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Parental life experiences alter reproductive and embryonic outcomes. In 

males, sperm maturation depends on signals such as  extracellular vesicles 

(EV) from epididymal epithelial cells (EEC) which are altered by chronic stress 

to causally influence offspring neurodevelopment. While changes in EV signal 

are reflective of underlying changes in EEC allostasis, the molecular 

mechanisms reprogramming EECs in response to stress are unclear. 

Remarkably, targeted knockdown of GR, a primary regulator of the stress 

response and allostasis, in paternal EECs inhibits the development of 

offspring phenotypes following chronic stress and implicates downstream 

mitochondrial and epigenetic mechanisms as allostatic regulators.  

Introduction

Methods
Animals: Male C57BL/6J and female 129S1/SvImJ mice obtained from Jackson Laboratories 

produced C57BL/6:129 hybrids. All studies performed according to experimental protocols approved 

by the University of Colorado Institutional Animal Care and Use Committee, and all procedures were 

conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals. 

DC2 corticosterone treatment: Immortalized mouse distal caput epididymal epithelial (DC2) cells 

cultured to confluency for 72 hours were treated with 500 mg/mL corticosterone (Sigma) or ethanol 

vehicle. Media was changed after 72 hours to washout treatment. Media was changed every 3 days 

until time of assay. 

DC2 GR knockdown: Confluent DC2 cells were exposed to 18,000 transducing units of viral 

particles with 8 ug/mL hexadimethrine bromide overnight. Empty vector was used to control for the 

effects of transduction, non-mammalian shRNA control transduction Particles (Sigma) to control for 

the expression of shRNA, and MISSION shRNA Lentiviral Clone Oligo TRCN0000026223 to express 

shRNA to knockdown GR. Transduced cells were selected with puromycin. Surviving colonies were 

selected, passaged and cryopreserved until assay.  

DC2 RNA isolation: RNA was extracted in Trizol according to the manufacturer’s protocol. RNA 

concentration was measured by Qubit prior to RNA-seq library prep and sequencing on an Illumina 

NextSeq 500. Network analysis performed with WGCNA package.

Whole Cell Respirometry: DC2 cells were cultured and treated in XFe96 FluxPak plates (Agilent). 

On the day of the assay, media was changed to base media (Agilent) pH 7.4 supplemented with 1.0 

mM sodium pyruvate, 4.0 mM glutamine, and 15.0 mM glucose. A Seahorse XFe96 cartridge was 

loaded with 1.5 μM oligomycin, 2 μM trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), 

and 0.5 μM Rotenone/Antimycin A (Agilent) or recombinant perfringolysin and substrate in base 

media. Media was replaced prior to the run.  

Complex I Enzyme Activity: The Complex I Enzyme Activity Microplate Assay Kit (Abcam) 

manufacturer’s protocol was followed and analyzed using Magellan software (Tecan). Protein 

concentration was quantified by Pierce BCA Protein Assay Kit (Thermo Scientific). 

DC2 CUT&RUN sequencing: The protocol was adopted from the Nature Protocols manuscript by 

Skene, Henikoff & Henikoff. DNA libraries were prepared using the NEBNext Ultra II DNA Library 

Prep Kit for Illumina (NEB) with the NEBNext Multiplex Oligos for Illumina (Dual Index Primers Set I) 

(NEB). Individually barcoded libraries were pooled and paired-end sequencing was performed on an 

Illumina NextSeq 500. Differential binding analysis performed with DiffBind package and visualized 

with deeptools. 

EV Incubation: Media was collected from cultures and EVs isolated by ultracentrifugation, pooled by 

group, and characterized with ZetaView. EVs were added to day 7 vehicle-cultures and assayed 48h 

later. EVs were incubated with caudal mouse sperm for 0.5 h before assay.

Human Cohort: The study was approved by the Colorado Multiple Institutional Review Board, and 

all participants were English-speaking and provided written informed consent. Age 18-35 with no 

major medical or psychiatric diagnoses, no psychotropic medications, and adverse childhood 

experience score of 1 or less.  

Computer Automated Semen Analysis: Performed with the Microptic Sperm Class Analyzer CASA 

System Research Edition with programs optimized for mouse and human samples according the 

manufacturer’s recommendations. Mouse sperm samples analyzed in M2 media following incubation, 

human samples analyzed as whole ejaculate samples. 
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Hypothesis: 

We hypothesize changes in cellular allostasis following 

chronic stress are mediated by lasting changes in cellular 

energy requirements and communicated by EVs.  

Chan et al. (2020). Nature Communications

Figure 3. (A) Schematic of the collection and isolation of extracellular vesicles (EVs) from day 9 EECs with prior corticosterone exposure. EVs are then incubated 

with EECs with prior vehicle exposure at day 7 for 48 hours. Following incubation with EVs or control, day 9 EECs are assayed with the Mito Stress Test by whole 

cell respirometry to assess whether EVs influence basal mitochondrial respiration. Created in Biorender. (B) Size distribution of EVs and non-conditioned media 

control (nCM). (C) Two-tailed t-test demonstrates that median EV size is reduced with prior EEC corticosterone exposure. N=8. (D) Two-tailed t-test demonstrates 

that stress-EVs modulate EEC mitochondrial respiration. (E) Schematic illustrating EV isolation and sperm incubation. Created with Biorender. (F) One way 

ANOVA revealing an increase in sperm basal mitochondrial respiration in the Mito Stress Test following 0.5 hour corticosterone EV incubation. N=6-7. (G) One way 

ANOVA revealing an increase in the glycolytic ATP production rate in the Mito Stress Test following 0.5 hour corticosterone EV incubation. N=6-7. (H) Schematic 

detailing the three measurable sperm velocities by computer automated semen analysis including the average path velocity, straight line path velocity, and 

curvilinear path velocity. These velocities are measured following the incubation detailed in (E). Created with Biorender. (I) Two-tailed t-test revealing an increase 

in sperm average path velocity following corticosterone EV incubation. N=7-8.(J) Two-tailed t-test revealing an increase in sperm straight line path velocity 

following corticosterone EV incubation. N=7-8. (K) Two-tailed t-test revealing an increase in sperm curvilinear velocity following corticosterone EV incubation. N=7-

8. For all: Error bars indicate SEM, #P<0.05, *P<0.05, **P<0.01,  ***P<0.001, ****P<0.0001.

Stress-dependent EEC EV cargo synchronize EECs and increase sperm 

respiration and motility in mice 
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• Paternal stress produced changes in EEC transcriptomics over 

time. Highly interconnected DEGs and H3K27me3 bound regions 

are associated with mitochondrial oxidative respiration. 

• Changes in the allostatic set point that reduce basal EEC 

mitochondrial respiration are mediated by GR and EEC EVs.

• Stress-dependent EV cargo causally regulate sperm energy 

balance and energy requirements in mice.

• In accordance with our findings in mice and analysis of stress\ss 

mediated changes in human sperm small RNA1, perceived stress 

three months prior increases sperm motility and velocity in men. 

Summary & Conclusions 

Support generously provided by NIEHS grant ES028202, NICHD grant HD097093, NIMH grants MH108286.

Taken together, these data demonstrate the enduring effects of life stress on cellular allostatic set point, reflected by changes cellular 

energy requirements and intercellular signaling. Future work will identify the EV cargo and molecular mechanisms at the EV-sperm, 

interface necessary for sperm mitochondrial regulation and the impact of stress-EVs on sperm motility and embryo and brain 

development. 
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Figure 1. (A) WGCNA of all genes at all timepoints. Modules reflect highly interconnected gene clusters. Pearson correlations provided with significance in parenthesis. (B) 

Functional annotation of the top 10 biological processes associated with the MEpink module, FDR < 0.01. (C) Principal component analysis of gene expression across all 

samples. Circles represent samples, color denotes group membership. PC1 accounts for 42.7% of variance. Component 2 accounts for 22.8% of variance. N=4; adjusted 

P<0.05. (D) Differential expression analyses reveal 272 DEGs between groups at day 9 visualized by heatmap. Unbiased hierarchical clustering of samples is depicted by color 

blocking above the sample. The largest differentially expressed cluster reveals downregulation of transcription. N=4, adjusted P<0.5. (E) Schematic of Cleavage Under Targets 

and Release Using Nuclease (CUT&RUN) sequencing. Created with Biorender. (F) Signal normalized by bpm for within 5 kb of the peak start for peaks differentially enriched 

(blue) or depleted (green) H3K27me3 binding as determined by differential binding analysis. Representative samples provided. Shading indicates SEM. Accompanying 

heatmap of all 7132 regions provided. N = 4-5, FDR <0.05. (G) Gene set enrichment analysis of genes aligning with H3K27me3 bound peaks. Color depicts adjusted p-

value, size depicts the number of genes represented in the gene set. GeneRatio is calculated by dividing count by the total number of genes in the gene set. 

Stress coordinates nuclear-encoded mitochondrial gene expression via remodeling of the 

chromatin landscape
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Co-Expression Network Analysis: 
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Figure 2. (A) Schematic of the electron transport chain at the inner membrane of the mitochondria and the impact of components of the Mito Stress Test. Adapted from Agilent 

Technologies, Inc. Created with Biorender. (B) Representative plot of oxygen consumption rate (OCR) x time in minutes for Mito Stress Test injections. Arrows indicate when 

drugs in (A) are injected. (C) Two-tailed t-test of exposure x basal mitochondrial OCR demonstrates decrease in OCR in day 9 EECs with prior corticosterone exposure. (D) Two 

tailed t-test of exposure x oxidative ATP production rate (JATPox) demonstrates significant decrease in JATPox in with prior corticosterone exposure. (C, D) N = 8-9. (E) Two tailed t-

test of exposure x complex I activity demonstrates decrease in complex I function in day 9 EECs with prior corticosterone exposure. N=5. (F-I) Representative electron 

micrographs of EEC mitochondria at 1600x (F,H) and 6500x (G,I). Differences quantified by (J) ultrastructure score (t(498)=2.542, *p=0.01) and (K) % mitochondria of each 

ultrastructure (Χ2(1,500)=6.406, *p= 0.01). (L) Representative plot of OCR following permeabilization and substrate injection. (M-O) Two tailed t-test of the change in OCR 

following complex I substrates, glutamate and malate, pyruvate and malate, or α-ketoglutarate and malate, injection. N=6-9. (P) Two tailed t-test of the change in OCR following 

the injection of complex II substrate, succinate. N=8-9. (Q) Band volume (intensity) of complex I subunit Ndufa1 to tubulin in day 9 EECs following exposure. Representative blot 

provided to the right. N=3-4. For all: Error bars indicate SEM, *P<0.05, **P<0.01,  ***P<0.001, ****P<0.0001.

Changes in cellular allostatic state following stress are regulated by mitochondrial complex I
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Created with Biorender.com

1. Chan et al. (2020). Nature Communications

(A) Schematic of the human cohort study requiring monthly semen collections, computer automated semen analysis, and perceived stress survey administered -3, -

2, -1, and 0 months prior to semen collection. (B-E) Linear mixed effects models revealing significant associations between (B) % motile, (C) VAP, (D) VCL, and (E) 

VSL and perceived stress score (PSS) -3 months prior to collection. N=27 across 78 observations. Shading indicates SEM, *P<0.05.

Perceived stress three months prior enhances sperm function in men
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Prior stress regulates allostatic state, impacting EV cargo necessary for germ cell maturation and offspring neurodevelopment 
Prior stress regulates sperm respiration and 

motility in mice and men

1. Morgan et al. (2020). Scientific Reports

Paternal stress has lasting cellular & 

intergenerational1 effects
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