. Physiol. 596, 5493–5494. doi:10.1113/JP276992
 Whirledge S., Cidlowski J. A. (2013). A Role for Glucocorticoids in Stress-Impaired Reproduction: Beyond the Hypothalamus and Pituitary. Endocrinology 154, 4450–4468. doi:10.1210/en.2013-1652
 Whirledge S., Cidlowski J. A. (2017). Glucocorticoids and Reproduction: Traffic Control on the Road to Reproduction. Trends Endocrinol. Metab. 28, 399–415. doi:10.1016/j.tem.2017.02.005
 Wickham H., Seidel D., RStudio (2020). Scales: Scale Functions for Visualization. Available at: https://CRAN.R-project.org/package=scales (Accessed February 8, 2022). 
 Wiebold J. L., Stanfield P. H., Becker W. C., Hillers J. K. (1986). The Effect of Restraint Stress in Early Pregnancy in Mice. Reproduction 78, 185–192. doi:10.1530/jrf.0.0780185
 Wilsterman K., Gotlieb N., Kriegsfeld L. J., Bentley G. E. (2018). Pregnancy Stage Determines the Effect of Chronic Stress on Ovarian Progesterone Synthesis. Am. J. Physiol.-Endocrinol. Metab. 315, E987–E994. doi:10.1152/ajpendo.00183.2018
 Yang J. A., Hughes J. K., Parra R. A., Volk K. M., Kauffman A. S. (2018). Stress Rapidly Suppresses In Vivo LH Pulses and Increases Activation of RFRP-3 Neurons in Male Mice. J. Endocrinol. 239, 339–350. doi:10.1530/JOE-18-0449
 Zingg H. H., Rozen F., Breton C., Larcher A., Neculcea J. Chu K., et al. (1995). Gonadal Steroid Regulation of Oxytocin and Oxytocin Receptor Gene Expression. Adv. Exp. Med. Biol. 395, 395–404.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Gotlieb, Wilsterman, Finn, Browne, Bever, Iwakoshi-Ukena, Ukena, Bentley and Kriegsfeld. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-886298-g005.gif
¢

5 - §o
] im! EIE] .» [ w—w«. mu

af fE .

e B

s mw 3 £l
g - * 5
e S s.?, s
mm

R = -
R =

,,,,,





OPS/images/fphys-13-886298-g006.gif
32| woatment x day,
s ) B

g W’Q

P <0.004

SE T A






OPS/images/fphys-13-886298-g003.gif
.......






OPS/images/fphys-13-886298-g004.gif





OPS/images/fphys-13-886298-g007.gif





OPS/images/fphys-13-886298-t001.jpg
Mean number of embryos

Mean number of resorption sites

Mean embryo mass (grams)

Median embryo mass

Mean developmental stage

Median developmental stage

Percent of embryos < TS22

Number of dams with embryos < TS22
Female: male ratio

Control (n = 9)

7.78
0.89
0.201

SEM

0.42
0.19
0.01
0.01
0.09

Stress (n = 10)

7.9
07
0.154
0.150
20833 (1= 6)
2150=6)
350=6)
3(n=6)
48:28

SEM

0.34
0.28
0.01
0.01
0.42





OPS/xhtml/nav.xhtml
Contents

		Cover

		Impact of Chronic Prenatal Stress on Maternal Neuroendocrine Function and Embryo and Placenta Development During Early-to-Mid-Pregnancy in Mice		Introduction

		Materials and Methods		Animals

		Experimental Procedures

		Brain Tissue Histology, Microscopy, and Image Analysis

		Hormone Assays

		Gene Expression

		Placental Dissection, Histology and Image Analysis

		Determination of Sex

		Statistical Analyses





		Results		Hypothalamic Networks Are Not Affected by Stress

		Pituitary Expression of Prolactin (Prl) mRNA and a Relevant Regulatory Receptor Were Impacted by Stress Early in Pregnancy, but Circulating Prolactin Remained Unaltered

		Concentration of Steroid Hormones in Maternal Circulation Were Impacted by Stress and Pregnancy Stage

		Stress Inhibits Maternal Mass Gain Across Gestation

		Stress Results in Variable Embryo Development

		Gestational Stress did Not Alter Structure or Function of the Placenta





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Physiology

Impact of Chronic Prenatal Stress
on Maternal Neuroendocrine
Function and Embryo and
Placenta Development During
Early-to-Mid-Pregnancy in Mice





OPS/images/fphys-13-886298-g001.gif





OPS/images/fphys-13-886298-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





